







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 06 February 2019



                    Anti-tumour immunity controlled through mRNA m6A methylation and YTHDF1 in dendritic cells

                    	Dali Han1,2,3Â na1Â na2, 
	Jun Liu4,5,6Â na1, 
	Chuanyuan Chen1,2,3, 
	Lihui Dong7, 
	Yi Liu7, 
	Renbao Chang1,2, 
	Xiaona Huang8, 
	Yuanyuan Liu9, 
	Jianying Wang9, 
	Urszula Dougherty10, 
	Marc B. Bissonnette10, 
	Bin Shen9, 
	Ralph R. Weichselbaum8, 
	Meng Michelle Xu7Â na2 & 
	â€¦
	Chuan He4,5,6Â na2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 566,Â pages 270â€“274 (2019)Cite this article
                    

                    
        
            	
                        48k Accesses

                    
	
                        600 Citations

                    
	
                            110 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Epigenetics
	Immunosurveillance


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    An Author Correction to this article was published on 25 March 2019

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
There is growing evidence that tumour neoantigens have important roles in generating spontaneous antitumour immune responses and predicting clinical responses to immunotherapies1,2. Despite the presence of numerous neoantigens in patients, complete tumour elimination is rare, owing to failures in mounting a sufficient and lasting antitumour immune response3,4. Here we show that durable neoantigen-specific immunity is regulated by mRNA N6-methyadenosine (m6A) methylation through the m6A-binding protein YTHDF15. In contrast to wild-type mice, Ythdf1-deficient mice show an elevated antigen-specific CD8+ T cell antitumour response. Loss of YTHDF1 in classical dendritic cells enhanced the cross-presentation of tumour antigens and the cross-priming of CD8+ T cells in vivo. Mechanistically, transcripts encoding lysosomal proteases are marked by m6A and recognized by YTHDF1. Binding of YTHDF1 to these transcripts increases the translation of lysosomal cathepsins in dendritic cells, and inhibition of cathepsins markedly enhances cross-presentation of wild-type dendritic cells. Furthermore, the therapeutic efficacy of PD-L1 checkpoint blockade is enhanced in Ythdf1âˆ’/âˆ’ mice, implicating YTHDF1 as a potential therapeutic target in anticancer immunotherapy.
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                    Fig. 1: Ythdf1âˆ’/âˆ’ mice show effective tumour control that depends on CD8+ T cells.[image: ]


Fig. 2: Cross-priming capacity of DCs is enhanced in Ythdf1âˆ’/âˆ’ mice.[image: ]


Fig. 3: Transcriptome-wide identification and analysis of YTHDF1-binding sites.[image: ]


Fig. 4: YTHDF1 promotes translation of proteases for excessive antigen degradation.[image: ]
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                Data availability

              
              The data that support the findings of this study are available from the corresponding author upon reasonable request. RIPâ€“seq, Ribo-seq and m6A-seq datasets have been deposited in the Gene Expression OmnibusÂ (GEO) under the accession number GSE115106. A summary of sequencing experiments is provided in Supplementary TableÂ 3. The differential translational efficiency results provided in Supplementary TableÂ 4. Source Data for bar graphs and box-plots in the Figures and Extended Data Figures are provided in separate Excel files.
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Extended data figures and tables

Extended Data Fig. 1 Deletion efficacy of Ythdf1âˆ’/âˆ’ mice.
a, b, Off-target analysis of the CRISPRâ€“Cas9 system in Ythdf1âˆ’/âˆ’ mice. a, Ythdf1 single guide RNAÂ (sgRNA) targeting sites and four putative off-target sites were amplified. b, PCR products from Ythdf1âˆ’/âˆ’ mice and wild-type mice were mixed and digested by T7EI. The PCR product from wild-type mice was used as negative control. c, Immunoblot assays are shown to validate changes in YTH protein expression in Ythdf1âˆ’/âˆ’ DCs. Data are representative of one experiment (a, b) and two independent biological replications (c).


