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Preclinical evaluation of drug combinations identifies co-inhibition of Bcl-2/XL/W and MDM2 as a potential therapy in uveal melanoma
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Introduction: Uveal Melanoma (UM) is a rare and malignant intraocular tumour with a dismal prognosis. Despite a good control of the primary tumour by radiation or surgery, up to 50% of patients subsequently develop metastasis for which no efficient treatment is yet available. Methodology: To identify therapeutic opportunities, we performed an in vitro screen of 30 combinations of different inhibitors of pathways that are dysregulated in UM. Effects of drug combinations on viability, cell cycle and apoptosis were assessed in eight UM cell lines. The best synergistic combinations were further evaluated in six UM PDXs (patient-derived xenografts).

Results: We demonstrated that the Bcl-2/XL/W inhibitor (ABT263) sensitized the UM cell lines to other inhibitors, mainly to mTOR, MEK and MDM2 inhibitors. mTOR (RAD001) and MEK1/2 (Trametinib) inhibitors were efficient as single agents but their combinations with ABT263 displayed no synergism in UM PDXs. In contrast, the combination of ABT263 with MDM2 inhibitor (HDM201) showed a trend for a synergistic effect.

Conclusion:

We showed that inhibition of Bcl-2/XL/W sensitized the UM cell lines to other treatments encouraging investigation of the underlying mechanisms. Furthermore, our findings highlighted Bcl-2/XL/W and MDM2 co-inhibition as a promising strategy in UM.

Introduction

Uveal melanoma (UM) is a rare tumour deriving from melanocytes in the uveal tract.

Considered to be the most common primary malignant intraocular tumour in adults, UM affects 5 individuals per million per year [START_REF] Mahendraraj | Trends in incidence, survival, and management of uveal melanoma: A population-based study of 7,516 patients from the surveillance, epidemiology, and end results database (1973-2012[END_REF]. Despite a good control of the localized tumour by radiotherapy or surgery, up to 50% of UM patients develop metastases mainly in the liver. Once the disease has spread, the prognosis is poor with median survival of 9 months and the treatment is challenging with absence of efficient therapeutic strategies [START_REF] Singh | Uveal Melanoma: A Review of the Literature[END_REF][START_REF] Vivet-Noguer | Emerging therapeutic opportunities based on current knowledge of uveal melanoma biology[END_REF].

In contrast to cutaneous melanoma, UM has a low mutational burden with two events per tumour beside few genomic alterations (losses of chromosome 1p, 3, 6q, and 8p and gain of 8q) [START_REF] Helgadottir | The genetics of uveal melanoma: Current insights[END_REF]. The first and most recurrent event in UM is the activation of Gαq signalling induced by mutations of GNAQ/11 [START_REF] Van Raamsdonk | Mutations in GNA11 in Uveal Melanoma[END_REF]. These mutations lead to activation in downstream effectors including PKC, MAPK and YAP, implying a strong rational for therapeutic targeting of the related pathways in UM [START_REF] Feng | Hippo-independent activation of YAP by the GNAQ uveal melanoma oncogene through a Trio-regulated Rho GTPase Signaling Circuitry[END_REF][START_REF] Yu | Hippo Pathway in Organ Size Control, Tissue Homeostasis, and Cancer[END_REF][START_REF] Wu | The protein kinase C inhibitor enzastaurin exhibits antitumor activity against uveal melanoma[END_REF][START_REF] Feng | A Platform of Synthetic Lethal Gene Interaction Networks Reveals that the GNAQ Uveal Melanoma Oncogene Controls the Hippo Pathway through FAK[END_REF]. The second event consists of mutually exclusive mutations in the BAP1, SF3B1 and EIF1AX genes involved in processes of chromatin remodeling, splicing and translation, respectively.

