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            Abstract
Most cancer vaccines target peptide antigens, necessitating personalization owing to the vast inter-individual diversity in major histocompatibility complex (MHC) molecules that present peptides to T cells. Furthermore, tumours frequently escape T cell-mediated immunity through mechanisms that interfere with peptide presentation1. Here we report a cancer vaccine that induces a coordinated attack by diverse T cell and natural killer (NK) cell populations. The vaccine targets the MICA and MICB (MICA/B) stress proteins expressed by many human cancers as a result of DNA damage2. MICA/B serve as ligands for the activating NKG2D receptor on T cells and NK cells, but tumours evade immune recognition by proteolytic MICA/B cleavage3,4. Vaccine-induced antibodies increase the density of MICA/B proteins on the surface of tumour cells by inhibiting proteolytic shedding, enhance presentation of tumour antigens by dendritic cells to T cells and augment the cytotoxic function of NK cells. Notably, this vaccine maintains efficacy against MHC class I-deficient tumours resistant to cytotoxic T cells through the coordinated action of NK cells and CD4+ T cells. The vaccine is also efficacious in a clinically important setting: immunization following surgical removal of primary, highly metastatic tumours inhibits the later outgrowth of metastases. This vaccine design enables protective immunity even against tumours with common escape mutations.
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                    Fig. 1: Efficacy of the MICA/B Î±3 domain cancer vaccine.[image: ]


Fig. 2: Vaccine induces T cell and NK cell recruitment into tumours.[image: ]


Fig. 3: Vaccine retains efficacy against MHC-I-deficient tumours.[image: ]


Fig. 4: Role of CD4+ T cells and cDC1 cells in NK cell recruitment to tumours.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Mechanism of EBV inducing anti-tumour immunity and its therapeutic use
                                        
                                    

                                    
                                        Article
                                        
                                         23 December 2020
                                    

                                

                                Il-Kyu Choi, Zhe Wang, â€¦ Baochun Zhang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Synergistic cancer immunotherapy combines MVA-CD40L induced innate and adaptive immunity with tumor targeting antibodies
                                        
                                    

                                    
                                        Article
                                         Open access
                                         06 November 2019
                                    

                                

                                JosÃ© Medina-Echeverz, Maria Hinterberger, â€¦ Henning Lauterbach

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Immunogenic cell death in cancer: targeting necroptosis to induce antitumour immunity
                                        
                                    

                                    
                                        Article
                                        
                                         07 March 2024
                                    

                                

                                Pascal Meier, Arnaud J. Legrand, â€¦ John Silke

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              Raw RNA-seq data have been deposited in NCBIâ€™s Gene Expression Omnibus (GEO) and are accessible through GEO series accession code GSE181997.Â Source data are provided with this paper.

            