Extended Data Fig. 2 Characterization of immune phenotypes of Ythdf1âˆ’/âˆ’ mice.
a, Data points for Fig.Â 1a. b, Wild-type or Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 B16-OVA cells. Survival was monitored. Mice with tumour volumes less than 200Â mm3 are considered to be surviving. One of three representative experiments is shown. c, Data points for Fig.Â 1b. dâ€“h, Wild-type or Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 B16-OVA cells. d, e, Frequency of tumour infiltrating MDSCs (Ly6C+CD11b+) was assessed 12 days after tumour inoculation. f, g, The percentages of Treg cells in spleen, DLN and tumour are shown. h, Degranulation of tumour NK cells in response to in vitro re-stimulation with PMA/ionomycin. i, Data points for Fig.Â 1d. Data are representative of two independent experiments (a, c). n, number of mice. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test (a, c, e, gâ€“i); two-sided log-rank (Mantelâ€“Cox) test (b).

                          Source data
                        


Extended Data Fig. 3 Cross-priming of tumour neoantigens is increased in Ythdf1âˆ’/âˆ’ mice.
a, Rag2âˆ’/âˆ’ mice were inoculated with T cells isolated from wild-type or Ythdf1âˆ’/âˆ’ mice on day 0. On the same day, mice were injected s.c. with 5Â Ã—Â 105 B16-OVA cells. Tumour growth was monitored over time. b, Wild-type or Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 MC38-OTIp cells. Six days after tumour inoculation, CD8+ or CD11b+ DCs were sorted from DLNs. DCs were co-cultured with CD8+ T cells isolated from naive OT-I mice. Cross-priming capacity was determined by the production of IFNÎ³. c, Wild-type or Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 MC38-SIY cells. Six days after tumour inoculation, DCs were sorted from DLNs and co-cultured with CD8+ T cells isolated from naive 2C mice. Cross-priming capacity was determined by the production of IFNÎ³. d, Wild-type or Mett14-deficient GMDCs were co-cultured with B16-OVA cells. Cross-priming capacity was determined by the production of IFNÎ³. e, Wild-type and Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 B16-OVA cells. Data are shown as the expression of CD80 and CD86 on tumour-infiltrating DCs. f, Wild-type and Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 B16-OVA cells. Six days after tumour inoculation, CD8+ or CD11b+ DCs were sorted from DLNs. DCs were pulsed with 1 Î¼g/ml exogenous OT-I peptide and co-cultured with isolated CD8+ T cells from naive OT-I mice for 3 days, and then analysed by IFNÎ³ CBA. Data are representative of two independent experiments with similar results (e). n, number of mice. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test (aâ€“c, f) or one-sided unpaired Studentâ€™s t-test (d).

                          Source data
                        


Extended Data Fig. 4 Development of DCs and T cells is similar in Ythdf1+/+ and Ythdf1âˆ’/âˆ’ mice.
a, b, Percentages of CD11b+ and CD8Î±+ DCs in lymph node (LN) and spleen. c, d, Percentages of CD4+ and CD8+ T cells in lymph node and spleen. No significant difference was detected between wild-type and Ythdf1âˆ’/âˆ’ mice. n, number of mice. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test.

                          Source data
                        


Extended Data Fig. 5 In vitro functional analysis of GMDCs generated from Ythdf1âˆ’/âˆ’ mice.
a, Production of IL-6, CCL2 and TNFÎ± upon stimulation of Ythdf1âˆ’/âˆ’ GMDCs with LPS. b, c, Wild-type and Ythdf1âˆ’/âˆ’ mice were injected s.c. with 106 B16-OTI-zsGreen cells. The percentage of tumour-infiltrating zsGreen+ DCs six days after tumour inoculation is shown. Data are representative of two independent experiments (b). d, Splenic DCs from wild-type and Ythdf1âˆ’/âˆ’ mice were stimulated with LPS overnight. The cross-presentation capacity of DCs in response to soluble OVA was assessed. nÂ =Â 3 independent experiments (a); nÂ =Â 6 independent experiments (d). n, number of mice. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test.

                          Source data
                        


Extended Data Fig. 6 Transcriptome-wide analysis of YTHDF1-binding sites in FLT3L-DCs.
a, High reproducibility of YTHDF1 RIPâ€“seq data. For each potential YTHDF1 binding peak, the fold-enrichment of the RIP/input signal was determined for both replicate 1 (Rep1) and replicate 2. Peaks identified in both replicates were considered as high-confidence peaks and are indicated in red. b, Overlap of YTHDF1-binding transcripts revealed from RIPâ€“seq of two biological replicates. c, Meta-gene analysis to show the distribution of YTHDF1-binding sites along a normalized transcript. d, Distribution of YTHDF1-binding sites in transcripts. TTS, transcription termination site. e, Heatmap showing the translational efficiency of co-simulatory/inhibitory proteins (signal 2) and cytokines (signal 3) in wild-type and Ythdf1âˆ’/âˆ’ FLT3L-DCs.

