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Abstract

:

Background: Nasopharyngeal carcinoma (NPC) in endemic regions and younger patients is characterized by a prominent lymphomononuclear infiltration. Radiation is the principal therapeutic modality for patients with NPC. Recent data suggest that the efficacy of radiotherapy in various cancers can be augmented when combined with immune checkpoint blockade. Here, we investigate the effect of radiotherapy on the killing of NPC cells by Natural Killer (NK) cells. Methods: NPC cell lines and a patient-derived xenograft were exposed to NK cells in the context of radiotherapy. Cytotoxicity was measured using the calcein-release assay. The contribution of the PD-L1/PD-1 checkpoint and signaling pathways to killing were analyzed using specific inhibitors. Results: Radiotherapy sensitized NPC cells to NK cell killing and upregulated expression of PD-1 ligand (PD-L1) in NPC cells and PD-1 receptor (PD-1) in NK cells. Blocking of the PD-L1/PD-1 checkpoint further increased the killing of NPC cells by NK cells in the context of radiotherapy. Conclusion: Radiation boosts the killing of NPC cells by NK cells. Killing can be further augmented by blockade of the PD-L1/PD-1 checkpoint. The combination of radiotherapy with PD-L1/PD-1 checkpoint blockade could therefore increase the efficacy of radiotherapy in NPC tumors.
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1. Introduction


Nasopharyngeal carcinoma (NPC) is a malignancy arising from the epithelium of the nasopharynx. The major etiological factor proposed for NPC pathogenesis in patients in endemic regions and in younger patients worldwide is Epstein-Barr virus (EBV) infection [1,2,3]. Most NPCs are radiosensitive. Because of its anatomic characteristics, NPC is rarely treated surgically and radiotherapy with doses between 66 and 70 Gy is the major therapeutic modality for adult patients with NPC [4,5]. The introduction of chemotherapy into NPC treatment protocols for children and adolescents has allowed the reduction of the radiation dose in this age group to 60 Gy and lower [6,7,8]. Unfortunately, radiotherapy can produce undesirable complications due to the proximity of the tumor to critical structures. About 70% of patients suffer from major late effects such as xerostomia, endocrinopathies, or secondary neoplasms [9,10,11]. Since the frequency and intensity of side effects correlate with the radiation dose, the development of a radiation sensitizer to further lower the radiation dose could be a useful means to decrease side effects while preserving tumor control.



NPC tumors are characterized by an immune cell infiltrate, including NK cells. Several studies have demonstrated that increased NK cell infiltration closely relates to a favorable prognosis [12,13,14]. In our previous studies, we showed that NPC cells are sensitive to killing by NK cells and that activation of NK cells by interferon beta (IFNβ) increased their cytolytic capacity against NPC cells primarily by induction of the death ligand TRAIL [15,16].



Recently, it has been observed that the efficacy of radiotherapy in various cancers can be augmented when combined with immune checkpoint blockade [17]. Notwithstanding that the response of NPC to radiotherapy has been well characterized, it is unclear how radiotherapy may impact immune-mediated recognition of cancer. Furthermore, little is known regarding the effect of radiotherapy on NK cell recognition or cytolysis of nasopharyngeal carcinoma cells.



Here, we have investigated the effect of radiotherapy on the killing of NPC cells by NK cells.




2. Materials and Methods


2.1. Cell Lines


Four NPC cell lines C666-1, C17, HK1 and TW01 were used. Cell line C666-1 was a gift from Prof. Fei-Fei Liu, University of Toronto, Canada [17]. Cell line TW01 was supplied by Prof. Chin-Tarng Lin (National Taiwan University Hospital) [18]. Cell line C17 was a gift from Prof. Sai Wah Tsao (Chinese University of Hong Kong, China) and had been established from a C17 xenograft [19]. Cell line HK1 was obtained from Prof. Kwok Wai Lo from the Chinese University of Hong Kong, China [20]. Cell authentication was done using short tandem repeated profiles as described previously [21], and cell lines were tested at regular intervals by PCR to rule out mycoplasma contamination. The C17 cell line was authenticated by checking HLA class I alleles on PCR (A02.01/A26.01–B44.02/B51.01). Cell lines were grown in RPMI1640 medium (Gibco; Paisley, UK) supplemented with 10% fetal bovine serum (Gibco; Paisley, UK) and 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco; New York, NY, USA). Cells were cultured in a humidified incubator with 95% air and 5% CO2 at 37 °C.




2.2. Patient-Derived Xenograft


The C17 xenograft was established from a patient with an EBV-positive metastatic NPC. For the experiments described below, single-cell suspensions were derived from freshly isolated C17 tumor fragments by collagenase cell dispersion and cultured as described before [22].




