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            Abstract
Checkpoint blockade immunotherapies enable the host immune system to recognize and destroy tumour cells1. Their clinical activity has been correlated with activated T-cell recognition of neoantigens, which are tumour-specific, mutated peptides presented on the surface of cancer cells2,3. Here we present a fitness model for tumours based on immune interactions of neoantigens that predicts response to immunotherapy. Two main factors determine neoantigen fitness: the likelihood of neoantigen presentation by the major histocompatibility complex (MHC) and subsequent recognition by T cells. We estimate these components using the relative MHC binding affinity of each neoantigen to its wild type and a nonlinear dependence on sequence similarity of neoantigens to known antigens. To describe the evolution of a heterogeneous tumour, we evaluate its fitness as a weighted effect of dominant neoantigens in the subclones of the tumour. Our model predicts survival in anti-CTLA-4-treated patients with melanoma4,5 and anti-PD-1-treated patients with lung cancer6. Importantly, low-fitness neoantigens identified by our method may be leveraged for developing novel immunotherapies. By using an immune fitness model to study immunotherapy, we reveal broad similarities between the evolution of tumours and rapidly evolving pathogens7,8,9.
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                    Figure 1: Evolutionary tumour dynamics under strong immune selection and a neoantigen fitness model based on immune interactions.[image: ]


Figure 2: Neoantigen fitness model is predictive of survival after checkpoint blockade immunotherapy.[image: ]


Figure 3: Predicted evolutionary dynamics in cohorts.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Inferred MHC binding affinities of mutant versus wild-type peptides.
Neoantigens used in this study are nine-residue-long peptides with affinities predicted to be less than 500 nM by NetMHC3.4 (ref. 19) (Supplementary Information). We plot predicted affinities of mutant peptides compared to the predicted affinities of their wild-type peptides. A single point mutation can lead to a predicted affinity difference of up to four orders of magnitude.

                          Source data
                        


Extended Data Figure 2 Positions 2 and 9 have a subset of neoantigens with a lower predictive value.
The violin plots represent the data density at a given value on the vertical axis. a, Neoantigens with mutations at position 2 or 9 tend to have wild-type peptides with larger predicted affinities. In particular, this is magnified if the corresponding wild-type residue is non-hydrophobic. b, Those biases are reflected by a wider distribution of amplitudes (Methods, equation (7)) for wild-type peptides with non-hydrophobic residues at positions 2 and 9. c, Shannon entropy of amino acid diversity by position in neoantigens, shown for all distinct HLA types and computed based on neoantigens across all datasets. Positions 2 and 9 have a lower entropy than other residues. Other sites have the same entropy as the overall proteome23 and are therefore unconstrained. Five HLA profiles with non-canonical entropies are highlighted in the plot. These HLA types contributed only five informative neoantigens across all datasets and are therefore not treated differentially in our model.

                          Source data
                        


Extended Data Figure 3 Survival analysis score landscape as a function of model parameters.
a–c, The landscape of log-rank test scores as the function of the parameters of the TCR-binding model (a and 1 / k), shown for the consistent choice of τ = 0.09; colours represent the significance level of the long-rank test. The regions of high scores are similar across all three datasets. The point corresponding to consistent parameters (a = 26 and k = 4.87) is marked by a black dot in each plot. d–f, log-rank score for the fitness model at consistent binding-function parameters, plotted as a function of τ. Dashed vertical lines are at τ = 0.09, thin solid lines mark the score values corresponding to significance of P = 0.05, P = 0.01 and P = 0.005 (n = 103 (a, d), n = 64 (b, e), n = 34 (c, f)).

                          Source data
                        


Extended Data Figure 4 Alignments to IEDB epitopes.
The TCR recognition probability for a neoantigen is a sigmoidal function of the alignment scores of a given neoantigen to the IEDB epitopes, evaluated for the set of neoantigens from the cohort of patients from ref. 5, using the consistent set of parameters.

                          Source data
                        


Extended Data Figure 5 Effect of IEDB sequence content on predictive power of the neoantigen fitness model.
Predictions were performed using subsampled IEDB epitope sequences, with subsampling rate varying between 0.1 and 0.9. For each rate, 10,000 iterations were performed to obtain a distribution of log-rank test scores. The violin plots represent the data density at a given value on the vertical axis (n = 10,000). Solid black lines mark the log-rank test score of the prediction for the full set of epitope sequences and grey thick lines mark the median scores of the subsampled data. a–c, Subsampling of the original set of IEDB sequences, supported by positive T-cell assays, shows that the quality of predictions decreases with subsampling rate. Prediction quality is more robust in the datasets from refs 4, 6. d–f, The analogous subsampling procedure was repeated for IEDB sequences that were not supported by positive T-cell assays. For the datasets from refs 4, 5, model performance is substantially decreased.

