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            Abstract
The highly variable response rates to immunotherapies underscore our limited knowledge about how tumors can manipulate immune cells. Here the membrane topology of natural killer (NK) cells from patients with liver cancer showed that intratumoral NK cells have fewer membrane protrusions compared with liver NK cells outside tumors and with peripheral NK cells. Dysregulation of these protrusions prevented intratumoral NK cells from recognizing tumor cells, from forming lytic immunological synapses and from killing tumor cells. The membranes of intratumoral NK cells have altered sphingomyelin (SM) content and dysregulated serine metabolism in tumors contributed to the decrease in SM levels of intratumoral NK cells. Inhibition of SM biosynthesis in peripheral NK cells phenocopied the disrupted membrane topology and cytotoxicity of the intratumoral NK cells. Targeting sphingomyelinase confers powerful antitumor efficacy, both as a monotherapy and as a combination therapy with checkpoint blockade.
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                    Fig. 1: Intratumoral NK cells lack abundant membrane protrusions.[image: ]


Fig. 2: Intratumoral NK cells are impaired in recognizing tumor cells.[image: ]


Fig. 3: Decreased SM level in intratumoral NK cell membranes.[image: ]


Fig. 4: Inhibition of SM biosynthesis disrupts membrane topology of NK cells.[image: ]


Fig. 5: Dysregulated serine metabolism contributes to SM decrease in NK cells.[image: ]


Fig. 6: Inhibition of SM catabolism promotes the antitumor function of NK cells.[image: ]
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Extended data

Extended Data Fig. 1 Imaging of membrane protrusions of NK cells.
a, Gating strategy of NK cells for flow cytometry. b, Representative density plots show the purity of NK cells. câ€“d, Related to Fig. 1aâ€“g, The mean diameter of membrane protrusions (c, TEM; d, SEM) in each sample is shown. Each dot represents one sample. nâ€‰=â€‰10 in each group. eâ€“g, CLSM shows the membrane protrusions of purified NK cells. e, Representative 2D CLSM images (up) and 3D resultant â€˜cartoonâ€™ images (down). Scale bar, 1 Î¼m. fâ€“g, The mean number of membrane protrusions and mean length of membrane protrusions (2D CLSM) in each sample are shown. Each dot represents one sample. nâ€‰=â€‰8 in each group. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA.
Source data


Extended Data Fig. 2 SEM showing the membrane protrusions of intratumoral NK cells from multiple cancers.
aâ€“c, SEM showing the membrane protrusions of the NK cells purified from resected tumors and outside the tumor of lung-cancer, colon-cancer, and ovarian-cancer patients. The mean number of membrane protrusions and the mean length of membrane protrusions in each sample are shown. Each dot represents one sample. nâ€‰=â€‰5 in each group. Data are the meanâ€‰Â±â€‰s.d. Scale bar, 1 Î¼m. Data were analysed by two-tailed, unpaired Studentâ€™s t-tests.
Source data


Extended Data Fig. 3 Analyses of binding and immunological synapses of human liver-cancer cells and NK cells.
a, SEM showing the immunological synapses of human liver-cancer cells and NK cells. Primary NK cells purified from resected tumors of liver-cancer patients, of liver NK cells from outside the tumor of these liver-cancer patients, and of NK cells isolated from peripheral blood of normal donors and were co-cultured with liver-cancer cells (HuH7 cell line) for 1, 2 and 4â€‰h. The large cells on the left represent HuH7 cells. The small cells on the right represent NK cells. Scale bar, 0.5 Î¼m. Data are representative of 9 samples. b, (related to Fig. 2c), TEM showing the interface of human liver-cancer cells and NK cells at low magnification. NK cells freshly purified from liver cancer patients (tumor and liver tissue outside tumor) and normal donor peripheral blood and were co-cultured with HepG2 cells for 1, 2 or 4â€‰h. The large cells are HepG2 cells; the small cells are NK cells. The red arrows guides the junction of human liver-cancer cells and NK cells. Scale bar, 1 Î¼m. Data are representative of 5 samples in each group. c, Super resolution microscopy (Leica, STED) show the polymerized actin filaments (microclusters) of purified NK cells. Representative 3D images were shown. Scale bar, 1 Î¼m. d, Fluorescence photobleaching recovery (FPR) was used to assess membrane fluidity (DiI membrane stain) based on CLSM imaging. Data are representative of 2 samples in each group. e, CLSM showing the binding of human liver-cancer cells and NK cells. NK cells freshly purified from liver cancer patients (tumor and liver tissue outside tumor) and normal donor peripheral blood and were co-cultured with HepG2 (liver cancer cell line) cells. The large cells on the left are HepG2 cells; the small cells on the right are NK cells. Green, F-actin staining. Scale bar, 0.5 Î¼m. f, K562 cells were used as target cells in cytotoxicity assays with NK cells isolated from liver cancer patients (tumor and liver tissue outside tumor) and normal donor peripheral blood. % target cell death presents the percent of dead target cells among total target cells (7AADâ€‰+â€‰CFSEâ€‰+â€‰) assessed by flow cytometry. nâ€‰=â€‰3 samples per group. gâ€“h, CLSM showing GZMB and CD107a stain in NK cells. NK cells freshly purified from liver cancer patients (tumor and liver tissue outside tumor) and normal donor peripheral blood and were co-cultured with HepG2 (liver cancer cell line) cells. Scale bar, 0.5 Î¼m. Data are the meanâ€‰Â±â€‰s.d. Data were analyzed by two-way ANOVA.
Source data