2.3. Animal Studies


Swiss nude mice were bred in the animal facility at Gustave Roussy and housed in pathogen-free conditions in filter cap cages holding a maximum of five animals with irradiated aspen chip bedding and cotton fiber nesting material. They were maintained on a 12/12 light/dark cycle, with ad libitum UV-treated water and RM1 rodent diet. Typically, xenografts were performed on 6–8 female mice by the subcutaneous introduction of tumor fragments (about 200 mg) under general anesthesia. They were sacrificed when the total tumor volume reached 1700 mm3. The animals were monitored for signs of pain, such as immobility or restlessness, reduction of drinking, and food intake. The persistence of ab-normal behaviors led to the euthanasia of animals presumed to be suffering. Prior to tumor collection, mice were sacrificed by cervical dislocation. Otherwise, mice were euthanatized by carbon dioxide asphyxiation.




2.4. Isolation of Primary Human NK Cells


Human peripheral blood mononuclear cells (PBMC) were purified from buffy coats of four healthy donors using Ficoll-Hypaque (Biochrom; Berlin, Germany) density gradient centrifugation. Informed consent was obtained from all donors. NK cells were isolated from PBMC using a positive magnetic selection of CD56+ cells (Miltenyi; Bergisch Gladbach, Germany) as described before [15,16]. The purity of NK cells was >95% as determined by flow cytometric analysis of cells stained with anti-CD56-APC and anti-CD3-PerCP. CD3 contamination in purified NK cells was <1%.



Purified NK cells were cultivated in RPMI1640 medium supplemented with 10% FCS and 100 U/mL penicillin and 100 mg/mL streptomycin (Gibco) over night. NK cells were stimulated with recombinant human IFNβ (R&D System, New York, NY, USA) or irradiated as further indicated in the manuscript.




2.5. Reagents


Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was obtained from Sigma Aldrich (St. Louis, MO, USA), human recombinant interferon beta from R&D System (New York; NY, USA), the PD-1 inhibitor nivolumab from Bristol-Myers (Anagni, Italy). Calcein-AM was purchased from Thermo Fisher (Eugene, OR, USA). Primary mouse monoclonal antibody against PD-1, clone 913429 was obtained from R&D System (Wiesbaden, Germany), anti-human B7-H1/PD-L1 monoclonal antibody, clone 130021 from R&D System (Minneapolis, MN, USA), anti-human B7-DC/PD-L2 Clone 176611 from R&D (Minneapolis, MN, USA) and mouse anti-human-RELA/NF-κB p65 (Clone 532301; R&D System). The APC-goat anti-mouse IgG secondary antibody was purchased from Santa Cruz Biotechnology (Heidelberg, Germany) and the PE-goat anti-mouse IgG secondary antibody was purchased from Biolegend (San Diego, CA, USA). All primary antibodies were diluted 1:100 in PBS. The APC-goat anti-mouse IgG secondary antibody and the PE-goat anti-mouse IgG secondary antibody were diluted 1:200 in PBS. Incubation time for all antibodies was at least 30 min. NF-κB inhibitor—BMS-345541 was obtained from Sigma Aldrich.




2.6. Cell Viability Assay


The MTT assay was used to determine the effect of radiation (0 to 6 Gy) on cell viability. The protocol was adopted from the literature [15,16]. Briefly, cells were seeded into 96-well plates at a density of 2500 cells/well within 200 µL of growth medium. After 24 h of culture, cells were irradiated and further incubated for 24, 48 and 72 h. At the end of the incubation periods, MTT solution was added. After 4 h, supernatant was removed and 200 μL of DMSO:isopropanol (1:1) solution was added to dissolve the formazan crystals. Thereafter, optical density was measured.




2.7. Cell Cycle Analysis


Propidium-iodide staining of nuclei was used to determine the effect of radiotherapy on cell cycle distribution as well as apoptosis by measurement of sub-G1 DNA content. After radiation (0 to 6 Gy), NPC cells were incubated up to 72 h. Cells were then processed as described previously [15,16]. Three independent experiments were performed for each assay.




2.8. Determination of Radiation Dose


Cells were exposed to photon-IR using a Faxitron X-ray irradiator (Munich, Germany), irradiated at a voltage of 160 kV and a current of 6.3 mA. The dose rate was 0.83 Gy/min. In order to identify the radiotherapy doses for the main experiments, NPC cells were irradiated from 0 to 6 Gy, and cell viability and apoptosis was measured. Two Gy was identified as dose significantly decreasing cell survival and inducing apoptosis in NPC cell lines and was thus chosen for further experiments (Figure S1A,B).




2.9. Flow Cytometry


The surface expression of PD-L1, PD-L2 and PD-1 on NPC and NK cells was measured by flow cytometry as described before [15,16]. For detection of NF-κB expression, the cells were fixed and permeabilized with Cytofix/Cytoperm™ Fixation and Permeabilization Solution (BD Pharmingen; San Diego, CA, USA), then labeled with mouse anti-human NF-κB-antibody and afterward with APC-conjugated goat-anti-mouse antibody. Data were analyzed by the FlowJo software (FlowJo). Three independent experiments were performed for each assay.