Previous studies have shown that UM cell lines and PDXs (patient-derived xenografts) are susceptible to inhibition of single pathways such as PKC or MEK [START_REF] Wu | The protein kinase C inhibitor enzastaurin exhibits antitumor activity against uveal melanoma[END_REF][START_REF] Decaudin | Selumetinib-based therapy in uveal melanoma patient-derived xenografts[END_REF][START_REF] Amirouchene-Angelozzi | Establishment of novel cell lines recapitulating the genetic landscape of uveal melanoma and preclinical validation of mTOR as a therapeutic target[END_REF]. However, clinical trials relying on monotherapeutic strategies have not resulted in any significant benefit in terms of overall survival of UM patients [START_REF] Carvajal | Effect of selumetinib vs chemotherapy on progression-free survival in uveal melanoma: A randomized clinical trial[END_REF][START_REF] Piperno-Neumann | Phase I dose-escalation study of the protein kinase C (PKC) inhibitor AEB071 in patients with metastatic uveal melanoma[END_REF][START_REF] Yang | Treatment of uveal melanoma: where are we now?[END_REF].

Such findings emphasized the need for combined strategies to improve clinical outcomes. We and others have previously shown that co-inhibition of targets like PKC and MDM2/MDM4, or mTOR and PI3K synergistically improved the response in preclinical models [START_REF] Amirouchene-Angelozzi | The mTOR inhibitor Everolimus synergizes with the PI3K inhibitor GDC0941 to enhance anti-tumor efficacy in uveal melanoma[END_REF][START_REF] Carita | Dual inhibition of protein kinase C and p53-MDM2 or PKC and mTORC1 are novel efficient therapeutic approaches for uveal melanoma[END_REF][START_REF] Chen | Combined PKC and MEK inhibition in uveal melanoma with GNAQ and GNA11 mutations[END_REF][START_REF] Khalili | Combination small molecule MEK and PI3K inhibition enhances uveal melanoma cell death in a mutant GNAQ-and GNA11-dependent manner[END_REF][START_REF] Musi | The Phosphoinositide 3-Kinase α Selective Inhibitor BYL719 Enhances the Effect of the Protein Kinase C Inhibitor AEB071 in GNAQ/GNA11-Mutant Uveal Melanoma Cells[END_REF][START_REF] Heijkants | Combined inhibition of CDK and HDAC as a promising therapeutic strategy for both cutaneous and uveal metastatic melanoma[END_REF][START_REF] Heijkants | Targeting MDMX and PKCδ to improve current uveal melanoma therapeutic strategies[END_REF].

Here, in order to identify further therapeutic opportunities in UM, we performed an in vitro screen of 30 combinations of different inhibitors of pathways dysregulated in UM. Cell viabilities under treatment with single or combined agents in 8 UM cell lines were considered to calculate the synergy score for each drug combination. The 8 bestranked combinations were further evaluated for apoptosis, cell cycle profiles, and related pathway engagement. Our data showed that the Bcl-2/XL/W inhibitor (ABT263) displayed a highly synergistic potential in UM cell lines, mainly with mTOR, MEK and MDM2 inhibitors. These ABT263-based combinations were selected for assessment in 6 UM PDXs. mTOR (RAD001) and MEK (Trametinib) inhibitors showed good efficacy in UM PDXs as single agents, but their combinations with ABT263 showed no clear benefit. In contrast, the combination of ABT263 with MDM2 inhibitor (HDM201) showed a trend for a synergistic effect encouraging further investigation of Bcl-2/XL/W and MDM2 co-inhibition.

Materials and methods

Cell culture

MP38, MP46, MP65, MM28 and MM66 were established in our laboratory [START_REF] Amirouchene-Angelozzi | Establishment of novel cell lines recapitulating the genetic landscape of uveal melanoma and preclinical validation of mTOR as a therapeutic target[END_REF]. OMM1, OMM2.3 and OMM2.5 were kindly provided by P.A. van der Velden (Leiden University Medical Center, The Netherlands). The main characteristics of the used cell lines are reported in Supplementary Table S1. The immortalized hTERT RPE1 cell line was purchased from the ATCC. Cells were cultured in RPMI-1640 supplemented with 10% FBS (OMM1, OMM2.3, OMM2.5, RPE1) or 20% FBS (MP38, MP46, MP65, MM28, MM66). All cells were maintained at 37°C in a humidified atmosphere with 5% CO2 and were tested and certified as Mycoplasma free.