References
	Sharma, P., Hu-Lieskovan, S., Wargo, J. A. & Ribas, A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell 168, 707â€“723 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gasser, S., Orsulic, S., Brown, E. J. & Raulet, D. H. The DNA damage pathway regulates innate immune system ligands of the NKG2D receptor. Nature 436, 1186â€“1190 (2005).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Lanier, L. L. NKG2D receptor and its ligands in host defense. Cancer Immunol. Res. 3, 575â€“582 (2015).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kaiser, B. K. et al. Disulphide-isomerase-enabled shedding of tumour-associated NKG2D ligands. Nature 447, 482â€“486 (2007).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bahram, S., Bresnahan, M., Geraghty, D. E. & Spies, T. A second lineage of mammalian major histocompatibility complex class I genes. Proc. Natl Acad. Sci. USA 91, 6259â€“6263 (1994).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Raulet, D. H., Gasser, S., Gowen, B. G., Deng, W. & Jung, H. Regulation of ligands for the NKG2D activating receptor. Annu. Rev. Immunol. 31, 413â€“441 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Bauer, S. et al. Activation of NK cells and T cells by NKG2D, a receptor for stress-inducible MICA. Science 285, 727â€“729 (1999).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Groh, V. et al. Costimulation of CD8Î±Î² T cells by NKG2D via engagement by MIC induced on virus-infected cells. Nat. Immunol. 2, 255â€“260 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ogasawara, K. & Lanier, L. L. NKG2D in NK and T cell-mediated immunity. J. Clin. Immunol. 25, 534â€“540 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Holdenrieder, S. et al. Soluble MICA in malignant diseases. Int. J. Cancer 118, 684â€“687 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Raffaghello, L. et al. Downregulation and/or release of NKG2D ligands as immune evasion strategy of human neuroblastoma. Neoplasia 6, 558â€“568 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Salih, H. R., Rammensee, H. G. & Steinle, A. Cutting edge: down-regulation of MICA on human tumors by proteolytic shedding. J. Immunol. 169, 4098â€“4102 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wu, J. D. et al. Prevalent expression of the immunostimulatory MHC class I chain-related molecule is counteracted by shedding in prostate cancer. J. Clin. Invest. 114, 560â€“568 (2004).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Liu, G. et al. Perturbation of NK cell peripheral homeostasis accelerates prostate carcinoma metastasis. J. Clin. Invest. 123, 4410â€“4422 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Doubrovina, E. S. et al. Evasion from NK cell immunity by MHC class I chain-related molecules expressing colon adenocarcinoma. J. Immunol. 171, 6891â€“6899 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Groh, V., Wu, J., Yee, C. & Spies, T. Tumour-derived soluble MIC ligands impair expression of NKG2D and T-cell activation. Nature 419, 734â€“738 (2002).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hodi, F. S. et al. Immunologic and clinical effects of antibody blockade of cytotoxic T lymphocyte-associated antigen 4 in previously vaccinated cancer patients. Proc. Natl Acad. Sci. USA 105, 3005â€“3010 (2008).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Jinushi, M., Hodi, F. S. & Dranoff, G. Therapy-induced antibodies to MHC class I chain-related protein A antagonize immune suppression and stimulate antitumor cytotoxicity. Proc. Natl Acad. Sci. USA 103, 9190â€“9195 (2006).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wang, X. et al. An six-amino acid motif in the Î±3 domain of MICA is the cancer therapeutic target to inhibit shedding. Biochem. Biophys. Res. Commun. 387, 476â€“481 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, P. et al. Complex structure of the activating immunoreceptor NKG2D and its MHC class I-like ligand MICA. Nat. Immunol. 2, 443â€“451 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ungaro, F. et al. VLPs and particle strategies for cancer vaccines. Expert Rev. Vaccines 12, 1173â€“1193 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kanekiyo, M. et al. Self-assembling influenza nanoparticle vaccines elicit broadly neutralizing H1N1 antibodies. Nature 499, 102â€“106 (2013).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kim, J. et al. Injectable, spontaneously assembling, inorganic scaffolds modulate immune cells in vivo and increase vaccine efficacy. Nat. Biotechnol. 33, 64â€“72 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Diefenbach, A., Jamieson, A. M., Liu, S. D., Shastri, N. & Raulet, D. H. Ligands for the murine NKG2D receptor: expression by tumor cells and activation of NK cells and macrophages. Nat. Immunol. 1, 119â€“126 (2000).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ferrari de Andrade, L. et al. Antibody-mediated inhibition of MICA and MICB shedding promotes NK cell-driven tumor immunity. Science 359, 1537â€“1542 (2018).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Demaria, S. et al. Immune-mediated inhibition of metastases after treatment with local radiation and CTLA-4 blockade in a mouse model of breast cancer. Clin. Cancer Res. 11, 728â€“734 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Krasnova, Y., Putz, E. M., Smyth, M. J. & Souza-Fonseca-Guimaraes, F. Bench to bedside: NK cells and control of metastasis. Clin. Immunol. 177, 50â€“59 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	de Groot, N. G., Blokhuis, J. H., Otting, N., Doxiadis, G. G. & Bontrop, R. E. Co-evolution of the MHC class I and KIR gene families in rhesus macaques: ancestry and plasticity. Immunol. Rev. 267, 228â€“245 (2015).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bottcher, J. P. et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment promoting cancer immune control. Cell 172, 1022â€“1037 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Gao, J. et al. Loss of IFN-Î³ pathway genes in tumor cells as a mechanism of resistance to anti-CTLA-4 therapy. Cell 167, 397â€“404 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Pitt, J. M. et al. Resistance mechanisms to immune-checkpoint blockade in cancer: tumor-intrinsic and -extrinsic factors. Immunity 44, 1255â€“1269 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zaretsky, J. M. et al. Mutations associated with acquired resistance to PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819â€“829 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Binnewies, M. et al. Unleashing type-2 dendritic cells to drive protective antitumor CD4+ T cell immunity. Cell 177, 556â€“571 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Merad, M., Sathe, P., Helft, J., Miller, J. & Mortha, A. The dendritic cell lineage: ontogeny and function of dendritic cells and their subsets in the steady state and the inflamed setting. Annu. Rev. Immunol. 31, 563â€“604 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Roberts, E. W. et al. Critical role for CD103+/CD141+ dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell 30, 324â€“336 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Broz, M. L. et al. Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell immunity. Cancer Cell 26, 638â€“652 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ferris, S. T. et al. cDC1 prime and are licensed by CD4+ T cells to induce anti-tumour immunity. Nature 584, 624â€“629 (2020).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ataide, M. A. et al. BATF3 programs CD8+ T cell memory. Nat. Immunol. 21, 1397â€“1407 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hildner, K. et al. Batf3 deficiency reveals a critical role for CD8Î±+ dendritic cells in cytotoxic T cell immunity. Science 322, 1097â€“1100 (2008).
ArticleÂ 
    ADSÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Spranger, S., Dai, D., Horton, B. & Gajewski, T. F. Tumor-residing Batf3 dendritic cells are required for effector T cell trafficking and adoptive T cell therapy. Cancer Cell 31, 711â€“723 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yamazaki, C. et al. Critical roles of a dendritic cell subset expressing a chemokine receptor, XCR1. J. Immunol. 190, 6071â€“6082 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank the Dana-Farber/Harvard Cancer Center Transgenic Core Facility for generating MICB-transgenic mice; the Dana-Farber/Harvard Cancer Center Rodent Histopathology Core facility and B. Roderick for histological analysis of lung metastases; J. Agudo, H. Dong and M. Raundhal for helpful discussions; and D. Pan for providing B2m and Ifngr gRNAs. Schematic illustrations were created using BioRender.com (licence numbers XU22LPSR1OÂ andÂ RJ23SQGA27). This work was supported by James and Tania McCann (to K.W.W.), the Parker Institute for Cancer Immunotherapy (PICI; to K.W.W.), the Ludwig Center at Harvard Medical School (to K.W.W.), NIH grants R01 CA238039, R01 CA251599, P01 CA163222 and P01 CA236749 (to K.W.W.), R01 CA234018 (toÂ K.W.W.) and R01 CA223255 (to D.J.M.), and a sponsored research agreement with Novartis (to K.W.W.). S.B. was supported by a US Department of Defense fellowship (DOD CA150776) and was the 2018 Baruj Benacerraf Fellow in Immunology.