2.10. Calcein Release Assay


NPC cells were used as targets and stained with fluorescence-based Calcein-AM for determining the cytotoxicity of NK cells. Target cells were resuspended at 1 × 106 cells/mL in medium containing 15 µM Calcein-AM and incubated for 30 min at 37 °C. An NK:NPC ratio of 6:1 was chosen for the experiments in this paper, as we had previously demonstrated that NK cells induced high levels of calcein release in an E:T ratio-dependent manner in both NPC cell lines and PDX cells C17 [15]. The targets cells were then co-incubated with NK cells at an effector to target (E:T) ratio of 6:1 for 4 h at 37 °C or used as controls; 4% Triton (Merck; Darmstadt, Germany) was added to ensure maximum calcein release in controls while spontaneous calcein release was measured in NPC cells not co-incubated with NK cells. After co-incubation, relative fluorescence units (RFU) were measured from cell-free supernatant. The percentage of specific lysis was calculated using the formula: [(Test release − Spontaneous release)/(Maximum release − Spontaneous release)) × 100).




2.11. Statistical Analysis


Experimental results were reported as a mean of at least three independent experiments conducted in quintuplicates for cell viability assays and calcein-AM-release assay and triplicates for flow cytometric analyses. Data in bar graphs are presented as means ± S.E. Student’s t-test, one-way ANOVA, and two-way ANOVA were used for data comparison, with p < 0.05 as statistically significant.





3. Results


3.1. Radiotherapy Sensitizes NPC Cells to Killing by NK Cells


Induction of apoptosis in tumor cells belongs to the major direct effects of radiation on cancer. Recent studies have shown that tumor radiotherapy alters tumor immunogenicity and its interaction with the host, including an increase of NK cell-induced killing of different tumor types [23]. To estimate the influence of radiation on the killing of NPC cells by NK cells, tumor cells were irradiated with doses from 0 to 6 Gy and afterward cultured for 24, 48, and 72 h, respectively. Cells were then labelled with calcein, and subsequently co-incubated with NK cells. After 4 h of co-incubation, the concentration of calcein in the supernatant was measured as a marker for NPC cytotoxicity. Co-incubation of NPC cells with NK cells significantly induced killing in all NPC cell lines ranging from 32.6 ± 4.8% for cell line HK1 to 45.2 ± 6.3% for C666-1. When the cells were irradiated 24 h before co-incubation, NK cell cytotoxicity against NPC cells increased additionally up to 27% compared to untreated cells. The dosage of 2 Gy, commonly used as a single dose in fractionated radiotherapy, had been identified to significantly increase tumor cell killing to 46.2 ± 4.8% for cell line HK1 and 62.7 ± 4.8% for C666-1 after 24 h (Figure 1A) and was chosen for the next experiments.



As we had previously demonstrated, that the activation of NK cells with IFNβ significantly increased their killing of NPC cells [15,16,24], we further investigated whether killing of NPC cells exposed to radiotherapy was augmented when NK cells were activated. In these experiments, NK cells were treated with 1000 U/mL IFNβ for 24 h and then co-incubated with tumor cells pretreated with 2 Gy. Compared to non-activated NK cells, IFNβ significantly increased NK killing against NPC cells pretreated with 2 Gy by an average of 17% in all cell lines (Figure 1B).




3.2. Radiotherapy Induces Upregulation of PD-L1 in NPC Cells


Radiotherapy has been shown to increase the immunogenicity of tumor cells. On the other hand, radiotherapy can also induce immunosuppressive responses limiting an effective host-tumor immune response [25,26,27,28]. To determine whether PD-L1 expression in NPC cells is modulated by radiotherapy, expression was tested 24 h, 48 h, and 72 h after radiation of NPC cells. As shown in Figure 2 radiotherapy delivered at 2 Gy led to tumor cell surface expression of PD-L1, evident 24 h after radiation, when compared with non-irradiated cells, and sustained at 48 h and 72 h (data not shown).




3.3. Inhibition of PD-1 Increases Killing of NPC Cells by Activated NK Cells


As we had previously demonstrated that IFNβ induces PD-1 expression on NK cells [15,16,24], we next assessed the contribution of the PD-L1/PD-1 checkpoint to the killing of NPC cells pretreated with radiotherapy by IFNβ-activated NK cells.



Irradiated NPC cells were co-cultured with IFNβ-activated NK cells pre-treated with the anti-PD-1 antibody nivolumab. Cytotoxicity was determined by the calcein release assay. As shown in Figure 3, the addition of anti-PD-1 antibody significantly increased the susceptibility of irradiated NPC cell lines and xenograft cells to the cytotoxicity of NK cells. Nivolumab did not alter the killing of non-irradiated NPC cells by IFNβ-pre-treated NK cells, nor was there an effect on the killing of irradiated NPC cells by non-activated NK cells.




3.4. Radiotherapy Induces PD-1 Expression in NK Cells


Radiation can upregulate PD-1/PD-L1 expression on tumor cells and immune cells, thus increasing sensitivity to therapy with PD-1/PD-L1 inhibitors [29]. To assess the influence of radiotherapy on the expression of the members of the PD-1/PD-L1 checkpoint in NK cells, we irradiated NK cells with 2 Gy and then determined expression by flow cytometry. Radiotherapy induced surface expression of PD-1 but not PD-L1 or PD-L2 24 h after radiation (Figure 4).