                          Source data
                        


Extended Data Figure 6 Reshuffling patient HLA types reduces the predictive power of the neoantigen fitness model.
For each cohort, we performed 10 iterations for the analysis of reshuffled patient HLA types, followed by computational neoantigen prediction, fitness model calculation and survival analysis. We report the distribution of log-rank test scores over these iterations: boxes mark 75% confidence intervals and whiskers mark the range of scores (n = 10). The score values for the model of the original (unshuffled) data are marked with blue squares.

                          Source data
                        


Extended Data Figure 7 Cytolytic score improves prediction quality.
a, Kaplan–Meier curves of overall survival shown for our model applied to the dataset from ref. 4 for a subset of n = 40 patients with transcriptional data. Samples were split by the median value of their tumour’s relative population size n(τ) (equation (1)). Error bars represent the standard error due to sample size. b, A model optimized for cytolytic score significantly separates patients (Methods). c, Inclusion of the cytolytic score in our model improves prediction for the subset of 40 patients. The P values from log-rank tests comparing the two Kaplan–Meier curves are shown above each plot. For a and c, we used consistent parameters trained on the three cohorts (Extended Data Fig. 2); for b, the parameter τ is optimized.

                          Source data
                        


Extended Data Table 1 Ranking of fitness models when accounting for tumour subclonal compositionFull size table


Extended Data Table 2 Ranking of fitness models without accounting for the subclonal composition of tumoursFull size table


Extended Data Table 3 Multivariate analysis with a Cox proportional hazards modelFull size table
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Supplementary Data 1
Mutations in tumour samples in all 3 cohorts.


Supplementary Data 2
Putative neoantigens predicted with NetMHC 3.4 in all 3 cohorts.


Supplementary Data 3
Overall survival data for patients in the 3 cohorts.


Supplementary Data 4
Reconstructed tumour clones from the highest scoring tree with PhyloWGS and their neoantigens with computed fitness cost.


Supplementary Data 5
IEDB sequences validated by positive T-cell assays (positive) and IEDB sequences not validated by positive T-cell assays (negative).


Supplementary Data 6
Cytolytic score for a subset of 40 Van Allen et al. samples used in Extended Data Fig. 7


Supplementary Data 7
Source code example to compute neoantigen fitness cost.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Extended Data Fig. 3

Source data to Extended Data Fig. 4

Source data to Extended Data Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7

Source data to Extended Data Fig. 8

Source data to Extended Data Fig. 9




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Łuksza, M., Riaz, N., Makarov, V. et al. A neoantigen fitness model predicts tumour response to checkpoint blockade immunotherapy.
                    Nature 551, 517–520 (2017). https://doi.org/10.1038/nature24473
Download citation
	Received: 22 January 2017

	Accepted: 09 October 2017

	Published: 01 November 2017

	Issue Date: 23 November 2017

	DOI: https://doi.org/10.1038/nature24473


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Vaccines: a promising therapy for myelodysplastic syndrome
                                    
                                

                            
                                
                                    	Kriti Gera
	Anjali Chauhan
	Elias J. Sayour


                                
                                Journal of Hematology & Oncology (2024)

                            
	
                            
                                
                                    
                                        Bioinformatic analysis and experimental validation of cuproptosis-related LncRNA as a novel biomarker for prognosis and immunotherapy of oral squamous cell carcinoma
                                    
                                

                            
                                
                                    	Shuang Liang
	Lanting Ji
	Fang Zhang


                                
                                Hereditas (2024)

                            
	
                            
                                
                                    
                                        Computational immunogenomic approaches to predict response to cancer immunotherapies
                                    
                                

                            
                                
                                    	Venkateswar Addala
	Felicity Newell
	Nicola Waddell


                                
                                Nature Reviews Clinical Oncology (2024)

                            
	
                            
                                
                                    
                                        Mi-2β promotes immune evasion in melanoma by activating EZH2 methylation
                                    
                                

                            
                                
                                    	Cang Li
	Zhengyu Wang
	Rutao Cui


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Tissue-specific thresholds of mutation burden associated with anti-PD-1/L1 therapy benefit and prognosis in microsatellite-stable cancers
                                    
                                

                            
                                
                                    	Maishara Muquith
	Magdalena Espinoza
	David Hsiehchen


                                
                                Nature Cancer (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Predicting tumour response to immunotherapy
Response to immune checkpoint blockade is likely to depend on tumour-intrinsic and microenvironmental factors, and to be evolutionarily shaped by immune interactions. Marta Łuksza et al. use mathematical tumour fitness models adapted from infectious disease models as a framework for tumour-immune interactions. When applied to human melanoma and non-small-cell lung cancer data, the model can recreate the evolutionary dynamics of cancer cells under immune checkpoint blockade.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