Author information
Author notes	Aileen Li
Present address: Lyell Immunopharma, South San Francisco, CA, USA

	Shiwei ZhengÂ &Â Guo-Cheng Yuan
Present address: Department of Genetics and Genomic Sciences, Charles Bronfman Institute for Personalized Medicine, Icahn School of Medicine at Mount Sinai, New York, NY, USA

	Glenn Dranoff
Present address: Novartis Institutes for BioMedical Research, Cambridge, MA, USA

	These authors contributed equally: Maxence O. Dellacherie, Aileen Li, Shiwei Zheng


Authors and Affiliations
	Department of Cancer Immunology and Virology, Dana-Farber Cancer Institute, Boston, MA, USA
Soumya Badrinath,Â Xixi Zhang,Â Jason W. Pyrdol,Â Kathryn L. Smith,Â Sabrina HaagÂ &Â Kai W. Wucherpfennig

	Department of Immunology, Harvard Medical School, Boston, MA, USA
Soumya Badrinath,Â Xixi Zhang,Â Sabrina HaagÂ &Â Kai W. Wucherpfennig

	John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, MA, USA
Maxence O. Dellacherie,Â Aileen Li,Â Miguel SobralÂ &Â David J. Mooney

	Wyss Institute for Biologically Inspired Engineering, Harvard University, Boston, MA, USA
Maxence O. Dellacherie,Â Aileen Li,Â Miguel Sobral,Â Hamza IjazÂ &Â David J. Mooney

	Department of Data Sciences, Dana-Farber Cancer Institute, Boston, MA, USA
Shiwei Zheng,Â Yuheng LuÂ &Â Guo-Cheng Yuan

	Yerkes National Primate Research Center, Emory University, Atlanta, GA, USA
Fawn Connor-Stroud

	Department of Immunology, Institute of Advanced Medicine, Wakayama Medical University, Wakayama, Japan
Tsuneyasu Kaisho

	Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, MA, USA
Glenn Dranoff

	Department of Neurology, Brigham and Womenâ€™s Hospital, Boston, MA, USA
Kai W. Wucherpfennig


Authors	Soumya BadrinathView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Maxence O. DellacherieView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Aileen LiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Shiwei ZhengView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Xixi ZhangView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Miguel SobralView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Jason W. PyrdolView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kathryn L. SmithView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Yuheng LuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Sabrina HaagView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hamza IjazView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Fawn Connor-StroudView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Tsuneyasu KaishoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Glenn DranoffView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Guo-Cheng YuanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David J. MooneyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kai W. WucherpfennigView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
K.W.W. and S.B. conceived the study, interpreted the data and wrote the manuscript; D.J.M. and G.D. provided input on study design and data interpretation; S.B. performed most of the in vitro and in vivo experiments; M.O.D., A.L., M.S. and D.J.M. developed the vaccination scaffold and the vaccine formulation; S.Z., Y.L. and G.-C.Y. performed the computational analysis of scRNA-seq data; X.Z. performed DC cross-presentation assays; J.W.P. generated full-length human and macaque MICA/B constructs, recombinant proteins for immunization studies, the B2mâ€“/â€“ B16F10 (MICB-OVA) cell line and scRNA-seq libraries; F.C.S. helped to coordinate the macaque immunization study; S.H. contributed to T cell adoptive transfer experiments and generation of the H2-Aaâ€“/â€“ tumour cell line; K.L.S. provided assistance for in vitro and in vivo studies; H.I. synthesized scaffolds for immunization experiments; and T.K. generated Xcr1DTR mice.
Corresponding author
Correspondence to
                Kai W. Wucherpfennig.


Ethics declarations

              
                Competing interests

                K.W.W. serves on the scientific advisory board of TCR2 Therapeutics, TScan Therapeutics, SQZ Biotech and Nextechinvest, and he receives sponsored research funding from Novartis. He is a co-founder of Immunitas Therapeutics, a biotech company.

              
            

Peer review

              
              
                Peer review information

                Nature thanks Wolfgang Wick and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

              
            