Since ionizing radiation-induced expression of PD-1 on NK cells as well as PD-L1 expression in NPC cells, we next investigated whether a blockade of the PD-L1/PD-1 checkpoint would increase the cytotoxicity of NK cells against NPC cells when both cells were irradiated. As shown in Figure 5, radiation of NK cells did not alter their cytotoxicity towards NPC cell lines and xenograft cells, but it enhanced their cytotoxicity towards irradiated NPC cells and xenograft cells. When the PD-1 blocking antibody nivolumab was added to irradiated NK cells, the cytotoxicity towards irradiated NPC cells was further significantly increased. Preincubation of NK cells with IFNβ before radiation significantly increased their killing against NPC cells (Figure S2). Taken together, our results show that disrupting the PD-L1/PD-1 interaction enhances the susceptibility of NPC cells to NK cell cytotoxicity in the context of radiotherapy.




3.5. PD-L1 Expression in NPC Cells and PD-1 Expression in NK Cells by Radiotherapy Is Induced through the NF-κB Pathway


Radiotherapy has been shown to modulate gene expression through various signaling pathways [30], such as activation of NF-κB signaling, which may upregulate PD-L1 expression on tumor cells and PD-1 expression on immune cells. We, therefore, asked the question of whether the NF-κB pathway was involved in the up-regulation of PD-L1 in NPC cells and PD-1 in NK cells after radiotherapy. To study this, NPC cells and NK cells were pre-treated with or without the NF-κB inhibitor BMS-345541 and 1 h later exposed to radiation. Activation of NF-κB was seen in NK- and NPC cells 24 h after radiation, when not treated with BMS-345541, as shown by flow cytometry (Figure 6 and Figure 7). NF-κB expression was associated with expression of PD-1 in NK cells and PD-L1 in NPC cells (Figure 6, Figure 7 and Figure S3). Incubation of cells with BMS-345541 completely suppressed the activation of NF-κB and expression of PD-L1 and PD-1. To further investigate the role of the NF-κB pathway, irradiated NPC cells were incubated with BMS-345541 and NK cell cytotoxicity against NPC cells was measured via calcein release assay. In all cell lines, the inhibition of PD-L1 via blockade of NF-κB increased killing of irradiated NK cells towards NPC cells. This effect was similar to the one of the group in which irradiated NK cells were incubated with anti-PD-1 antibody (Figure 8). These results suggest that radiotherapy upregulates PD-L1 and PD-1 via activation of the NF-κB pathway in a cell-specific way.





4. Discussion


In this study, we demonstrate that (1) radiotherapy sensitizes NPC cells to NK cell killing, (2) upregulates expression of PD-1 ligand (PD-L1) in NPC cells and PD-1 receptor (PD-1) in NK cells and (3) that blocking of the PD-L1/PD-1 checkpoint further increases the killing of NPC cells by NK cells in the context of radiotherapy. In addition, we show that IFNβ increases the cytotoxic activity of NK cells against irradiated NPC cells and that this effect can also be augmented by disrupting the PD-L1/PD-1 interaction. Our results point to a potential clinical benefit of introducing PD-L1/PD-1 checkpoint blockade into radiotherapy regimens for patients with NPC and suggest that the adoptive transfer of activated NK cells could be beneficial in this setting.



Radiotherapy is the major therapeutic modality for the treatment of nasopharyngeal carcinoma [4,5]. Apoptosis, necrosis and senescence in tumor cells by induction of DNA damage and prevention of tumor growth are the main consequences of radiation on tumor tissue and reflect the beneficial effect of radiation for cancer therapy [30,31]. Recent studies have demonstrated that irradiation can also activate the host–tumor immune response [32,33] leading to the induction of immunogenic cell death (ICD).



Cytotoxic T-cells and NK cells are the main effectors of a host anti-tumor response [34]. Whereas CD8+ T-cells destroy tumor cells through recognizing tumor-specific antigens in association with MHC class I molecules, NK cells function without the requirement for prolonged pre-activation, providing a first line of defense against tumor cells [35,36]. In NPC, a number of studies have shown a positive correlation between overall survival and tumor infiltration by CD3+, CD4+, and CD8+ T-cells [37]. The role of the tumor microenvironment in NPC, however, is rather complex, with differences in the subsets of tumor infiltrating lymphocytes and their functional status, further determining the effectiveness of an host anti-tumor response and prognosis [38,39,40]. As recently, the number of NK cells in the TME of NPC tumors has been shown to be of prognostic significance [41] and IFNβ, which is used as maintenance therapy in the treatment of children and adolescents with NPC, increases the ability of patients’ NK cells to kill NPC cells in vitro [16], we decided to investigate the killing of NPC cells by NK cells in the context of radiotherapy. We are aware that our study investigates only one aspect of the complex interaction of the TME in NPC, and that further studies such as determining the functional status of NK cells in NPC patients’ tumors and peripheral blood should follow.



