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            Abstract
Despite the success of monotherapies based on blockade of programmed cell death 1 (PD-1) in human melanoma, most patients do not experience durable clinical benefit. Pre-existing T-cell infiltration and/or the presence of PD-L1 in tumours may be used as indicators of clinical response; however, blood-based profiling to understand the mechanisms of PD-1 blockade has not been widely explored. Here we use immune profiling of peripheral blood from patients with stage IV melanoma before and after treatment with the PD-1-targeting antibody pembrolizumab and identify pharmacodynamic changes in circulating exhausted-phenotype CD8 T cells (Tex cells). Most of the patients demonstrated an immunological response to pembrolizumab. Clinical failure in many patients was not solely due to an inability to induce immune reinvigoration, but rather resulted from an imbalance between T-cell reinvigoration and tumour burden. The magnitude of reinvigoration of circulating Tex cells determined in relation to pretreatment tumour burden correlated with clinical response. By focused profiling of a mechanistically relevant circulating T-cell subpopulation calibrated to pretreatment disease burden, we identify a clinically accessible potential on-treatment predictor of response to PD-1 blockade.
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                    Figure 1: CD8 T cells responding to anti-PD-1 therapy display an exhausted phenotype.


Figure 2: Exhausted-phenotype CD8 T cells are preferentially reinvigorated by anti-PD-1 therapy.


Figure 3: Tumour-infiltrating T-cell clones in responding peripheral blood CD8 T-cell population and blood Ki67+ CD8 T-cell response correlates with tumour burden.


Figure 4: Tracking CD8 T-cell reinvigoration in context of tumour burden predicts response to anti-PD-1 therapy.
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In Fig. 1c the x-axis label for the bottom bar graph was corrected.
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Extended data figures and tables

Extended Data Figure 1 Clinical characteristics, response data, and immune data for cohorts analysed.
a, Penn pembro Expanded Access Program (left) and MSKCC Keynote-001 trial (right) that were included in analysis. b, Immune and clinical data from analysed patients in Penn cohort stratified by fold change Ki67 greater or less than 2.2 (blue, responder; red, non-responder).


Extended Data Figure 2 CD4+FOXP3−, CD4+FOXP3+ and CD8 T cells from patients with melanoma have increased Ki67 expression compared to healthy donors.
a, Frequency and Ki67 expression in FOXP3+ CD4 T cells in healthy donors and melanoma patients. Student’s t-test. b, Ki67 expression in CD8 T cells between healthy donors and melanoma patients. Mann–Whitney U-test. c, Ki67 expression in PD-1+ and PD-1− CD8 T cells in healthy donors and patients with melanoma. Healthy donors versus patients, Mann–Whitney U-test; PD-1+ versus PD-1− CD8 T cells in patients with melanoma, Wilcoxon matched-pairs test. d, Ki67 expression in FOXP3− CD4 T cells and FOXP3+ CD4 cells over time. Wilcoxon matched-pairs test. e, Scatter plot of Ki67 expression in PD-1+CD4+FOXP3− T cells versus tumour burden by PFS. f, Ki67 expression in PD-1+CD4+FOXP3+ cells versus tumour burden by PFS (pretreatment, n = 29; post-treatment, n = 27 (e, f)). For all panels, **P < 0.01, ****P < 0.0001. Error bars denote s.d. Flow cytometry data in all panels are representative of 1–4 independent technical replicates of the stain indicated.


Extended Data Figure 3 PD-1 detected after therapy using anti-human IgG4 and proliferating CD8 T cells in healthy donors.
a, Healthy donor PBMCs were incubated with anti-PD-1 clone EH12 BV421 and/or pembro—alone, together or sequentially followed by anti-human IgG4–phycoerythrin. b, Plots of Eomes, T-bet, CD45RA, and CD27 expression in Ki67+ CD8 T cells from a representative healthy donor. c, Comparison of Eomes versus T-bet and CD45RA versus CD27 phenotypes in patients with melanoma and healthy donors (melanoma, n = 25; healthy donor, n = 10). **P < 0.01, Student’s t-test. d, Mean fold change of Ki67 on PD-1+ CD8 T cells over 3 weeks in healthy donors (n = 7). Error bars denote s.d.; centre line denotes mean; dotted line denotes fold change of 2.21, which is equal to the mean + 3 s.d. Flow cytometry data in all panels are representative of 1–2 independent technical replicates of the stain indicated.


