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            Abstract
Recent clinical trials using immunotherapy have demonstrated its potential to control cancer by disinhibiting the immune system. Immune checkpoint blocking (ICB) antibodies against cytotoxic-T-lymphocyte-associated protein 4 or programmed cell death protein 1/programmed death-ligand 1 have displayed durable clinical responses in various cancers1. Although these new immunotherapies have had a notable effect on cancer treatment, multiple mechanisms of immune resistance exist in tumours. Among the key mechanisms, myeloid cells have a major role in limiting effective tumour immunity2,3,4. Growing evidence suggests that high infiltration of immune-suppressive myeloid cells correlates with poor prognosis and ICB resistance5,6. These observations suggest a need for a precision medicine approach in which the design of the immunotherapeutic combination is modified on the basis of the tumour immune landscape to overcome such resistance mechanisms. Here we employ a pre-clinical mouse model system and show that resistance to ICB is directly mediated by the suppressive activity of infiltrating myeloid cells in various tumours. Furthermore, selective pharmacologic targeting of the gamma isoform of phosphoinositide 3-kinase (PI3Kγ), highly expressed in myeloid cells, restores sensitivity to ICB. We demonstrate that targeting PI3Kγ with a selective inhibitor, currently being evaluated in a phase 1 clinical trial (NCT02637531), can reshape the tumour immune microenvironment and promote cytotoxic-T-cell-mediated tumour regression without targeting cancer cells directly. Our results introduce opportunities for new combination strategies using a selective small molecule PI3Kγ inhibitor, such as IPI-549, to overcome resistance to ICB in patients with high levels of suppressive myeloid cell infiltration in tumours.
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                    Figure 1: Resistance to checkpoint blockade is associated with suppressive myeloid cells infiltration in tumour microenvironment.[image: ]


Figure 2: Selective targeting of PI3Kγ reduces tumour growth and metastasis in various checkpoint blockade-resistant tumour models associated with high levels of myeloid cell infiltrates.[image: ]


Figure 3: Reduction of myeloid suppressive phenotype correlates with higher anti-tumour T cell activity.[image: ]


Figure 4: Resistance to checkpoint blockade therapy is overcome when combined with selective PI3Kγ inhibition.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Effect of suppressive myeloid TILs in response to checkpoint blockade.
a, Individual tumour growth of subcutaneous (4T1) or intradermal (B16, B16-GMCSF) implants in anti-PD-1-, anti-CTLA4- or control-treated mice (n = 10). b, In vitro suppressive activity of tumour-infiltrating CD11b+ cells purified from spleen of 4T1, B16, B16-GMCSF tumour-bearing mice. Representative histograms of CD8+ T cell proliferation at corresponding CD11b+ to CD8+ T cell ratio (left panel) and quantification of CD8+ T cell proliferation (right panel) (n = 3), mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (non-parametric Mann–Whitney U-test).


Extended Data Figure 2 Effect of selective PI3Kγ inhibition on tumour growth and myeloid TILs.
a, Binding affinities (Kd) and cellular IC50 inhibition of pAKT by IPI-549 for class I PI3K isoforms (left table). Percentage of inhibition of expression on bone-marrow-derived macrophages polarized with M-CSF and IL-4, (right panel). b, Percentage of tumour growth inhibition in LLC, MC38, 4T1, CT26, B16-GMCSF tumour-bearing mice treated with IPI-549 (table). c, Quantification of CD11b, CD206, NOS2 and PD-L1 expression in CD11b+ tumour-infiltrating leukocytes from IPI-549- versus vehicle-treated CT26 tumour-bearing mice. d, RNA-seq of co-stimulatory and checkpoint molecules on whole tumours from CT26 tumour-bearing mice treated for 6 or 9 days with IPI-549 compared to vehicle. e, Mean tumour volume of subcutaneous LLC-Brei implants in IPI-549- versus vehicle-treated mice without or after CD11b+ cell depletion. Data represent analysis of 5–10 mice per group, mean ± s.e.m. *P < 0.05, ***P < 0.001 (non-parametric Mann–Whitney U-test).


Extended Data Figure 3 Effect of selective PI3Kγ inhibition on subsets of CD11b myeloid cells.
a, Representative flow cytometry analysis and quantification of Ly6C, MHC class II expression in CD11b+Ly6G− cells infiltrating 4T1 tumours. b, mRNA expression of selected M1 and M2 markers in sorted Ly6ClowMHCIIlow (TAM-M2) compared to Ly6ClowMHCIIhigh (TAM-M1) population from 4T1 tumour, data were relative to GAPDH expression and normalized versus the mean of TAM-M1 population. Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (non-parametric Mann–Whitney U-test).