Here, we have demonstrated that radiation of NPC cells increased their sensitivity to killing by NK cells. The underlying mechanism could be manifold and has not been the focus of this paper. For example, radiation is known to induce expression of NKG2DL [42], TRAIL-Rs [43,44,45], and FAS [46,47,48] on tumor cells, thereby enhancing the recognition of malignant cells by NK cells and their sensitivity to killing.



In addition, radiation of NK cells also increased their cytotoxicity against irradiated NPC cells, which could be further augmented by inhibiting the PD-1/PD-L1 checkpoint. As NK cells induce apoptosis in their targets, usually via the granzyme/perforine pathway or via death ligands TNFα, FasL and TRAIL, one can postulate that radiotherapy either increased the activity of the respective death effectors in NK cells or altered the balance between activating and inhibiting NK cell receptors in irradiated cells. A study analyzing the effect of low-dose irradiation on human NK cells showed that radiation-induced direct activation of NK cells against K562 and HL-60 targets by up-regulation of expression of TNFα and FASL [49]. In addition, both the granzyme and perforine gene have been demonstrated to contain an NF-κB binding site, indicating that radiation could induce their transcription through NF-κB [50,51,52].



One limitation with the use of radiation therapy is the up-regulation of immune checkpoint signals. Our results show that radiation upregulates the expression of PD-L1 in NPC cells and PD-1 in NK cells. The induction of PD-1 expression in NK cells by radiotherapy has not been described before. Similar to our previous observation that chemotherapeutics induce PD-1 expression in NK cells via NF-κB, we have shown here that radiotherapy, which is known to induce activation of NF-κB in various cellular systems [52], also induces PD-1 expression in NK cells via NF-κB. Up-regulation of PD-L1 expression in tumor cells by radiotherapy in vivo has been recently demonstrated in patients with non-small cell lung cancer and uterine sarcoma [53,54]. PD-L1 expression in uterine sarcoma biopsies obtained after 10 Gy radiation was significantly increased compared to pre-radiation specimens (5% vs. 52%).



PD-L1 up-regulation on tumor cells and PD-1 on immune effector cells may therefore allow tumors to escape from immune surveillance. Optimization of combined radiation and immune-based therapy can be achieved using a PD-L1 blocking antibody. Here, we have demonstrated that the anti-PD-1 antibody nivolumab, blocking the PD-L1/PD-1 checkpoint increased the killing of NPC cells by NK cells in the context of radiotherapy. Such an effect has been observed in various syngeneic mouse tumor models such as colon carcinoma, melanoma, or mammary carcinoma, which demonstrated that radiation increased infiltration of tumors with CD8+ T-cells, induced IFN-γ expression in these cells, with IFN-γ then causing PD-L1 expression on tumor cells, ultimately leading to CD8+ T-cell exhaustion. When anti-PD-L1 mAb was combined with radiotherapy, anti-tumor activity was enhanced and led to a significant decrease in tumor volume [25,26]. In humans, the combination of radiotherapy with an anti-PD-1 antibody increased overall survival and progression-free survival in patients with advanced or metastatic NSCLC [28].



Previously, we have shown that IFNβ, which is used as maintenance therapy in the treatment of children and adolescents with NPC, increases the ability of patients’ NK cells to kill NPC cells in vitro [15]. We have also demonstrated that IFNβ increases the cytotoxic activity of NK cells against NPC cells treated with chemotherapeutics [24]. A similar effect has now been found in our present study where IFNβ-activated NK cells show increased cytotoxic activity toward irradiated NPC cells, which points out a role for an adoptive transfer of activated NK cells during radiotherapy of NPC tumors. Such a transfer should be accompanied by PD-L1/PD-1 checkpoint blockade in order to maximize the cytotoxic effect on NPC cells.




5. Conclusions


In summary, our investigations indicate that radiation boosts NK cell killing against NPC cells, and that this killing can be augmented by blockade of the PD-L1/PD-1 checkpoint. Combination of radiotherapy with PD-L1/PD-1 checkpoint blockade could therefore increase the efficacy of radiotherapy in NPC by enhancing immunogenicity of tumor cells.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10092458/s1, Figure S1: Effect of radiotherapy on cell viability and apoptosis, Figure S2: Preincubation of NK cells with IFNβ before radiation significantly increases their killing against NPC cells, Figure S3: Radiotherapy induces PD-L1 expression in NPC cells via upregulation of NF-κB.





Author Contributions


Conception and Design: A.M., M.E., U.K.; development of methodology: A.M., T.T.B.T., P.B.; acquisition of data: A.M., N.L., L.S., C.N.; analysis and interpretation of data: A.M., N.L., P.B., U.K.; writing and review of the manuscript: A.M., M.E., P.B., U.K.; material support: P.B.; study supervision: U.K. All authors have read and agreed to the published version of the manuscript.




Funding


The study has been funded internally by the Medical Faculty, Rhenish-Westphalian Technical University Aachen, Germany.




Institutional Review Board Statement


Procedures for mouse handling and xenografts were reviewed and approved by the Ethics Committee for animal experimentation n°26 (Gustave Roussy, Villejuif, France), in accordance with the European directive 2010/63/EU and the decrees of the French Ministry of Agriculture R. 214-87 to R. 214-126. The approval was given in 26 November 2015, under the number Apafis #1605—2015090216498538-v2.