Extended Data Figure 4 Effect of anti-CTLA-4 therapy on Ki67 expression is restricted to the pretreatment time point.
a, Correlation of the percentage of PD-1+ CD8 T cells expressing Ki67 to months since last dose of anti-CTLA-4 (pretreatment, n = 26; week 3, n = 25). b, Correlation of the percentage of CTLA-4 in CD8 T cells and months since last dose of anti-CTLA-4 (pretreatment, n = 26; week 3, n = 25). c, Correlation of clinical parameters such as PFS, overall survival (OS), tumour burden, and Ki67 to tumour burden ratio with months since last dose of anti-CTLA-4 (pretreatment, n = 23; week 3, n = 22). r and P values, Pearson’s correlations.


Extended Data Figure 5 CD8 T cells with multiple inhibitory receptors and PD-1+CXCR5+ CD8 T cells are reinvigorated by anti-PD-1 therapy.
a, Ki67 expression in CD8 T cells with multiple inhibitory receptors over time. Week 0 versus week 3 (n = 27). Wilcoxon matched-pairs test. b, Percentage of CD8 T cells positive for PD-1 during pembro treatment (n = 27), Wilcoxon matched-pairs test. c, Back-gating of TEMRA and naive CD8 T-cell populations onto CD45RA versus TCF-1 (right). d, TCF-1 expression in PD-1+CXCR5+ CD8 T cells in blood at week 3 (n = 11). Paired t-test. e, Eomes/T-bet (red) and Eomes/TCF-1 (green) expression in PD-1+CXCR5+ (left) and PD-1+CTLA-4+ (right) subsets. f, Ki67 expression in PD-1+CTLA-4+ and PD-1+CXCR5+ CD8 T cells over time (left) and fold change of Ki67 in PD-1+CXCR5+ and PD-1+CTLA-4+ subsets (right) (n = 11). Wilcoxon matched-pairs test. g, IFNγ production by PD-1+CXCR5+ and PD-1+CTLA-4+ subsets over time; paired t-test. For all panels, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Error bars denote s.d. CXCR5 and TCF-1 stain is representative of one technical replicate. All other flow cytometry data are representative of 1–4 independent technical replicates of the stain indicated.


Extended Data Figure 6 Conventional differentiation state and clusters of Tex cells can be identified using CyTOF and high-dimensional visualization.
a–c, SPADE analysis applied to blood samples from patients with melanoma and analysed by CyTOF. a, SPADE tree showing MMI of CD27 (left) and CCR7 (right) (representative of 4 patients). b, SPADE tree coloured by median intensities of fold change frequency (left), and Ki67 expression (middle and right) before treatment and at 3 weeks. c, Fold change frequency (left) and MMI of Ki67 (right) of Tex, Tmem, and Teff subsets. d, Frequency of Tex cluster in PD-1+ CD8 T cells over time. e, SPADE tree coloured by MMI of Eomes (left) and CD39 (right) expression at 3 weeks (n = 4). f, MMI of Eomes (left) and CD39 (right) of Tex, Tmem, and Teff subsets. g, Percentage of cells in Tex cluster (left) and Teff cluster (right) in PD-1+ CD8 T cells over time based on CyTOF and SPADE analysis. h, Frequency of Tex versus tumour burden coloured by response. Mass cytometry data in all panels are representative of one technical replicate. MMI shown in this figure represents arcsinh transformed data.