Compounds

All drugs and inhibitors (Supplementary Table S2) were purchased from SelleckChem except HDM201 generously provided by Novartis Institutes for Biomedical Research. For the in vitro study, all drugs were dissolved in DMSO at 10 mM and stored at -20°C. For the in vivo study, drug preparations are detailed in the Supplementary Table S3.

Drug combination cell viability screen

Cells were plated in 96-well plates at appropriate concentration. Twenty-four hours later, drugs were added as single agents or in combinations. Serial 1:3 dilutions were prepared starting from the maximal concentration for each drug (Supplementary Table S2), resulting in six different concentrations (Supplementary Figure S1). Cell viability was assessed after 5 days of treatment using the MTT assay (Sigma). Three technical replicates and three independent biological replicates were performed for each treatment and for each cell model. As detailed in a previous paper, Bliss independence model was used to determine the combination synergistic potential [START_REF] Amirouchene-Angelozzi | The mTOR inhibitor Everolimus synergizes with the PI3K inhibitor GDC0941 to enhance anti-tumor efficacy in uveal melanoma[END_REF].

Caspase-3/7 activity assay and cell cycle analysis

Cells were treated with combinations at synergistic doses defined according to the screening. A fluorescence-based assay was used to determine the activity of caspases-3 and -7 (Apo-One Homogeneous Caspase-3/7 Assay, Promega). The assay was performed according to the manufacturer's recommendations.

For cell cycle profiling, cells were collected, washed twice with PBS and fixed with cold ethanol. Afterwards, cells were pelleted and resuspended in PBS containing 50μg/ml propidium iodide (Sigma Aldrich) and 2.5U/mL RNAse I (ThermoFisher). Samples were analysed using FACScalibur (Becton Dickinson) and CellQuest software (Becton Dickinson).

Immunoblot analyses

Protein extracts, separated by SDS-PAGE and transferred onto PVDF membranes, were probed with antibodies against p21 (#2947), pS6 (#2215), S6 (#2317), PARP (#9542), pERK (#9101), ERK (#9102) and actin (#3700), all purchased from Cell Signaling Technology (Beverly, MA). Immunolabelled proteins were detected using Odyssey secondary antibodies coupled to a 700 or 800 nm and the Odyssey Infrared Imaging System (Li-cor). Actin immunoblotting was used to quantify and normalize results.

Uveal melanoma PDX models and in vivo treatments

We used eight PDXs derived from liver metastatic tumour samples (MM26, MM66, MM224, MM252, MM267, MM300 and MM309), and one established from a cutaneous metastasis (MM33). The main molecular features of these models are presented in the Supplementary Table S4. The experimental protocol of the in vivo study is detailed in the supplementary methods.

Results

Identification of synergistic combinations in a panel of uveal melanoma cell lines

We performed a screen of 30 dual drug combinations in a panel of 8 uveal melanoma (UM) cell lines harbouring the most frequent genetic features of the metastatic disease with GNAQ or GNA11 mutations associated or not with BAP1 deficiency. The assessed cell lines were derived either from metastases or from primary tumours lacking BAP1 expression, a feature correlated with poor prognosis (Supplementary Table S1). Immortalized RPE1 cell line was included as a control cell line with no mutations affecting the targeted pathways. The tested compounds were selected based on the current knowledge of pathways dysregulated in UM for which specific inhibitors are available (Supplementary Table S2). All combinations were assessed for synergy based on cell viability and according to the Bliss independence model. Figure 1A shows the ranking of the tested combinations according to their median Best Over Excess Bliss (BEOB) values in UM cell lines.