Extended Data Fig. 4 MS/MS assays sphingomyelins of NK cells.
aâ€“f, Representative MS/MS spectra for membrane sphingomyelins (a, SM(d34:1); b, SM(d38:0); c, SM(d36:1); d, SM(d36:0); e, SM(d42:2); f, SM(d43:2)) obtained from NK-cell lysates. Fragment ions correspond to relative neutral loss from the headgroup of SMs are marked in red. g, The p values for Fig. 3F. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA.


Extended Data Fig. 5 Detection of the components of sphingolipin in NK cells by sIC-MS and bulk LC-MS.
a, sIC-MS and bulk LC-MS in detecting standard of sphingomyelin (SM(d34:1) and SM(d36:1)). The range of concentration from 0.2 to 50â€‰mg/L. With sIC-MS, for the standard curve of SM(d34:1), the slope was 2.021 Ã— 10âˆ’2, R2â€‰=â€‰0.9925 and the standard curve of SM(d36:1)), the slope was 2.012 Ã— 10âˆ’2, R2â€‰=â€‰0.9977. With bulk LC-MS, for the standard curve of SM(d34:1), the slope was 1.977 Ã— 10âˆ’2, R2â€‰=â€‰0.9981. And the standard curve of SM(d36:1)), the slope was 1.979 Ã— 10âˆ’2, R2â€‰=â€‰0.9923. b, LC-MS was used to analyse the SM content of purified peripheral NK cells from healthy donors. Freshly purified NK cells were treated with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h. nâ€‰=â€‰5 samples per group. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA.
Source data


