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            Abstract
The efficacy of programmed cell death protein 1 (PD-1) blockade in metastatic triple-negative breast cancer (ï»¿TNBCï»¿) is low1,2,3,4,5, highlighting a need for strategies that render the tumor microenvironment more sensitive to PD-1 blockade. Preclinical research has suggested immunomodulatory properties for chemotherapy and irradiation6,7,8,9,10,11,12,13. In the first stage of this adaptive, non-comparative phase 2 trial, 67 patients with metastatic TNBC were randomized to nivolumab (1) without induction or with 2-week low-dose induction, or with (2) irradiation (3â€‰Ã—â€‰8â€‰Gy), (3) cyclophosphamide, (4) cisplatin or (5) doxorubicin, all followed by nivolumab. In the overall cohort, the objective response rate (ORR; iRECIST14) was 20%. The majority of responses were observed in the cisplatin (ORR 23%) and doxorubicin (ORR 35%) cohorts. After doxorubicin and cisplatin induction, we detected an upregulation of immune-related genes involved in PD-1â€“PD-L1 (programmed death ligand 1) and T cell cytotoxicity pathways. This was further supported by enrichment among upregulated genes related to inflammation, JAKâ€“STAT and TNF-Î± signaling after doxorubicin. Together, the clinical and translational data of this study indicate that short-term doxorubicin and cisplatin may induce a more favorable tumor microenvironment and increase the likelihood of response to PD-1 blockade in TNBC. These data warrant confirmation in TNBC and exploration of induction treatments prior to PD-1 blockade in other cancer types.
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                    Fig. 1: Anti-tumor activity of nivolumab after immune induction in the per protocol population.[image: ]


Fig. 2: Intratumoral and systemic baseline parameters associated with response.[image: ]


Fig. 3: Characteristics of tumors during an active ongoing anticancer response on nivolumab and changes observed after induction treatments.[image: ]
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              DNA and RNA sequencing data have been deposited in the European Genome-phenome Archive (EGA) under accession number EGAS0001003535 and will be made available from the corresponding author on reasonable request. Data requests will be reviewed by the institutional review board of the NKI and applying researchers will need to sign a data access agreement with the NKI after approval. The TCR sequencing data are available from Adaptive Biotechnologies, but restrictions apply to their availability. However, data are available from the corresponding author on reasonable request and with permission of Adaptive Biotechnologies.
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Extended data

Extended Data Fig. 1 CONSORT diagram.
Flowchart for the allocation of subjects enrolled in the trial.


Extended Data Fig. 2 Clinical and other baseline parameters associated with response.
Boxplots represent the median, 25th and 75th percentiles and the vertical bars span the 5th and 95th percentiles. Statistical significance was tested with a two-tailed Mannâ€“Whitney U-test (unadjusted P values). a, ORR per subgroup. Depicted is the ORR (CRâ€‰+â€‰PR of nâ€‰=â€‰66) per subgroup. Cut-offs are set at the median for carcinoembryonic antigen (CEA), CAâ€‰15-3, sTIL and CD8. Statistical significance was determined by a two-sided Fisherâ€™s exact test. *Pâ€‰<â€‰0.05. WHO, WHO performance status. 1Patients with de novo metastatic disease at diagnosis were excluded (nâ€‰=â€‰8). b, PD-L1 expression on immune cells. c, PD-L1 expression on tumor cells. d, Serum levels of CEA. e, Correlation of CAâ€‰15-3 and CEA with tumor burden and the number of metastatic sites. Spearman correlation coefficients are depicted. Tumor burden was measured as the sum of all target lesions in millimeters; *Pâ€‰<â€‰0.05; ***Pâ€‰<â€‰0.001. f, LDH levels. g, C-reactive protein (CRP) levels. h, Neutrophil counts. i, Lymphocyte counts. j, Neutrophil-to-lymphocyte ratio (NLR). k, Eosinophil counts. The dashed line indicates the detection limit. l, Intratumoral TCR clonality. m, Percentage of intratumoral T cells by TCR sequencing. n, Intratumoral TCR repertoire diversity. o, TCR clonality in the peripheral blood. p, Percentage of T cells by TCR sequencing in the peripheral blood. q, TCR repertoire diversity in the peripheral blood. r, Non-synonymous tumor mutational burden (TMB). s, Predicted neo-epitopes.