The best-ranked 8 combinations were enriched by Bcl-2/XL/W inhibitor ABT263 (Figure 1B). ABT263 exhibited low efficacy as a single agent but synergized with most tested compounds in UM cell lines. The synergistic effect decreased when replacing ABT263 by selective inhibitors of Bcl-2 (ABT199), Bcl-XL (WEHI539) or MCL1 (S63845). This finding suggests that simultaneous inhibition of different BCL-2 family members is needed to promote the synergism. MDM2 inhibitors were the second best represented compounds in the top-ranked 8 combinations. Thus, the results of our drug screening suggest that the Bcl-2/XL/W inhibitor ABT263 sensitizes the UM cells to inhibitors of several pathways including MDM2, mTOR and MEK inhibitors.

Assessment of apoptosis and cell cycle under treatment with the best synergistic drug combinations

Since the synergy was evaluated based on cell viability reduction rather than cell death induction, we investigated the effects of the best-ranked 8 combinations on apoptosis induction and cell cycle in the OMM1 cells.

We evaluated apoptosis based on caspase 3/7 activity at 72 hours of treatment.

Figure 2 shows that the Bcl-2/XL/W and Bcl-2 inhibitors, ABT263 and ABT199, induced caspase 3/7 activation as single agents. The other tested single agents did not affect caspase 3/7 activation. Interestingly, the 8 drug combinations displayed a considerable synergistic potential in terms of caspase 3/7 activation as compared to single agents implying an added value of combining these agents.

Additionally, we characterized the effect of the selected drug combinations on cell cycle. As shown in Supplementary Figure S2, the sub-G1 profiles confirmed an increased induction of cell death under treatment with ABT263 and MDM2 inhibitors including CGM097, Nutlin3, HDM201, RG112 (32-40% in combined treatments vs.

21% in ABT263 and 8-10% in MDM2 inhibitors) along with a decrease in the proportion of proliferating cells in S phase. On the other hand, single agent treatments did not induce any significant changes in cell cycle.

We further analysed the expression of proteins engaged in the related pathways in treated OMM1 cells. As shown in Figure 3A andB, we observed increased levels of PARP cleavage under combined treatments with ABT263 and HDM201/Tametinib/AZD8055 as compared to single treatments. p21 was mainly induced following treatment with different MDM2 inhibitors, consistent with the activation of p53 pathway (Figure 3A). MEK/ERK pathway was inhibited in treatments targeting MEK and MDM2 (Figure 3A). Intriguingly, we observed a negative feedback regulation of ERK phosphorylation and S6 expression under combinations of ABT263 and MDM2 inhibitors.

Overall, our results show that the Bcl-2/XL/W inhibitor ABT263 displays a highly synergistic potential with several agents in UM cell lines. MDM2, mTOR and MEK inhibitors were then selected as potential candidates to be combined with ABT263 for a further in vivo evaluation.

In vivo evaluation of ABT263-based combinations in UM PDXs

Based on these in vitro findings, three ABT263-based combinations were further assessed in six UM PDXs. These models were all established from liver metastases except for MM33 that was obtained from a cutaneous metastasis. Supplementary Table S4 recapitulates the histology and GNAQ/GNA11, BAP1 and SF3B1 statuses of these models. The list of tested drugs, doses and the schedule of administration are provided in Supplementary Table S3. We tested the Bcl-2/XL/W inhibitor ABT263, alone or combined with the MDM2 inhibitor HDM201, the mTOR inhibitor RAD001 and with the MEK1/2 inhibitor Trametinib. For each model, 3 mice were treated per group.

Two of the drugs were administered in 2 different schedules in order to evaluate their efficacy while minimizing the toxic effects: HDM201 was administered twice a week, every week (HDM-1) or every two weeks (HDM-2), while RAD001 was administered 5 days per week (RAD-1) or twice a week, every week (RAD-2), or every 4 weeks (RAD-3).