Additional information
Publisherâ€™s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Characterization of vaccine targeting MICA/B vaccine Î±3 domain.
a, HPLC gel filtration analysis of affinity-purified ferritin (immunogen for Ctrl-vax) and MICB-ferritin (immunogen for MICB-vax) proteins. The proteins formed nanoparticles of ~957 kDa (MICB-ferritin) and ~468 kDa (ferritin); molecular weight standards are indicated. b, SDS-PAGE analysis of purified ferritin and MICB-ferritin proteins under reducing conditions. c, Electron microscopy image showing MICB-ferritin protein assembled into nanoparticles (98,000x magnification). d, Identification of MICB transgenic (Tg) mice by PCR amplification using genomic DNA extracted from tail biopsies (lanes 2,6, MICB Tg; lane 7, positive control amplification from plasmid with the transgene cassette; lane 8, negative control reaction). e, Quantitative RT-PCR analysis of luciferase and MICB mRNA in the prostate of WT (grey) and MICB-tg (orange) mice (nâ€‰=â€‰2 WT, nâ€‰=â€‰3 MICB-Tg mice) normalized to mouse Hprt mRNA. f, Quantification of day 14 MICB-specific serum Ab titers (fluorescence-based immunoassay, DELFIA) in WT and MICB-tg mice immunized with Ctrl-vax (nâ€‰=â€‰4 mice/group) (grey) (120Î¼g ferritin protein, 100Âµg CpG, 1Âµg GM-CSF) or MICB-vax (nâ€‰=â€‰5 mice/group) (200Î¼g MICB-ferritin, 100Âµg CpG, 1Âµg GM-CSF) without MSR (left) or with MSR (right) scaffold. g, Quantification of MICB-specific serum Ab titers (fluorescence-based immunoassay, DELFIA) in mice immunized with Ctrl-vax (grey) or MICB-vax using differing protein doses, 50Î¼g (yellow), 100Î¼g (blue) or 200Î¼g (red) (nâ€‰=â€‰2 mice/group). h, Representative flow cytometry plots showing binding of polyclonal serum Abs from mice immunized with Ctrl-vax (blue) or MICB-vax (red) to cell surface MICB on B16F10 (MICB) tumor cells; serum dilutions are indicated for each condition. i, Titers of MICB Ab isotypes assessed by ELISA (nâ€‰=â€‰5 mice/group) in MICB transgenic mice immunized with Ctrl-vax (blue) or MICB-vax (red). j, Analysis of MICB-specific CD8 T-cell responses in the spleen of mice immunized with Ctrl-vax (blue) or MICB-vax (red). Intracellular cytokine staining (IFNÎ³) and CFSE dilution is shown in representative flow cytometry plots (left); data are quantified for T-cells from both vaccine groups (3 mice/group, right). k, Analysis of human NKG2D dimer (left) and mouse NKG2D dimer (right) binding to cell surface MICB on B16F10 (MICB-ZsGreen) tumor cells pre-incubated with sera (5Î¼l) from Ctrl-vax or MICB-vax mice. l, Representative flow cytometry plots showing binding of anti-human MICA/B antibody (6D4, specific for MICA/B Î±1-Î±2 domains) to cell surface MICB on B16F10 (MICB) tumor cells pre-incubated with sera from mice immunized with Ctrl-vax (blue) or MICB-vax (red). Representative data from >3 independent experiments (a, b). Data from a single experiment with technical replicates (c). Representative data from three experiments (d, e, g, h, i). Representative data from two experiments (j, k, l). Two-tailed unpaired Studentâ€™s t-test (e); Two-way ANOVA with Tukeyâ€™s multiple comparison test (f, g); Two-way ANOVA with Sidakâ€™s multiple comparison test (i, j). Data depict mean +/âˆ’ SD (e,g) or mean +/âˆ’ SEM (f, i, j).
Source data


Extended Data Fig. 2 Characterization of vaccine-induced immune responses.
a, b, Inhibition of MICA/B shedding and surface stabilization by vaccine-induced Abs. Flow cytometric analysis of cell surface MICA/B levels (a) and shed MICA/B in supernatants (b) for human A375 melanoma, A549 lung carcinoma, HCT116 colon carcinoma and K562 myelogenous leukemia cell lines 24â€‰h following incubation with 10â€‰Âµl of sera from Ctrl-vax (blue) or MICB-vax (red) immunized mice; isotype control Ab staining shown in grey (a). c, d, Inhibition of MICB shedding and surface stabilization by vaccine-induced Abs on mouse tumor cell lines. Flow cytometric analysis of cell surface MICB levels (c) and shed MICB in supernatants (d) for mouse B16F10 (MICB) melanoma, EL4 (MICB) lymphoma and 4T1 (MICB) triple negative breast cancer cell lines 24â€‰h following incubation with 10 Âµl of sera from Ctrl-vax (blue) or MICB-vax (red) immunized mice. Isotype control Ab staining shown in grey (c). eâ€“g. Vaccine efficacy at different MICB expression levels induced in tumor cells using a doxycycline (dox) inducible promoter. Representative flow cytometry histograms showing MICB surface expression levels on B16F10 (MICB-dox) tumors in vivo in mice treated with PBS (blue histogram) or different concentrations of doxycycline (dox): low dox (2.5mg/kg, orange), medium dox (5mg/kg, red) or high dox (10mg/kg, green) or control B16F10 (Ctrl-dox) tumors treated with high dox (10mg/kg, grey) (e). Analysis of B16F10 (MICB-dox) tumor growth kinetics at different MICB expression levels by tumor cells. Mice received Ctrl-vax (grey, blue, black) or MICB-vax (orange, red, green) on day 0 and a boost on day 14. B16F10 (MICB-dox) tumor cells were implanted on day 21, and MICB expression was induced on tumor cells on day 25 when tumors were palpable by treating mice with different concentrations of doxycycline as indicated (f) (n=7 mice/group). Quantification of serum levels of shed MICB in mice immunized with Ctrl-vax (grey, blue, black) or MICB-vax (orange, red, green) 96â€‰h post dox-mediated induction of MICB on B16F10 (MICB-dox) tumor cells. Serum levels of shed MICB were analyzed in 5 randomly selected mice in each group (g). hâ€“i, Representative flow cytometry histogram showing surface MICB levels on B16F10 (MICB) clone G12 (red) or indicated pooled clones (gradient of turquoise). Grey histogram represents isotype antibody staining of B16F10 (MICB) clone G12 (h). Assessment of therapeutic efficacy of MICB-vax (red, green) or Ctrl-vax (blue, grey) in mice with tumors established with B16F10 (MICB) clone G12 or pooled clones (B3, A3, C6, B1, G1) (n=8 mice/group) (i). jâ€“n, Assessment of vaccine efficacy targeting MICA or MICB Î±3 domains. The MSR scaffold was formulated with antigens, GM-CSF and CpG. Mice received one or two doses of Ctrl-vax, MICB-vax (jâ€“m) or MICA-vax (n) and were then challenged with B16F10 tumor cells expressing MICB (allele 005) (j, k) or MICA (allele 009) (m, n) or EL4 tumor cells expressing MICB (allele 005) (l). Vaccination and tumor challenge schedule is illustrated above each experiment; nâ€‰=â€‰7 mice/group (jâ€“l), nâ€‰=â€‰6 mice in Ctrl-vax, nâ€‰=â€‰8 mice in MICB-vax (m) and nâ€‰=â€‰6 mice/group (n). For experiments shown in (j), tumor-free mice were rechallenged on day 120 using the same dose of B16F10 (MICB) tumor cells as in the initial inoculation. Representative data from two experiments (aâ€“d, jâ€“n). Data from single experiment (eâ€“g, hâ€“i). Two-tailed unpaired Studentâ€™s t-test (b, d); one-way ANOVA with Tukeyâ€™s multiple comparison test (g); two-way ANOVA with Bonferroniâ€™s post hoc test (f, i (left), j (left), k. l, m, n); log-rank (Mantel-Cox) test (i (right), j (right). Data depict mean +/âˆ’ SD (b, d) or mean +/âˆ’ SEM (f, g, iâ€“n).
Source data