Extended Data Fig. 3 Baseline PD-L1 expression.
a, PFS and PD-L1 expression on tumor cells. The Kaplanâ€“Meier curve displays the proportion of patients free of progression, stratified by PD-L1 expression on tumor cells. A cut-off of 1% is used. The table lists the number of patients at risk. b, Overall survival and PD-L1 expression on tumor cells. The Kaplanâ€“Meier curve displays overall survival, stratified by PD-L1 expression on tumor cells. A cut-off of 1% is used. c, PFS and PD-L1 expression on tumor-infiltrating immune cells. The Kaplanâ€“Meier curve displays the proportion of patients free of progression, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 1% is used. d, Overall survival and PD-L1 expression on tumor-infiltrating immune cells. The Kaplanâ€“Meier curve displays overall survival, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 1% is used. e, PFS and PD-L1 expression on tumor-infiltrating immune cells. The Kaplanâ€“Meier curve displays the proportion of patients free of progression, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 5% is used. f, Overall survival and PD-L1 expression on tumor-infiltrating immune cells. The Kaplanâ€“Meier curve displays overall survival, stratified by PD-L1 expression on tumor-infiltrating immune cells. A cut-off of 5% is used. g, PD-L1 expression on tumor-infiltrating immune cells and site of metastasis. PD-L1 expression per biopsy site at baseline is shown. Dots reflect the medians and whiskers reflect the interquartile ranges. IC, tumor-infiltrating immune cells; TC, tumor cells.


Extended Data Fig. 4 Baseline serum cytokine levels.
Cytokine levels were determined by a validated bead-based assay. Dots and whiskers represent medians and interquartile ranges, respectively. The dashed lines indicate the detection limit. a, IL-2 levels. IL-2 levels were detectable in five patients with clinical benefit and seven patients with progressive disease. b, IL-4 levels. IL-4 levels were detectable in 5 patients with clinical benefit and 11 patients with progressive disease. c, IL-6 levels. IL-6 levels were detectable in 13 patients with clinical benefit and 49 patients with progressive disease. d, IL-10 levels. IL-10 levels were detectable in 11 patients with clinical benefit and 41 patients with progressive disease. e, IL-17A levels. IL-17A levels were detectable in 12 patients with clinical benefit and 46 patients with progressive disease. f, IFN-Î³ levels. IFN-Î³ levels were detectable in 13 patients with clinical benefit and 47 patients with progressive disease. g, TNF-Î± levels. TNF-Î± levels were detectable in 11 patients with clinical benefit and 45 patients with progressive disease. h, Soluble Fas (sFas) levels. sFas levels were detectable in all tested patients. i, Granzyme A levels. Granzyme A levels were detectable in all tested patients. j, Granzyme B levels. Granzyme B levels were detectable in 5 patients with clinical benefit and 17 patients with progressive disease. k, Perforin levels. Perforin levels were detectable in all tested patients. l, Granulysin levels. Granulysin levels were detectable in all tested patients.


Extended Data Fig. 5 Anti-tumor activity of nivolumab.
a, Changes in target lesions over time, reflecting the depth and duration of response. Every line represents one patient, and every dot is one time point. The colors reflect induction treatment. The y axis was cut-off at 100% for illustration purposes. Dotted black lines indicate the response as described by RECIST1.1. b, Waterfall plot depicting the change in target lesions from baseline to post-induction. Every bar represents one patient and the colors correspond to induction treatment. The y axis was cut-off at 100% for illustration purposes. Dotted black lines indicate the response as described by RECIST1.1. c, ORR per cohort and according to lines of palliative treatment. The bars with no pattern depict the overall response rate in all patients, the bars with a dotted pattern depict the overall response rate in first-line-treated patients and the bars with a lined pattern depict the overall response rate in the second-to-fourth-line-treated patients. The numbers above the bars reflect the number of responding patients (CRâ€‰+â€‰PR) over the total number of patients in that subgroup. d, Proportion of patients free of progression at 24â€‰weeks. Measured from randomization according to RECIST1.1 (primary end point). e, Proportion of patients free of progression at 12â€‰weeks. Measured from nivolumab initiation (including response evaluation performed at 14â€‰weeks from randomization) according to RECIST1.1. f, Proportion of patients free of progression at 12â€‰weeks. Measured from nivolumab initiation (including response evaluation performed at 14â€‰weeks from randomization) according to iRECIST. g, Number of patients free of progression at 12â€‰weeks in the first 10 included patients. Measured from nivolumab initiation (including response evaluation performed at 14â€‰weeks from randomization) according to iRECIST. h, Trial design of TONIC stage 2. Patients are randomized between (1) induction treatment of 2â€‰weeks with doxorubicin followed by anti-PD-1 or (2) start with anti-PD-1 without induction treatment.