Informed Consent Statement


Informed consent for anonymous use of buffy coats was obtained from healthy blood donors.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.




Conflicts of Interest


The authors declare that they have no conflicts of interest.




References


	



Raab-Traub, N. Epstein-Barr virus in the pathogenesis of NPC. Semin. Cancer Biol. 2002, 12, 431–441. [Google Scholar] [CrossRef]

	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.; Forman, D.; Bray, F. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide. Int. J. Cancer 2015, 136, e359–e386. [Google Scholar] [CrossRef]

	



Chua, M.; Wee, J.; Hui, E.; Chan, A. Nasopharyngeal carcinoma. Lancet 2016, 387, 1012–1024. [Google Scholar] [CrossRef]

	



Wei, W.; Sham, J. Nasopharyngeal carcinoma. Lancet 2005, 365, 41–54. [Google Scholar] [CrossRef]

	



Lee, A.; Chan, W.; Sze, H.; Chan, C.; Lam, T. The battle against nasopharyngeal cancer. Radiother. Oncol. 2012, 104, 272–278. [Google Scholar] [CrossRef]

	



Rodriguez-Galindo, C.; Wofford, M.; Castleberry, R.; Swanson, G.; London, W.; Fontanesi, J.; Pappo, A.; Douglass, E. Preradiation chemotherapy with methotrexate, cisplatin, 5-fluorouracil, and leucovorin for pediatric nasopharyngeal carcinoma. Cancer 2005, 103, 850–857. [Google Scholar] [CrossRef]

	



Buehrlen, M.; Zwaan, C.; Granzen, B.; Lassay, L.; Deutz, P.; Vorwerk, P.; Staatz, G.; Gademann, G.; Christiansen, H.; Oldenburger, F.; et al. Multimodal treatment, including interferon beta, of nasopharyngeal carcinoma in children and young adults: Preliminary results from the prospective, multicenter study NPC-2003-GPOH/DCOG. Cancer 2012, 118, 4892–4900. [Google Scholar] [CrossRef]

	



Casanova, M.; Bisogno, G.; Gandola, L.; Cecchetto, G.; Di Cataldo, A.; Basso, E.; Indolfi, P.; D’Angelo, P.; Favini, F.; Collini, P.; et al. Rare Tumors in Pediatric Age Group. A prospective protocol for nasopharyngeal carcinoma in children and adolescents: The Italian Rare Tumors in Pediatric Age (TREP) project. Cancer 2012, 118, 2718–2725. [Google Scholar] [CrossRef] [PubMed]

	



Barker, J.; Garden, A.; Ang, K.; O’Daniel, J.; Wang, H.; Court, L.; Morrison, W.; Rosenthal, D.; Chao, K.; Tucker, S.; et al. Quantification of volumetric and geometric changes occuring during fractionated radiotherapy for head and neck cancer using an integrated CT/linear accelerator system. Int. J. Radiat. Oncol. Biol. Phys. 2004, 59, 960–970. [Google Scholar] [CrossRef]

	



Yeh, S.; Tang, Y.; Lui, C.; Huang, Y.; Huang, E. Treatment outcomes and late complications of 849 patients with nasopharyngeal carcinoma treated with radiotherapy alone. Int. J. Radiat. Oncol. Biol. Phys. 2005, 62, 672–679. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, W.; Huang, T.; Liao, K.; Chuang, H.; Lin, Y.; Lee, T.; Huang, H.; Fang, F. Impact of late toxicities on quality of life for survivors of nasopharyngeal carcinoma. BMC Cancer 2014, 14, 856. [Google Scholar] [CrossRef]

	



Tsukuda, M.; Sawaki, S.; Yanoma, S. Suppressed cellular immunity in patients with nasopharyngeal carcinoma. J. Cancer Res. Clin. Oncol. 1993, 120, 115–118. [Google Scholar] [CrossRef]

	



Lakhdar, M.; Oueslati, R.; Ellouze, R.; Thameur, H.; Cammoun, M.; Khedhiri, N.; Kastally, R. High interferon titer and defective NK-cell activity in the circulation of nasopharyngeal carcinoma patients. Int. J. Cancer 1989, 43, 543–548. [Google Scholar] [CrossRef]

	



Lu, J.; Chen, X.; Huang, H.; Zhao, F.; Wang, F.; Liu, X.; Li, X. Detailed analysis of inflammatory cell infiltration and the prognostic impact on nasopharyngeal carcinoma. Head Neck 2018, 40, 1245–1253. [Google Scholar] [CrossRef]

	



Makowska, A.; Braunschweig, T.; Denecke, B.; Shen, L.; Baloche, V.; Busson, P.; Kontny, U. Interferon β and Anti-PD-1/PD-L1 Checkpoint Blockade Cooperate in NK Cell-Mediated Killing of Nasopharyngeal Carcinoma Cells. Transl. Oncol. 2019, 12, 1237–1256. [Google Scholar] [CrossRef]

	