Extended Data Fig. 3 Protection from metastatic disease by vaccination following surgical removal of primary tumors.
a, c, Images of lung metastases from five representative mice per group immunized with Ctrl-vax (top two rows) or MICB-vax (bottom two rows). Mice were immunized following surgical removal of primary B16-BL6 (MICB) (nâ€‰=â€‰10 mice/group) (a) and 4T1 (MICB) (c) tumors (nâ€‰=â€‰13 mice/group), as described in Fig. 1f, g. b, d, Representative bright field images of H&E stained histological sections of lung metastases from mice with B16-BL6 (MICB) (b) or 4T1 (MICB) (d) tumors. eâ€“f, Quantification of the number of metastases per H&E stained section (left) and percentage of area of lung section occupied by metastases (right) for mice immunized with Ctrl-vax (blue) or MICB-vax (red) following surgical removal of primary B16-BL6 (MICB) tumors (e) or 4T1 (MICB) tumors (f). Representative data from two experiments (a-f). Representative images of 5 histological lung sections per mouse (b, d), Two-tailed Mann Whitney test (e, f). Data depict mean+/âˆ’ SEM.
Source data


Extended Data Fig. 4 Immunogenicity of MICA/B Î±3 domain vaccine in non-human primates.
a, Characterization of the MICA/B Î±3 immunogen used in the primate study. The Î±3 domains of rhesus macaque MICA and MICB were expressed as a fusion protein with ferritin to generate nanoparticles that displayed both Î±3 domains on the surface. Nanoparticles formed by this fusion protein were conjugated using click chemistry to CpG ODN 2935 as the adjuvant and characterized by HPLC gel filtration chromatography. Shown are HPLC traces of the protein following conjugation to the CpG oligonucleotide (red: 280â€‰nm trace for detection of protein; blue: 350â€‰nm trace for detection of bis-aryl hydrazone bond). b, SDS-PAGE analysis of purified macaque MICA/B Î±3 â€“ ferritin protein under reducing (+) and non-reducing (âˆ’) conditions following CpG conjugation and final purification using a HPLC gel filtration column. câ€“e, Characterization of serum antibody responses to rhesus macaque MICA (left) and MICB (right) proteins (full-length extracellular domains without ferritin fusion partner) at different steps in the immunization process. Antibody responses were investigated in three animals (RBQ12, RVf10 and RQq15) at multiple timepoints (pre-immunization; three weeks following initial immunization and boosts 1-3, as illustrated in Fig. 1h) using a fluorescence-based ELISA (RFU, relative fluorescence units) at multiple serum dilutions (1:102 to 1:104). fâ€“m, Binding of purified polyclonal serum IgG to cell surface MICA (left) and MICB (right) using HEK293T transfectants that displayed rhesus macaque MICA (Mamu-A*01) or MICB (Mamu-B*01) proteins. Pre-immune sera were used as a control (grey) for sera obtained following immunization (red). Representative histograms (left in f, g) and graphical summaries of flow cytometry data (right in f, g, hâ€“m) are shown for the four immunized macaques (9312, RBQ12, RVf10 and RQq15). Representative data from two experiments (aâ€“b). Data from a single macaque immunization experiment with technical replicates for each macaque analyzed (câ€“m). Two-way ANOVA with Tukeyâ€™s multiple comparison test (c-e). Data depict mean+/âˆ’ SD.
Source data