Extended Data Fig. 6 TCR repertoire diversity during an ongoing anticancer response on nivolumab and changes observed after induction treatments.
a, TCR repertoire diversity on nivolumab treatment (biopsy three). TCR repertoire size was estimated using the Efronâ€“Thisted method54 and represents the number of unique intratumoral clones. The boxes in boxplots represent the median and interquartile ranges and the whiskers represent the 5th and 95th percentiles. b, Fold change (FC) in the number of unique intratumoral TCR clones (TCR repertoire diversity) after induction treatment versus baseline (biopsy two versus biopsy one). Every dot represents one patient. Patients with clinical benefit are highlighted with a red dot. The dotted black line indicates no change. TCR repertoire size was estimated using the Efronâ€“Thisted method54. The boxes in the boxplots represent the median and interquartile ranges and the whiskers represent the full range. Statistical significance was tested with a Kruskalâ€“Wallis test for all groups. c, FC in the number of unique intratumoral TCR clones (TCR repertoire diversity) after nivolumab treatment versus baseline (biopsy three versus biopsy one). Every dot represents one patient. Patients with clinical benefit are highlighted with a red dot. The dotted black line indicates no change. TCR repertoire size was computed using the Efronâ€“Thisted method54. The boxes in the boxplots represent the median and interquartile ranges and the whiskers represent the full range. Statistical significance was tested with a Kruskalâ€“Wallis test for all groups followed by Dunnâ€™s tests between the induction treatment groups and the control group (P values are adjusted).


Extended Data Fig. 7 Histological characteristics of tumors during an ongoing anticancer response on nivolumab and changes observed after induction treatments.
a, sTILs in on-nivolumab biopsies (biopsy three), as determined according to guidelines of the TIL working group on a H&E staining. The boxes in the boxplots represent the median and interquartile ranges, and the whiskers represent the 5th and 95th percentiles. Statistical significance was tested with a two-tailed Mannâ€“Whitney U-test (unadjusted P value). b, CD8 cell count per mm2 in on-nivolumab biopsies (biopsy three). The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested with a two-tailed Mannâ€“Whitney U-test (unadjusted P value). c, sTILs per cohort. The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on paired biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value). d, CD8 cell count per mm2 per cohort. The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on paired biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value). e, Stromal CD4 per cohort. The percentage of CD4 of the total stromal area was assessed. The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on paired biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value). f, Stromal FOXP3 per cohort. The percentage of FOXP3 of the total stromal area was assessed. The boxes in the boxplots represent medians with interquartile ranges, and the whiskers span the 5th to 95th percentiles. Statistical significance was tested on paired biopsies with the Wilcoxon signed-rank test (two-tailed and unadjusted P value).


Extended Data Fig. 8 Bayesian hierarchical regression analysis of inflammation-related gene set FCs to investigate differences in upregulation between induction arms.
a, Plate model representation of the hierarchical model describing the FCs between baseline and post-induction. White-colored variables are inferred from the data using the model, and blue-colored variables are incorporated in extensions of the basic model. The boxes reflect repetition of the variables, Narmsâ€‰=â€‰5 and Npatients varies between arms. Data were available for 38 patients. b, Distributions of posterior parameter estimates for the basic hierarchical regression model. The percentages in the vertical labels represent probabilities of exceeding the control arm (the proportion of the distribution above zero). c, Effect of the baseline inflammation score on the observed FC in the inflammation score. Shown in red is the conditional mean (linear regression) with the 95% confidence interval shaded gray. The intercept of this line is not explicitly included in the model as it is already implicitly modelled by the Î¼. d, Association between clinical response and the observed FC in the inflammation score. Red dots indicate the means. The boxes in the boxplots represent medians and interquartile ranges, and the whiskers span 1.5 times the interquartile range. e, Association between previous lines of palliative treatment and the observed FC in the inflammation score. Boxplots are as in d. f, Association between lymph node-only metastasis and the observed FC in the inflammation score. Boxplots are as in d. g, Distributions of posterior parameter estimates for the full hierarchical regression model including all considered covariates. Format as in b. The points indicate the medians, the red lines indicate the 10â€“90% percentiles and the black lines indicate the 2.5â€“97.5% percentiles. h, Robustness of coefficients with inclusion of extra covariates. Shown are the medians of the posterior parameter distributions with the 10th and 90th percentiles for 7 different models, including and excluding combinations of the non-induction arm covariates.