Single-agent ABT263 did not induce significant tumour regression in the tested models (Figure 4-6 and Supplementary Figures S3-S5). In contrast, HDM201 alone induced a slight but not dose-dependent antitumour efficacy with an Overall Response Rate (ORR) lower than -0.5 of 35% and 43% in the continuous and discontinuous schedules of administration, respectively (Figure 4A). Interestingly, we observed a slight synergistic effect of the combination of ABT263 + HDM-1 (continuous schedule of administration), but not HDM-2 (discontinuous schedule), with an ORR lower than -0.5 of 35% and 71% after HDM-1 alone and ABT263 + HDM-1, respectively (Figure 4A). Yet, we did not observe any significant impact on the probability of tumour progression (Figure 4B). Individual curves are displayed in Supplementary Figure S3.

Concerning the single-agent treatments, Trametinib and full-dose RAD001 (RAD-1, 5 days/week) showed the best antitumour response. The antitumour effect of fulldose RAD001 was significantly higher (p=0.006) than RAD001 administered with the other two schedules, showing a high dose-dependent antitumour efficacy (Figure 5A).

We did not observe any additive effect for ABT263 + RAD001, regardless of RAD001 administration schedule (Figure 5B). Individual curves are displayed in Supplementary Figure S4.

Despite a significant antitumour activity of Trametinib alone with an ORR lower than -0.5 of 96% (Figure 6A), its combination with ABT263 did not show any additive effect (Figure 6B). Individual curves are displayed in Supplementary Figure S5. We then investigated whether ABT199, a highly selective inhibitor of Bcl-2 with limited clinical toxicity, is as efficacious as ABT263 in combination with HDM201 under the continuous schedule of treatment in two UM PDX models. In contrast to ABT263, ABT199 did not provide any significant increase of HDM201 antitumour effect (Supplementary Figure S6).

Thus, based on our in vivo findings, Trametinib and RAD001 showed good efficacy as single agents but their tested combinations provided no significant antitumor benefit.

Interestingly, the combination of ABT263 with HDM201 showed a trend of synergistic effect that was not observed when replacing ABT263 by the Bcl-2 selective inhibitor ABT199.

Discussion

Uveal melanoma (UM) is a rare tumour of which metastatic lesions remain a main therapeutic challenge in the absence of efficient treatments. The identification of the UM major driver events has oriented the preclinical and clinical trials towards inhibitors of the pathways dysregulated by these events. Nevertheless, single pathway inhibition has not improved patient outcomes so far, arguing for the need of combinatorial approaches.

Our screening of 30 combinations in 8 UM cell lines identified the Bcl-2/XL/W inhibitor ABT263 as the molecule with the highest synergistic potential followed by the MDM2 (RG7112, HDM201, Nutlin3, CGM097) and mTOR (AZD8055, RAD001) inhibitors. Our findings demonstrated that apoptosis was increased following treatment with these combinations as compared to single-agent treatments. The cell cycle profiles confirmed an increased induction of apoptosis in cells treated with ABT263 and MDM2 inhibitors along with a decrease in the proliferation rate. While single-agent ABT263 exhibited low efficacy in UM cell lines, it enhanced considerably the effect of the other compounds. These findings are consistent with previous studies reporting a high synergistic potential of Bcl-2/XL/W inhibition when combined with cytotoxic agents in different types of cancer [START_REF] Chen | ABT-263 induces apoptosis and synergizes with chemotherapy by targeting stemness pathways in esophageal cancer[END_REF][START_REF] Chen | The Bcl-2/Bcl-XL/Bcl-w Inhibitor, Navitoclax, Enhances the Activity of Chemotherapeutic Agents In Vitro and In Vivo[END_REF][START_REF] Némati | Targeting Bcl-2/Bcl-X L induces antitumor activity in uveal melanoma patient-derived xenografts[END_REF][START_REF] Airiau | Synergistic cooperation between ABT-263 and MEK1/2 inhibitor: effect on apoptosis and proliferation of acute myeloid leukemia cells[END_REF][START_REF] Chapeau | Resistance mechanisms to TP53-MDM2 inhibition identified by in vivo piggyBac transposon mutagenesis screen in an Arf -/-mouse model[END_REF][START_REF] Duan | Novel Synergistic Combination of Mitotic Arrest and Promotion of Apoptosis for Treatment of Pancreatic Adenocarcinoma[END_REF].