Makowska, A.; Franzen, S.; Braunschweig, T.; Denecke, B.; Shen, L.; Baloche, V.; Busson, P.; Kontny, U. Interferon beta increases NK cell cytotoxicity against tumor cells in patients with nasopharyngeal carcinoma via tumor necrosis factor apoptosis-inducing ligand. Cancer Immunol. Immunother. 2019, 68, 1317–1329. [Google Scholar] [CrossRef] [PubMed]

	



Hui, Y.; Tao, J.; Mengqian, L. Synregistic effect of immunotherapy and radiotherapy in non-small cell lung cancer: Current clinical trials and prospective challenges. Precis. Clin. Med. 2019, 2, 57–70. [Google Scholar]

	



Cheung, S.; Huang, D.; Hui, A.; Lo, K.; Ko, C.; Tsang, Y.; Wong, N.; Whitney, B.; Lee, J. Nasopharyngeal carcinoma cell line (C666–1) consistently harbouring Epstein-Barr virus. Int. J. Cancer 1999, 83, 121–126. [Google Scholar] [CrossRef]

	



Yip, Y.; Lin, W.; Deng, W.; Jia, L.; Lo, K.; Busson, P.; Vérillaud, B.; Liu, X.; Tsang, C.; Lung, M.; et al. Establishment of a nasopharyngeal carcinoma cell line capable of undergoing lytic Epstein-Barr virus reactivation. Lab. Investig. 2018, 98, 1093–1104. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Y. Establishment of an epitheloid cell line and a fusiform cell line from a patient with nasopharyngeal carcinoma. Sci. Sin. 1978, 21, 127–134. [Google Scholar]

	



Makowska, A.; Wahab, L.; Braunschweig, T.; Kapetanakis, N.; Vokuhl, C.; Denecke, B.; Shen, L.; Busson, P.; Kontny, U. Interferon beta induces apoptosis in nasopharyngeal carcinoma cells via the TRAIL-signaling pathway. Oncotarget 2018, 9, 14228–14250. [Google Scholar] [CrossRef] [PubMed]

	



Gressette, M.; Vérillaud, B.; Jimenez-Pailhès, A.; Lelièvre, H.; Lo, K.; Ferrand, F.; Gattolliat, C.; Bescond, A.; Kraus-Berthier, L.; Depil, S.; et al. Treatment of nasopharyngeal carcinoma cells with the histone-deacetylase inhibitor abexinostat: Cooperative effects with cis-platin and radiotherapy on patient-derived xenografts. PLoS ONE 2014, 9, e91325. [Google Scholar]

	



Park, B.; Yee, C.; Lee, K. The Effect of Radiation on the Immune Response to Cancers. Int. J. Mol. Sci. 2014, 15, 927–943. [Google Scholar] [CrossRef]

	



Makowska, A.; Meier, S.; Shen, L.; Busson, P.; Baloche, V.; Kontny, U. Anti-PD-1 antibody increases NK cell cytotoxicity towards nasopharyngeal carcinoma cells in the context of chemotherapy-induced upregulation of PD-1 and PD-L1. Cancer Immunol. Immunother. 2021, 70, 323–336. [Google Scholar] [CrossRef] [PubMed]

	



Dovedi, S.; Adlard, A.; Lipowska-Bhalla, G.; McKenna, C.; Jones, S.; Cheadle, E.; Stratford, I.; Poon, E.; Morrow, M.; Stewart, R.; et al. Acquired Resistance to Fractionated Radiotherapy Can Be Overcome by Concurrent PD-L1 Blockade. Cancer Res. 2014, 74, 5458–5468. [Google Scholar] [CrossRef] [PubMed]

	



Liang, H.; Deng, L.; Chmura, S.; Burnette, B.; Liadis, N.; Darga, T.; Beckett, M.; Lingen, M.; Witt, M.; Weichselbaum, R.; et al. Radiation-induced equilibrium is a balance between tumor cell proliferation and T cell-mediated killing. J. Immunol. 2013, 190, 5874–5881. [Google Scholar] [CrossRef] [PubMed]

	



Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.; Fu, Y. Irradiation and anti–PD-L1 treatment synergistically promote antitumor immunity in mice. J. Clin. Investig. 2014, 124, 687–695. [Google Scholar] [CrossRef]

	



Fiorica, F.; Belluomini, L.; Stefanelli, A.; Santini, A.; Urbini, B.; Giorgi, C.; Frassoldati, A. Immune Checkpoint Inhibitor Nivolumab and Radiotherapy in Pretreated Lung Cancer Patients Efficacy and Safety of Combination. Am. J. Clin. Oncol. 2018, 41, 1101–1105. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Liu, Y. Targeting NK Cell Checkpoint Receptors or Molecules for Cancer Immunotherapy. Front. Immunol. 2020, 11, 1295. [Google Scholar] [CrossRef]

	



Portella, L.; Scala, S. Ionizing radiation effects on the tumor microenvironment. Semin. Oncol. 2019, 46, 254–260. [Google Scholar] [CrossRef]

	