Extended Data Figure 4 Effect of selective PI3Kγ inhibition on suppressive PBMC derived human myeloid cells.
a, Inhibition of CXCL-12 activation of PI3Kγ in monocytes as measured by pAKT (S473) in human whole blood. b, Representative histograms and quantification of human CD8+ T cell proliferation after 72 h of co-culture with or without autologous myeloid-derived suppressor cells generated from the T-cell-depleted PBMCs ± IPI-549.


Extended Data Figure 5 Effect of selective PI3Kγ inhibition on function of tumour specific T cell responses.
a, Quantification of KI67, and CTLA4 expression in CD8+ T cells in TILs of 4T1 or B16-GMCSF tumours at IPI-549 compared to vehicle treatment days 7 and 14. b, Mean tumour volume of subcutaneous 4T1 tumour in IPI-549- versus vehicle-treated BALB/c NU/NU mice (n = 10). c, Mean tumour volume of subcutaneous CT-26 tumour in IPI-549- versus vehicle-treated BALB/c mice with or without CD8+ T cell depletion by anti-CD8 antibody (n = 10). d, Quantification and representative pictures of CT26 tumour-specific immune responses in PBMCs from CT26 tumour-bearing mice treated with IPI-549 in comparison to vehicle by ELISPOT. PBMCs were collected from tumour-bearing animals after 10 days of vehicle or IPI-549 treatment and restimulated overnight with irradiated CT26 or 4T1 stimulator cells.


Extended Data Figure 6 Effect of selective PI3Kγ inhibition on the differentiation of T cells in tumours.
a, Representative flow cytometry analysis and quantification of CD62L and CD44 expression in CD8+ and CD4+ T cell infiltrates in tumour, lymph node (LN) and spleen of 4T1 tumour-bearing mice treated with IPI-549 compared to vehicle. Data represent analyses of five mice per group, mean ± s.e.m. NS, not significant (non-parametric Mann–Whitney U-test).


Extended Data Figure 7 Effect of combination of a selective PI3Kγ inhibitor with checkpoint blockade on various tumours.
a, Survival to 2,000 mm3 tumour volume of LLC Brei tumour in IPI-549- or vehicle-treated mice in combination with or without anti-CTLA4 (vehicle and IPI-549 groups, n = 14; anti-CTLA4, n = 13; IPI-549 and anti-CTLA4 combination, n = 10). b, Mean tumour volume of CT26 tumour in IPI-549- or vehicle-treated mice in combination with or without anti-PD-L1 (n = 15 for all groups except vehicle, n = 13).


Extended Data Figure 8 Effect of combination of a selective PI3Kγ inhibitor with checkpoint blockade on TILs.
a, Mean tumour volume of subcutaneous 4T1 tumour-bearing mice treated with IPI-549, vehicle or anti-PD-1 in combination with IPI-549 or vehicle (n = 10). b, Representative flow cytometry analysis of CD206 and MHCII labelling in CD11b+ F4/80+ cell populations in the different treatment groups of 4T1 tumour-bearing mice. c, Quantification of CD11b+F4/80+, M1/M2 ratio, CD8+/Treg in TILs and granzyme B expression in CD8+ T cells from 4T1 tumours in the different treatment groups. d, Quantification of CD11b+F4/80+, M1/M2 ratio, CD8+/Treg in TILs and granzyme B expression in CD8+ T cells from B16-GMCSF tumours in the different treatment groups, mean ± s.e.m. *P < 0.05, **P < 0.01 (non-parametric Mann–Whitney U-test).


Extended Data Figure 9 Effect of combination of a selective PI3Kγ inhibitor with checkpoint blockade on acquisition of anti-tumour memory.
a, Tumour re-challenge at 100 days (from first tumour implant) following primary tumour complete response in B16-GMCSF tumour-bearing mice treated with vehicle (blue) or IPI-549 (red) in combination with both anti-PD1 and anti-CTLA4. b, CT26 tumour-bearing mice with complete responses in the anti-PD-1 treatment group and the IPI-549 plus anti-PD-1 combination treatment group were re-challenged with CT26 tumour implant. Additional mice with complete responses from the IPI-549 plus anti-PD-1 combination were implanted with 4T1 tumours. There was a low or no tumour take with CT26 re-challenge, while all 4T1 tumours grew, indicating specific anti-tumour memory.
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        Editorial Summary
Causes of checkpoint blockade resistance
Therapeutic blockade of immune checkpoints with antibodies against CTLA-4 and PD-1 has proved effective against some cancer types, but clinical benefit has been limited to a subset of patients. Here Olivier De Henau et al. show that resistance to checkpoint blockade is associated with a high level of infiltration by suppressive myeloid cells in various mouse tumour models. In addition, targeting the myeloid-derived suppressor cells with a selective inhibitor of the γ isoform of phosphoinositide 3-kinase (PI3Kγ) increases sensitivity to checkpoint blockade therapy in a melanoma mouse model.
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