                          Source data
                        


Extended Data Fig. 7 THDF1-deficient GMDCs exhibit lower translational rates.
a, High reproducibility of YTHDF1 RIP-seq data in GMDCs. For each potential YTHDF1 binding peak, the fold-enrichment of the RIP/input signal was determined for both Replicate 1 and Replicate 2. Peaks identified in both replicates were considered high-confidence peaks and are indicated in red. b, Volcano plots of genes with differential translational efficiencies in wild-type and Ythdf1âˆ’/âˆ’ GMDCs. YTHDF1 targets are marked with yellow circles. P values calculated using two-sided likelihood ratio test with Benjaminiâ€“Hochberg adjustment; nÂ =Â 4 (2 conditions Ã— 2 biological replicates). c, Cumulative distribution of theÂ fold changeÂ in translational efficiency between wild-type and Ythdf1âˆ’/âˆ’ GMDCs. P values calculated using two-sided Kolmogorovâ€“Smirnov test; nÂ =Â 2 independent biological replicates. Box-plot elements: centre line, median; box limits, upper and lower quartiles; whiskers, 1â€“99%. d, Distribution of YTHDF1-binding sites in transcripts. e, Metagene plot depicting nearly unchanged distribution of m6A peaks and similar consensus motifs in wild-type and Ythdf1âˆ’/âˆ’ GMDCs. P values of consensus motifs generated by HOMER29 using one-sided binomial test. f, KEGG and GO enrichment analysis of YTHDF1 target genes revealed enrichment of biological functions related to the innate immune system, lysosomes and phagosomes (nÂ =Â 79). One-sided hypergeometric test was used to determine the statistical significance of enrichment. g, Heatmap showing translational efficiency of cathepsin genes in GMDCs and FLT3L-DCs. n, number of genes or m6A peaks.

                          Source data
                        


Extended Data Fig. 8 Antigen degradation is reduced in Ythdf1âˆ’/âˆ’ mice and inhibition of protease cathepsins enhances cross-priming of wild-type DCs.
a, GMDCs were co-cultured with necrotic B16-OVA cells overnight. Immunoblot analysis of cathespins B, D and L (CTSB, CTSD and CTSL) in GMDCs. b, Wild-type and Ythdf1âˆ’/âˆ’ DCs were treated with actinomycin D and RNAs wereÂ collected at different time points after treatment. mRNA levels were measured using RTâ€“qPCR and represented as mRNA remaining after transcription inhibition (TI). c, GMDCs were co-cultured with necrotic B16-OVA cells overnight and OVA degradation in BMDCs was measured by immunoblot. d, Ex vivo purified wild-type cDCs were pre-treated with 0.04 Î¼M E64 and pulsed with OVA protein for 4 h. The cross-priming capacity of DCs was compared by co-culturing DCs with CTV-labelled OT-I T cells. Proliferation was measured by the dilution of CTV. e, GMDCs were pre-treated with 0.2â€“2 Î¼M E64 and co-cultured with B16-OVA cells. The cross-priming capacity of DCs was compared by co-culturing DCs with isolated CD8+ T cells from naive OT-I mice and analysed by IFNÎ³ CBA. f, FLT3L-DCs were pre-treated with cathepsin inhibitor CA-074 or/and cathepsin L inhibitor III (CASIII), followed by co-culturing with necrotic B16-OVA cells. Synergistic inhibition was observed. The cross-priming capacity of DCs was determined. g, Data points for Fig.Â 4b. nÂ =Â 3 independent experiments with similar results (a, c); nÂ =Â 2 independent experiments (b). n, sample size. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test (e) or one-sided unpaired Studentâ€™s t-test (f).

                          Source data
                        


Extended Data Fig. 9 IFNÎ³ in tumour tissues is responsible for the upregulation of PD-L1 in Ythdf1âˆ’/âˆ’ mice.
Tumour-bearing mice were treated with 50 Î¼g anti-IFNÎ³ monoclonal antibody intratumorally and PD-L1 expression on tumour cells is shown. n, number of mice. MeanÂ Â±Â s.e.m., two-sided unpaired Studentâ€™s t-test.

                          Source data
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