Extended Data Fig. 6 The phenotype of NK cells after inhibition of sphingomyelin synthesis.
a, CLSM showing the binding of human liver-cancer cells and NK cells. NK cells freshly purified from normal donor peripheral blood and were co-cultured with HepG2 (liver cancer cell line) cells. Peripheral NK cells were treated with or without the small molecule sphingomyelin synthase inhibitor D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h. The large cells on the left are HepG2 cells; the small cells on the right are NK cells. Green, F-actin staining. Scale bar, 0.5 Î¼m. bâ€“c, Flow cytometry showing apoptosis (annexin-V+) in NK cells after treatment with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h or knockdown of sphingomyelin synthase 1 (si-SGMS1). nâ€‰=â€‰5 samples per group. c (left), Western blotting analysis of SGMS1 expression in primary NK cells isolated from normal donor peripheral blood. The siRNA-SGMS1 and siRNA-mock were transfected into peripheral NK cells for 24â€‰h until analysis. d, Flow cytometry assaying proliferation (Ki67+) in NK cells after treatment with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h or knockdown of sphingomyelin synthase 1 (si-SGMS1). nâ€‰=â€‰5 samples per group. eâ€“f, Flow cytometry assay of the percentage of IFN-Î³, perforin, and granzyme-B (GZMB) producing cells among IL-12+IL-18 or PBS (Control) stimulated NK cells from normal donor peripheral blood. The MFI of IFN-Î³ in IL-12+IL-18-stimulated IFN-Î³+ NK cells, perforin in IL-12+IL-18-stimulated perforin+ NK cells, and GZMB in IL-12+IL-18-stimulated GZMB+ NK cells are presented as the mean Â± s.d.. Peripheral NK cells pre-treated with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h before IL-12 and IL-18 stimulation. nâ€‰=â€‰5 samples per group. N.D., not detected. g, FACS assay of CD107a levels in peripheral NK cells. Peripheral NK cells were treated with D609 or PBS for 24â€‰h. Then, NK cells were co-cultured (Co-cultured group) with or without (Control, single-cultured group) HepG cells before FACS assay. nâ€‰=â€‰5 donor samples per group. h, i (related to Fig. 5m and n) HepG2 cells and (J) K562 cells were used as target cells in cytotoxicity assays with indicated NK cells. % cytolysis is shown (nâ€‰=â€‰5 per group). h, j, Purified NK cells were co-cultured with HepG2 cells or K562 cells for cytotoxicity assays after treatment with the small molecule sphingomyelin synthase inhibitor D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h. i, Purified NK cells were co-cultured with HepG2 cells for cytotoxicity assays after knockdown of sphingomyelin synthase 1 (si-SGMS1) or control (si-mock) for 24â€‰h. j, nâ€‰=â€‰3 per group. k, The ADCC (antibody-dependent cell-mediated cytotoxicity) activity assays of NK cells. Target cells, HepG2 cells (An EpCAM+ liver cancer cell line); Ab, humanized antibodies against EpCAM; peripheral NK cells pre-treated with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h. nâ€‰=â€‰3 samples. l, SEM images showing the membrane protrusions of purified NK cells. Representative SEM imaging (left) and the mean number of membrane protrusions (right) in each sample are shown. NK cells were treated with IL-2, IL-2 + IL-15, or IL-2 + IL-15 + IL-12. Each dot represents one sample. nâ€‰=â€‰6 in each group. Scale bar, 1 Î¼m. m, Fresh NK cells isolated from liver cancer patients (tumor and liver tissue outside tumor) and normal donor peripheral blood (nâ€‰=â€‰8 in each group). Peripheral NK cells were treated with or without the small molecule sphingomyelin synthase inhibitor D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h (nâ€‰=â€‰5 in each group). Using a Transwellâ„¢ apparatus, we tested the migration of the NK cells from the upper compartment to the lower compartment. Counting the numbers of NK cell migrating to the lower layer. n, Flow cytometry assay of CD29 and CD18 levels in intratumoral NK cells, liver NK cells and peripheral NK cells. nâ€‰=â€‰5 samples per group. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA.
Source data


Extended Data Fig. 7 The potential relationships between cholesterol and sphingomyelin levels in NK cells.
a, CLSM showing the cholesterol signals for purified intratumoral NK cells, liver NK cells and peripheral NK cells by filipin III staining. Scale bar, 1 Î¼m. bâ€“c, CLSM of filipin III stained purified peripheral NK cells staining (cyclodexrin treated or untreated (vehicle, PBS); D609 treated or untreated (vehicle, PBS) to assess cholesterol levels. sIC-MS was used to analyse the membrane SM content of purified peripheral NK cells (cyclodexrin treated or PBS). Scale bar, 1 Î¼m. nâ€‰=â€‰9 in each group. d, SEM image showing the membrane protrusions of purified peripheral NK cells. Peripheral NK cells were treated with cyclodextrin. Each dot represents one sample. nâ€‰=â€‰5 samples per group. Scale bar, 1 Î¼m. Data are the meanâ€‰Â±â€‰s.d. Data were analyzed by two-tailed unpaired Studentâ€™s t-test. e, Purified peripheral NK cells were co-cultured with HepG2 cells for cytotoxicity assays after treatment of cyclodextrin. nâ€‰=â€‰4 samples per group. f, Single-cell MS was employed to analyze the cholesterol in intratumoral NK cells, peripheral NK cells, and liver NK cells. nâ€‰=â€‰5 samples per group. Data are the meanâ€‰Â±â€‰s.d. Data were analyzed by two-tailed unpaired Studentâ€™s t-test.
Source data