Extended Data Fig. 5 Impact of vaccine on functional programs of tumor-infiltrating CD4 and CD8 T-cells.
a, Effect of doxycycline on tumor growth in vaccinated mice. Mice received Ctrl-vax (blue, grey) or MICB-vax (green, magenta, red) on day 0 and a boost on day 14. B16F10 cells transduced with Ctrl-dox or MICB-dox lentiviral vectors as indicated were implanted on day 21, and mice were treated with doxycycline (or PBS as control) starting on day 25 to induce MICB expression on tumor cells (n=5 mice/group). bâ€“k, Analysis of tumor-infiltrating T-cell populations. Tumor-infiltrating T-cells were analyzed 7 days following induction of MICB expression by tumor cells (nâ€‰=â€‰7 mice/group). bâ€“c, Analysis of CD62L and CD44 expression by tumor-infiltrating CD4 (b) and CD8 (c) T-cells. dâ€“e, Representative flow plots (left) and quantification (right) of NKG2D receptor expression by CD4 (d) and CD8 (e) T-cells. fâ€“g, Representative flow plots and quantification of CXCR6 receptor expression by CD4 (f) and CD8 (g) T-cells. hâ€“i, Quantification of proliferating Ki67+ CD4 (h) and CD8 (i) T-cells. jâ€“k, Quantification of TNFÎ± positive CD4 (j) and CD8 (k) T-cells. Two-way ANOVA with Bonferroniâ€™s post hoc test (a); two-way ANOVA with Tukeyâ€™s multiple comparison test (bâ€“c); two-tailed Mann Whitney test (dâ€“k). Representative data from two independent experiments (bâ€“i); representative data from three independent experiments (jâ€“k). Data depict mean+/âˆ’ SEM.
Source data


Extended Data Fig. 6 Flow cytometric and scRNA-seq analysis of changes in tumor-infiltrating immune cells induced by the vaccine.
aâ€“b, Representative histograms (a) and quantification (b) of PD-1, CTLA-4, Tim-3, Tigit and Lag3 expression by tumor-infiltrating CD8 T-cells from Ctrl-vax (blue) or MICB-vax (red) mice (nâ€‰=â€‰9 mice/group). câ€“d, Comparison of T-cell and NK cell populations in B16F10 (MICB) tumors following treatment with a MICA/B mAb or the MICB vaccine. In the vaccine arm, mice received Ctrl-vax (C-vax) (nâ€‰=â€‰9 mice) or MICB-vax (M-vax) (nâ€‰=â€‰10 mice) on days 0 and 14, while mice in the mAb treatment group (nâ€‰=â€‰8 mice/ group) received two buffer injections. Mice were implanted with B16F10 (MICB-dox) tumor cells on day 21. MICB expression was induced on tumor cells by doxycycline treatment starting on day 28, and mice in the mAb treatment group received either mouse IgG2a isotype control mAb (iso) or MICA/B mAb (mAb) treatment every 48â€‰h starting on day 28. Tumor-infiltrating immune cells were analyzed in all groups on day 35. Total numbers of tumor-infiltrating CD4+ T-cells, CD8+ T-cells and NK cells were quantified by flow cytometry (c), and intracellular staining was performed for IFNÎ³ (d) in all four treatment groups. eâ€“g, scRNA-seq analysis of changes in tumor-infiltrating immune cells induced by the vaccine. CD45+ immune cells in B16F10 (MICB-dox) tumors were investigated by scRNA-seq under four experimental conditions: the MICB-vax (+dox) experimental group and the three control groups, Ctrl-vax (-dox), Ctrl-vax (+dox) and MICB-vax (-dox). Doxycycline was administered to mice for seven days prior to scRNA-seq analysis to induce MICB expression on tumor cells in two of these groups (+dox). For each of the four groups, CD45+ immune cells were pooled from five mice to reduce variation from individual tumors. e, UMAP projection of CD45+ immune cells combined from all experimental groups. Major immune cell populations are annotated based on differentially expressed genes. f, Comparison of immune subpopulations across all clusters for the experimental MICB-vax (+dox) group (red) versus the three combined control groups (blue). g, Distribution of CD45+ cells across individual clusters (color-coded as in e) for the experimental MICB-vax (+dox) group (MICB) and the three combined control groups (Ctrl). Representative data of two experimental repeats (aâ€“b). Data from a single experiment (câ€“d). ScRNA-seq data from a single experiment with sorted CD45+ cells pooled from 5 mice/group (eâ€“g). Two-tailed Mann Whitney test (b); one-way ANOVA with Tukeyâ€™s multiple comparison test (câ€“d). Data depict mean+/âˆ’ SEM.
Source data