Based on the observed synergism between the Bcl-2/XL/W inhibitor and MDM2, mTOR and MEK inhibitors (HDM201, RAD001 and Trametinib, respectively), these combinations were further evaluated in metastatic UM PDXs. As in cell lines, singleagent ABT263 presented a modest effect on the tumour volume while the other inhibitors (HDM201, RAD001 and Trametinib) decreased considerably the tumour volume as monotherapies. The tested combinations did not show any synergistic effect in terms of progression probability except for the combination of ABT263 with HDM201.

BCL2 and MDM2 are both reported to be highly expressed in UM arguing a further therapeutic interest of this co-inhibition [START_REF] Helgadottir | The genetics of uveal melanoma: Current insights[END_REF][START_REF] Coupland | Expression patterns of cyclin D1 and related proteins regulating G1-S phase transition in uveal melanoma and retinoblastoma[END_REF][START_REF] Brantley | Deregulation of the Rb and p53 pathways in uveal melanoma[END_REF]. Chapeau and Coll. conducted a large-scale transposon-based insertional mutagenesis screen to investigate the resistance to HDM201 in mice [START_REF] Chapeau | Resistance mechanisms to TP53-MDM2 inhibition identified by in vivo piggyBac transposon mutagenesis screen in an Arf -/-mouse model[END_REF]. Among the most frequent alterations conferring resistance, they observed transposon-mediated gain-of-function alterations in Bcl-XL and confirmed its overexpression in HDM201-resistant tumours. Furthermore, they demonstrated a significant synergy of MDM2 and Bcl-XL co-inhibition in p53 wild-type cell lines [START_REF] Chapeau | Resistance mechanisms to TP53-MDM2 inhibition identified by in vivo piggyBac transposon mutagenesis screen in an Arf -/-mouse model[END_REF]. Interestingly, our data are in line with these recent findings implying that synergism is due to Bcl-2/XL/W inhibition rather than specific inhibition of Bcl-2 (ABT199), Bcl-XL (WEHI539) or MCL1 (S63845).

Conclusion

Overall, our study highlights the potential of Bcl-2/XL/W inhibition to enhance the activity of MDM2 inhibition in UM. Further characterization of the underlying mechanisms to determine why and how such drug combinations synergize to induce apoptosis in UM cells would improve the current therapeutic strategies. 
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 2 Analysis of protein expression of residual tumours in treated MM300 PDXs confirmed S6 or ERK dephosphorylation by RAD001 and Trametinib (Figure7A and 7B). ABT263 + HDM-1 (continuous schedule of administration), but not HDMdiscontinuous schedule), showed significant increase of p21, indicator of p53 activation. Intriguingly, no significant PARP cleavage was detected. The absence of this indicator of apoptosis can be explained by the heterogeneity of cell exposure to treatments in vivo, or by the fact that residual tumours represent cells resisting upon treatment.
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 1 Figure 1. Ranking of drug combinations tested in vitro according to synergy scores. A. The screening of drug combinations was done in 8 uveal melanoma cell lines and in RPE1 (Retinal Pigment Epithelial cells). The best-ranked 8 combinations in uveal melanoma cell lines are indicated. Each circle represents the score synergy in one cell line. The light grey plus (+) represents the synergy score in RPE1. B. Representation of compound and targeted pathway enrichment in the best-ranked 8 combinations.