Extended Data Figure 7 RNA-seq of CD8 T cells reveals molecular pathways correlating with reinvigoration.
a–d, RNA-seq was performed on total purified CD8 T cells from three patients at weeks 0, 3, 9, 12. a, Volcano plot of genes altered at 3 weeks compared to pretreatment. Volcano plot constructed using log2 fold changes and their P values of all genes. b, Pathways identified by gene ontology analysis that were altered at week 3 compared to pretreatment using top 50 differentially expressed genes (all genes with fold change >1.5 and P < 0.05). c, Correlation coefficients to Ki67 were used to generate a correlation network. Nodes coloured by strength of correlation to Ki67 (Pearson r = 1 (red), −1 (blue)); node size indicates degree of connectivity. d, Pathways identified by gene ontology analysis using top 100 correlated genes with Ki67 (positive and negatively correlated genes with correlation coefficients >0.67 and <−0.67). RNA sequencing data in all panels are representative of one technical replicate.


Extended Data Figure 8 HLA-DR and CD38 expression enriches for responding Ki67+ cells and TCR clones found in top 100 clones in tumour identified in blood.
a, TCR clones present at pretreatment and post-treatment that are also in the top 100 clones in the tumour. Clones that are among the top 10 in the peripheral blood post treatment highlighted in red. Patient 14–784 did not have an available pretreatment sample and was not included. b, Percentage of CD8 T cells that are Ki67+ (red) and HLA-DR+CD38+ (blue) over time. c, Representative plot of Ki67 expression in HLA-DR+CD38+ CD8 T cells and CD8 T cells that were not CD38+HLA-DR+ (that is, CD38−HLA-DR−, CD38+HLA-DR−, and CD38−HLA-DR+). d, Representative plot of HLA-DR and CD38 expression on Ki67+ and Ki67− CD8 T cells. e, Representative plot of Eomes versus T-bet and PD-1 versus CTLA-4 in HLA-DR+CD38+ (‘DR+38+’) CD8 T-cell subsets and cells that were not CD38+HLA-DR+. f, Percentage of EomeshiT-betlo, PD-1, CTLA-4 and expression on CD8 T cells (n = 5). TCR sequencing and flow cytometry data in all panels are representative of one technical replicate.


Extended Data Figure 9 High Ki67 to tumour burden ratio correlates with improved clinical outcomes and model selection identifies BRAF and lactate dehydrogenase as correlates to Ki67.
a, Scatter plot of maximum fold change of Ki67 expression after treatment versus tumour burden stratified by PFS (n = 23). b, Maximum post-treatment Ki67 expression versus tumour burden by response (n = 23). c, Ki67 expression to tumour burden ratio stratified by landmark PFS (PFS starting from 6 weeks into therapy) (left; n = 23). Kaplan–Meier analysis stratified by a Ki67 to tumour burden ratio of 1.94 (right; Ki67 to tumour burden ratio: high, n = 13; low, n = 10); log-rank test. d, Baysean Information Criteria (BIC), used as a criterion for selection of multiple regression models that best predicted Ki67 (low BIC score produces a stronger model). e, Percentage of Ki67 expression in CD8 T cells (left) and tumour burden (right) stratified by BRAF status. All BRAF+ patients had been treated with BRAF-targeted therapy (n = 4, after removal of patients with unmeasurable tumour burden); Mann–Whitney U-test. f, Correlation of percentage Ki67+ versus lactate dehydrogenase (LDH) (left) and tumour burden versus LDH (right); Pearson’s correlation. g, Ki67 to LDH ratio stratified by landmark overall survival (overall survival starting from 6 weeks into therapy) (left; n = 23). Kaplan–Meier analysis stratified by a Ki67 to LDH ratio of 0.065 (right; Ki67 to LDH ratio: high, n = 18; low, n = 5); log-rank test.


Extended Data Figure 10 T-cell reinvigoration in the context of tumour burden may more accurately reflect the immunobiology of anti-PD-1 patterns of resistance (red) and response (green).
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