Extended Data Fig. 8 The phenotype of intratumoral NK cells after blockade of SM catabolism.
a, SEM image showing the membrane protrusions of purified intratumoral NK cells from liver cancer patients. Intratumoral NK cells were subjected to knockdown of an acidic SMase (si-ASM), of neutral SMases (si-NSMASE1/2/3), or control (si-mock). Each dot represents one patient sample. nâ€‰=â€‰5 samples. Scale bar, 1 Î¼m. bâ€“e, SEM image showing the membrane protrusions of purified peripheral and liver NK cells. Representative SEM imaging is presented. The mean number of membrane protrusions and the mean length of membrane protrusions in each sample are shown. Each dot represents one sample. nâ€‰=â€‰5 samples. Scale bar, 1 Î¼m. f, Flow cytometry assaying proliferation (Ki67+) and apoptosis (annexin-V+) of intratumoral NK cells. g, Flow cytometry assaying the expression of IFN-Î³, granzyme-B (GZMB), CD107a and perforin in intratumoral NK cells. nâ€‰=â€‰5 per group. fâ€“h, Intratumoral NK cells were treated with GW4869 (1â€‰Î¼M), LCL521 (1â€‰Î¼M), or DMSO (control) for 24â€‰h. hâ€“i, (Related to Fig. 6g and i) human liver-cancer cells (HepG2) were employed as targets in cytotoxicity assays with indicated intratumoral cells by real-time Cell Index measurements (xCELLigence). % cytolysis is shown (nâ€‰=â€‰6 per group). Intratumoral NK cells cells were co-cultured with liver-cancer cells for cytotoxicity assays after treatment with GW4869 (1â€‰Î¼M) + anti-Tim3-blocking antibody (10â€‰Î¼g/mL), LCL521 (1â€‰Î¼M)+anti-Tim3-blocking antibody (10â€‰Î¼g/mL), GW4869 (1â€‰Î¼M), LCL521 (1â€‰Î¼M), anti-Tim3-blocking antibody (10â€‰Î¼g/mL), or DMSO (control) for 24â€‰h. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA.
Source data


Extended Data Fig. 9 Analyses of the membrane protrusions of mouse liver cancer NK cells.
aâ€“f, A genetically engineered mouse model of liver cancer developed with weakened PTEN signaling and with an activated K-RAS signal. a, Images of the liver from liver cancer model and normal mice. b, Representative density plots showing the purity of sorted mouse NK cells. c, SEM showing the membrane protrusions of the mouse NK cells from normal liver, spleen, and liver cancer. Representative SEM imaging (left). The mean number of membrane protrusions and the mean length of membrane protrusions (SEM) in each sample are shown (middle and right). nâ€‰=â€‰5 per group. d, SEM showing the membrane protrusions of the mouse NK cells from liver cancer. Freshly purified NK cells were treated with sphingomyelinase inhibitors (GW4869; 1â€‰Î¼M) or DMSO (control) for 24â€‰h. nâ€‰=â€‰5 per group. e, Mouse liver-cancer cells (K-RASG12DPTENâˆ’/âˆ’ primary liver caner cell and Hep1-6 cell line) were employed as targets in cytotoxicity assays with the indicated NK cells, assessed with real-time Cell Index measurements (xCELLigence). % cytolysis is shown. After treatment with GW4869 (1â€‰Î¼M), or DMSO (control) for 24â€‰h, liver cancer NK cells were co-cultured with target cells for cytotoxicity assays. nâ€‰=â€‰4 per group. f, Two mouse liver cancer models were established by subcutaneous injection of liver cancer cells (K-RASG12DPTENâˆ’/âˆ’ primary liver caner cell and Hep1-6 cell line). Freshly purified normal spleen NK cells were treated with D609 or PBS (control) for 24â€‰h, followed by treated with GW4869 (1â€‰Î¼M), or DMSO (control) for 24â€‰h. nâ€‰=â€‰6 per group. g, Single-cell MS was employed to analyse membrane sphingomyelins (SMs) of purified mouse NK cells from normal liver, spleen, and liver cancer. Normalized intensities of membrane SMs are shown. nâ€‰=â€‰5 in each group. h, SEM showing the membrane protrusions of the mouse NK cells from normal spleen. Freshly purified NK cells were treated with D609 (25, 100, 400â€‰Î¼M) or PBS (control) for 24â€‰h. Each dot represents one mouse. nâ€‰=â€‰5 in each group. Data are the meanâ€‰Â±â€‰s.d. Data were analysed by two-way ANOVA. Scale bar, 1 Î¼m.
Source data
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