Figure 2 .

 2 Figure 2. Apoptosis induction in OMM1 cells treated with 8 best-ranked combinations. Quantification of apoptosis induction after treatment with the 8 bestranked combinations. A fluorescence-based assay was used to determine the activity of caspases-3 and -7, indicators of apoptosis induction.

Figure 3 .

 3 Figure 3. Immunoblot analysis for cleaved PARP and key signalling pathways in UM. A. Western blots of OMM1 cells treated with the best-ranked drug combinations for 5 days. Cell lysates were analysed with the indicated antibodies. B. Ratio of PARP cleavage product to total PARP as evaluated by Western blot intensities.

Figure 4 .

 4 Figure 4. In vivo efficacy of ABT263 +/-HDM201 in six UM PDXs. A. Overall Response Rate (ORR); the percentage in brackets correspond to an ORR lower than -0.75. B. Probability of progression after each tested treatment; the methodology is detailed in the Materials & Methods section; the time to reach a RTV x 2 and a RTV x 4 for each treated mouse has been calculated.

Figure 5 .

 5 Figure 5. In vivo efficacy of ABT263 +/-RAD001 in six UM PDXs. A. Overall Response Rate (ORR); the percentage in brackets correspond to an ORR lower than -0.75. B. Probability of progression after each tested treatment; the methodology is detailed in the Materials & Methods section; the time to reach a RTV x 2 and a RTV x 4 for each treated mouse has been calculated.
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 62 Figure 6. In vivo efficacy of ABT263 +/-Trametinib in six UM PDXs. A. Overall Response Rate (ORR); the percentage in brackets correspond to an ORR lower than -0.75. B. Probability of progression after each tested treatment; the methodology is

Figure 3 .

 3 Figure 3.

Figure 5 .

 5 Figure 5.

Figure 7 .

 7 Figure 7.

  

  

  

Acknowledgments

This study is supported by the European Union's Horizon 2020 research and innovation programme (UM Cure 2020 project, grant agreement no. 667787) and SIRIC Curie (Grant INCa-DGOS-Inserm_12554). We acknowledge Emilie Vinolo (seeding science SPRL, Limelette, Belgium) for her editorial support, as well as the other members of the UM Cure 2020 Consortium:,Viviana Anelli, Marina Mione (Università degli Studi di Trento, Centre for Integrative Biology, Trento, Italy), Niels J. Brouwer, Rogier Nell, Pieter van der Velden, Annemijn Wierenga (Department of Medical Oncology, Leiden University Medical Center, Leiden, The Netherlands), Erica Cirri, Antoine Prestat, Jennifer Sengenes (PEP-Therapy SAS, Paris, France), Laurence Desjardins (Department of Ocular Oncology, Institut Curie, PSL Research University Paris, France), Martyna Elas (Faculty of Medicine, Jagiellonian University Medical College, Krakow, Poland), Kseniya Glinkina (Department of Cell and Chemical Biology, Leiden University Medical Center, Leiden, The Netherlands), Arwin Groenewoud, Ewa Snaar-Jagalska (Universiteit Leiden, Leiden, The Netherlands), Pauline Hascoet, Valeria Pavet Rodrigues (Molecular Oncology Group, Cancer Research UK Manchester Institute, University of Manchester, Manchester, UK), Liesbeth Houkes, Dianne van den Heuvel (PamGene Internationa BV, BJ's-Hertogenbosch, The Netherlands), Helen Kalirai, Matthew Traynor (Department of Molecular and Clinical Cancer Medicine, University of Liverpool, Liverpool, UK), Ana Lalanne, Olivier Lantz (INSERM U932 and Laboratoire d'Immunologie Clinique, Institut

Conflict of interest statement

EH and CF are employees at Novartis. The other authors declare no conflict of interest. detailed in the Materials & Methods section; the time to reach a RTV x 2 and a RTV x 4 for each treated mouse has been calculated.