Extended Data Fig. 9 Treatment-induced changes in myeloid cell-related and CD4 cell-related gene signatures.
a, Heatmap of post-induction FCs in gene expression signatures23,26 (NanoString gene expression data) in post-induction samples (biopsy two) compared to baseline (biopsy one). Depicted is the log2 FC in the median gene expression of paired biopsies. Statistical significance (two-sided Wilcoxon signed-rank test; unadjusted P value) is highlighted with a black dot. b, Heatmap of on-nivolumab FCs in gene expression signatures23,26 (NanoString gene expression data) in samples taken on nivolumab (biopsy three) compared to baseline (biopsy one). Depicted is the log2 FC in the median gene expression of paired biopsies. Statistical significance (two-sided Wilcoxon signed-rank test; unadjusted P value) is highlighted with a black dot. c, GSEA of selected gene sets related to myeloid cells and CD4 T cells25,27, performed on whole-transcriptome RNA sequencing of pre-induction and post-induction samples (biopsy two compared to biopsy one). Cells are colored according to normalized enrichment scores, and Benjaminiâ€“Hochberg (false discovery rate (FDR))-corrected P values equaling or below 0.25 are highlighted with black dots. CD4FH, follicular helper CD4 T cells; CD4TIL, tumor-infiltrating CD4 T cells; MO MDSC, monocytic MDSC; PMN MDSC, polymorphonuclear MDSC.





Supplementary information
Supplementary Information
Supplementary Note and Supplementary Tables 1â€“6


Reporting Summary




Rights and permissions
Reprints and permissions


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



Cite this article
Voorwerk, L., Slagter, M., Horlings, H.M. et al. Immune induction strategies in metastatic triple-negative breast cancer to enhance the sensitivity to PD-1 blockade: the TONIC trial.
                    Nat Med 25, 920â€“928 (2019). https://doi.org/10.1038/s41591-019-0432-4
Download citation
	Received: 02 November 2018

	Accepted: 19 March 2019

	Published: 13 May 2019

	Issue Date: June 2019

	DOI: https://doi.org/10.1038/s41591-019-0432-4


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

                
                    	
                            
                                
                                    
                                        The promise and challenges of combination therapies with antibody-drug conjugates in solid tumors
                                    
                                

                            
                                
                                    	Qing Wei
	Peijing Li
	Xiangdong Cheng


                                
                                Journal of Hematology & Oncology (2024)

                            
	
                            
                                
                                    
                                        Drug conjugates for the treatment of lung cancer: from drug discovery to clinical practice
                                    
                                

                            
                                
                                    	Ling Zhou
	Yunlong Lu
	Shuang Wei


                                
                                Experimental Hematology & Oncology (2024)

                            
	
                            
                                
                                    
                                        Characterization of immunomodulating agents from Staphylococcus aureus for priming immunotherapy in triple-negative breast cancers
                                    
                                

                            
                                
                                    	Chin-Chih Liu
	Matthew Wolf
	Charis Eng


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Neoadjuvant chemo-immunotherapy with camrelizumab plus nab-paclitaxel and cisplatin in resectable locally advanced squamous cell carcinoma of the head and neck: a pilot phase II trial
                                    
                                

                            
                                
                                    	Di Wu
	Yong Li
	Xuekui Liu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Comparison of cisplatin-based versus standard preoperative chemotherapy in patients with operable triple-negative breast cancer: propensity score matching and inverse probability of treatment weighting analysis
                                    
                                

                            
                                
                                    	Ayane Yamaguchi
	Kosuke Kawaguchi
	Masakazu Toi


                                
                                Breast Cancer Research and Treatment (2024)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Nature Medicine Classic Collection
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Medicine (Nat Med)
                
                
    
    
        ISSN 1546-170X (online)
    
    


                
    
    
        ISSN 1078-8956 (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: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