Extended Data Fig. 7 Gene expression programs of tumor-infiltrating T-cell and NK cell populations.
aâ€“d, scRNA-seq analysis of T-cell clusters among CD45+ tumor-infiltrating cells in B16F10 (MICB-dox) tumors. UMAP representation of T-cell subclusters (a) and visualization of T-cell populations for the experimental MICB-vax (+dox) group (MICB) and the three control groups (b). c, Contribution of each T-cell subcluster to the total CD45+ immune population for each of the four treatment groups. d, Quantification of expanded TCR clonotypes for CD4, Treg, CD8 effector, CD8 exhausted and CD8 proliferating clusters shown for all four treatment groups. e, f, Ranking of differentially expressed genes in scRNA-seq data from the indicated T-cell subpopulations (e) and NK cells (f) comparing cells from the experimental MICB-vax (+dox) group to cells from the three combined control groups, Ctrl-vax (-dox), Ctrl-vax (+dox) and MICB-vax (-dox). gâ€“j, Violin plots showing expression levels of activation-related genes (g) and Th1-related genes (h) in CD4 T-cells as well as activation-related genes (i) and chemokine receptor genes (j) in CD8 T-cells from the experimental MICB-vax (+dox) group compared to cells from the three combined control groups (Ctrl). ScRNA-seq data from a single experiment with sorted CD45+ cells pooled from 5 mice/group (aâ€“j). Pairwise Wilcoxon rank sum test (gâ€“j).


Extended Data Fig. 8 T cell and NK cell responses in MHC-I expressing and MHC-I deficient tumors.
a, Contribution of CD8 T cells to vaccine efficacy. Mice were first immunized with MICB-vax or Ctrl-vax (d0, d14), treated with either isotype control mAb, depleting mAb targeting CD8 T-cells starting on day 21, followed by implantation of B16F10 (MICB) tumor cells (nâ€‰=â€‰7 mice/group). b, Impact of IFNÎ³ versus TNFÎ± neutralization on the efficacy of the MICB Î±3 domain vaccine. MICB-transgenic mice received IFNÎ³ or TNFÎ± neutralizing mAbs or an isotype control mAb every 48â€‰h, starting two days prior to subcutaneous injection of B16F10 (MICB) tumor cells on day 21 following immunization (nâ€‰=â€‰7 mice/group). Tumor growth (left) and survival analysis (right) are shown. c, Comparison of vaccine efficacy against B16F10 (MICB) wild-type tumors and tumors with resistance mutation in H2-Aa gene. Mice received MICB-vax (n=8 mice/ group) or Ctrl-vax (nâ€‰=â€‰7 mice/ group) and were then challenged with tumors of the indicated genotypes. d, Quantification of MICB-specific serum Ab titers in mice immunized with Ctrl-vax (blue) or MICB-vax followed by treatment with CD4 T-cell depletion (green) or control (red) mAbs for 3 weeks, starting on day 28 following immunization (n=5 mice/group). e, Impact of CD4 T-cell depletion on vaccine-induced NK cell infiltration into tumors. Flow cytometric quantificationÂ of the percentage of Ki67+ NK cells (top) and IFNÎ³+ NK cells (bottom) in WT (left) and B2m-KO (right) tumors for the following treatment groups: Ctrl-vax + isotype mAb (blue), Ctrl-vax + anti-CD4 (orange), MICB-vax + isotype mAb (red) and MICB-vax + anti-CD4 (green); (nâ€‰=â€‰7 mice/group). Representative data from two independent experiments (a-c, e). Data from a single experiment with technical triplicates (d). Log-rank (Mantel-Cox) test (a); two-way ANOVA with Bonferroniâ€™s post hoc test (b left, c left) and Log-rank (Mantel-Cox) test (b right, c right); two-way ANOVA with Tukeyâ€™s multiple comparison test (d); one-way ANOVA with Tukeyâ€™s multiple comparison test (e).
Source data


Extended Data Fig. 9 Characterization of dendritic cells in the tumor draining lymph nodes of vaccinated mice.
a, Experimental outline and gating strategy for identification of migratory DC (mDC) subsets within the tumor draining lymph node (tdLN) of immunized mice by flow cytometry. b, Impact of CD4 T-cell depletion on mDC and resident (rDC) populations in tdLN of vaccinated mice. DC populations were analyzed in tdLN on day 32, two days following induction of MICB expression on tumor cells with dox (nâ€‰=â€‰7 mice per group, except in control-Î±CD4 ab (nâ€‰=â€‰6 mice). c, Differentially expressed genes of mDCs (bulk RNA-seq) sorted from tdLN of MICB-vax and Ctrl-vax mice treated with CD4 depleting (Î±CD4) or isotype control (iso) mAb. d, Upregulated genes in mDCs from the MICB-vax (isotype control mAb, iso) group compared to either MICB-vax plus CD4 T-cell depletion (Î±CD4) or the Ctrl-vax (isotype mAb) groups. Venn diagram and heatmap of genes with higher expression in MICB-vax (iso) compared to both other groups. eâ€“g, Characterization of myeloid cells within the tumors of vaccinated mice. Mice were immunized (d0 and 14), B16F10 (MICB-dox) tumor cells were implanted on day 21 and MICB expression was induced on tumor cells on day 28 by doxycycline (dox) treatment. Tumor-infiltrating myeloid cells were analyzed 7 days later. e, Gating strategy used for identification of tumor-infiltrating CD103+ cDC1, CD301b+ cDC2 and F4/80+ macrophages in vaccinated mice by flow cytometry. f, Quantification of macrophage population within tumors of Ctrl-Vax (blue) and MICB-vax (red) mice on day 7 following MICB induction on tumors with dox (nâ€‰=â€‰7 mice/group). g, Impact of Î±CSF1R treatment on immunity to B16F10 (MICB) tumors. Mice were immunized with Ctrl-vax or MICB-vax; treatment with Î±CSF1R or isotype control Ab was started two days prior to subcutaneous injection of B16F10 (MICB) tumor cells; mAb treatment was continued every third day; n=7 mice/group. Data representative of two independent experiments (aâ€“b, eâ€“g). Data from one experiment with three biological replicates per sample. DCs from 3 mice were pooled for each biological replicate (nâ€‰=â€‰9 mice/group). Significance was determined using thresholds of -log10 >2 (adjusted P value), and log2 >1 (fold change) (câ€“d). One-way ANOVA with Tukeyâ€™s multiple comparison test (b); Two-tailed Mann Whitney test (f); log-rank (Mantel-Cox) test (g). Data represent mean +/âˆ’ SEM.
Source data


Extended Data Fig. 10 Cross-presentation of endogenous melanoma antigen by dendritic cells from MICB-vax mice.
a, Impact of cDC1 depletion on MICB vaccine-induced T-cell and NK accumulation within tumors in Xcr1DTR mice. Mice were treated +/âˆ’ diphtheria toxin (DT) starting on day 26 following immunization with Ctrl-vax (C) or MICB-vax (M) (days 0 and 14) and B16F10 (MICB-dox) tumor implantation (day 21). Immune cells were analyzed in tumors 7 days following MICB induction on tumors with dox (day 37) (nâ€‰=â€‰7 mice/group). b, Contribution of activating Fc receptors to efficacy of MICB-vax. Survival curves of FceR1g-/- MICB-Tg versus MICB-Tg mice immunized with Ctrl-vax (blue) and MICB-vax (red) (nâ€‰=â€‰7 mice/group). c, Analysis of endogenous gp100 specific CD8 T-cell responses. CD8 T-cells were isolated from tdLN of mice immunized with MICB-vax or Ctrl-vax, labeled with the CTV cell proliferation dye and then co-cultured for 72â€‰h with DCs pulsed with control (Ova) or gp100 peptide (10Âµg/ml). Intracellular cytokine staining (IFNÎ³) and CTV dilution are shown in representative flow cytometry plots (left); data are quantified for T-cells from both vaccine groups (3 mice/group, right). d, Proliferation of transferred CD8 T-cells specific for the gp100 melanoma antigen (from Pmel-1 transgenic mice) in tumor-draining lymph nodes of mice immunized with MICB-vax compared to Ctrl-vax. Mice were vaccinated twice (days 0 and 14) and B16F10 (MICB-dox) tumor cells were implanted subcutaneously on day 21. Doxycycline treatment was initiated on day 28 to induce MICB expression on tumor cells, one day prior to transfer of Thy1.1+ Pmel-1 CD8 T-cells (2x106 cells/mouse). Proliferation of CTV-labeled Pmel-1 T-cells was analyzed in tumor-draining LN (top) and spleen (bottom, control organ) four days following T-cell transfer. Cells were gated based on CD3, CD8 and Thy1.1 markers; shown is Thy1.1 marker of transferred Pmel-1 T-cells (Y-axis) and CTV dye dilution in proliferating T-cells (X-axis). Proliferating T-cell populations are indicated in representative flow plots (left) and quantification is shown (right) across the entire cohort of Ctrl-vax (blue) versus MICB-vax (red) mice (nâ€‰=â€‰7 mice/group). e, Control experiment for (d) with CD8 T-cells of irrelevant specificity (OT-1 T-cells, nâ€‰=â€‰4 mice/group). f, Role of XCR1+ DCs in the activation of transferred gp100-specific pmel-1 CD8 T-cells. Xcr1DTR mice were immunized with MICB-vax (days 0 and 14), and B16F10 (MICB-dox) melanoma cells were implanted on day 21. XCR1+ DCs were depleted by injection of diphtheria toxin (+DT, green) or solvent as a control (-DT, red) one day prior to induction of MICB expression by tumor cells with doxycycline. Thy1.1+ Pmel-1 CD8 T-cells were transferred and proliferation of these T-cells was analyzed in tdLN four days later by dilution of the CTV dye. Top flow cytometry plots show depletion of XCR1+ cells (Venus fluorescent reporter protein) in diphtheria toxin (+DT) treated mice (right) compared to control mice (-DT, left), six days following initiation of DT treatment. Bottom flow cytometry plots show proliferation of transferred pmel-1 CD8 T-cells based on dilution of the CTV dye (X-axis); data are quantified on the right (n=6 mice/group). g, Presentation of gp100 peptide by migratory DCs from MICB-vax mice. NaÃ¯ve Pmel-1 CD8 T-cells were co-cultured for 72â€‰h with migratory DCs (mDC, CD11c+, IA/E high) isolated from tdLN or non-tumor draining LN of Ctrl-vax or MICB-vax mice (pooled from 10 mice/group) implanted with B16F10 (MICB) tumor cells. CD8 T-cell proliferation was assessed based on CTV dilution. Data are representative of two independent experiments (a-d, f-g). Data from a single experiment (e). One-way ANOVA with Tukeyâ€™s multiple comparison test (a); log rank (Mantel-Cox) test (b); two-tailed Mann Whitney test (c-f); one-way ANOVA with Dunnettâ€™s multiple comparison test (g). Data depict mean +/âˆ’ SEM (a, câ€“f) or mean +/âˆ’ SD (g).
Source data
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