Makowska, A.; Eble, M.; Prescher, K.; Hoß, M.; Kontny, U. Chloroquine Sensitizes Nasopharyngeal Carcinoma Cells but Not Nasoepithelial Cells to Irradiation by Blocking Autophagy. PLoS ONE 2016, 11, e0166766. [Google Scholar] [CrossRef] [PubMed]

	



Lauber, K.; Ernst, A.; Orth, M.; Herrmann, M.; Belka, C. Dying cell clearance and its impact on the outcome of tumor radiotherapy. Front. Oncol. 2012, 2, 116. [Google Scholar] [CrossRef] [PubMed]

	



Barker, H.; Paget, J.; Khan, A.; Harrington, K. The tumour microenvironment after radiotherapy: Mechanisms of resistance and recurrence. Nat. Rev. Cancer 2015, 15, 409–425. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, J.; Huang, J. CD8+ T Cells and NK Cells: Parallel and Complementary Soldiers of Immunotherapy. Curr. Opin. Chem. Eng. 2018, 19, 9–20. [Google Scholar] [CrossRef]

	



Caligiuri, M. Human natural killer cells. Blood 2008, 112, 461–469. [Google Scholar] [CrossRef] [PubMed]

	



Ljunggren, H.; Malmberg, K. Prospects for the use of NK cells in immunotherapy of human cancer. Nat. Rev. Immunol. 2007, 7, 329–339. [Google Scholar] [CrossRef]

	



Liu, W.; Chen, G.; Zhang, C.; Liao, X.; Xie, J.; Liang, T.; Liao, W.; Song, L.; Zhang, X. Prognostic significance of tumor-infiltrating lymphocytes and macrophages in nasopharyngeal carcinoma: A systematic review and meta-analysis. Eur. Arch. Otorhinolaryngol. 2021. [CrossRef]

	



Zou, Z.; Ha, Y.; Liu, S.; Huang, B. Identification of tumor-infiltrating immune cells and microenvironment-relevant genes in nasopharyngeal carcinoma based on gene expression profiling. Life Sci. 2020, 263, 118620. [Google Scholar] [CrossRef]

	



Zhang, L.; MacIsaac, K.; Zhou, T.; Huang, P.; Xin, C.; Dobson, J.; Yu, K.; Chiang, D.; Fan, Y.; Pelletier, M.; et al. Genomic Analysis of Nasopharyngeal Carcinoma Reveals TME-Based Subtypes. Mol. Cancer Res. 2017, 15, 1722–1732. [Google Scholar] [CrossRef]

	



Li, J.; Zeng, X.; Mo, H.; Rolén, U.; Gao, Y.; Zhang, X.; Chen, Q.; Zhang, L.; Zeng, M.; Li, M.; et al. Functional inactivation of EBV-specific T-lymphocytes in nasopharyngeal carci-noma: Implications for tumor immunotherapy. PLoS ONE 2007, 2, e1122. [Google Scholar] [CrossRef]

	



Chen, Y.; Yin, J.; Li, W.; Li, H.; Chen, D.; Zhang, P.; Lv, J.; Wang, Y.; Li, X.; Li, J.; et al. Single-cell transcriptomics reveals regulators underlying immune cell diversi-ty and immune subtypes associated with prognosis in nasopharyngeal carcinoma. Cell Res. 2020, 30, 1024–1042. [Google Scholar] [CrossRef]

	



Liu, H.; Wang, S.; Xin, J.; Wang, J.; Yao, C.; Zhang, Z. Role of NKG2D and its ligands in cancer immunotherapy. Am. J. Cancer Res. 2019, 9, 2064–2078. [Google Scholar] [PubMed]

	



Screpanti, V.; Wallin, R.; Ljunggren, H.; Grandien, A. A central role for death receptor-mediated apoptosis in the rejection of tumors by NK cells. J. Immunol. 2001, 167, 2068–2073. [Google Scholar] [CrossRef] [PubMed]

	



Shankar, S.; Singh, T.; Srivastava, R. Ionizing radiation enhances the therapeutic potential of TRAIL in prostate cancer in vitro and in vivo: Intracellular mechanisms. Prostate 2004, 61, 35–49. [Google Scholar] [CrossRef] [PubMed]

	



Marini, P.; Schmid, A.; Jendrossek, V.; Faltin, H.; Daniel, P.; Budach, W.; Belka, C. Irradiation specifically sensitises solid tumour cell lines to TRAIL mediated apoptosis. BMC Cancer 2005, 5, 5. [Google Scholar] [CrossRef]

	



Chakraborty, M.; Abrams, S.; Camphausen, K.; Liu, K.; Scott, T.; Coleman, C.; Hodge, J. Irradiation of tumor cells up-regulates fas and enhances CTL lytic activity and CTL adoptive immunotherapy. J. Immunol. 2003, 170, 6338–6347. [Google Scholar] [CrossRef]

	



Cacan, E.; Greer, S.; Garnett-Benson, C. Radiation-induced modulation of immunogenic genes in tumor cells is regulated by both histone deacetylases and DNA methyltransferases. Int. J. Oncol. 2015, 4, 2264–2275. [Google Scholar] [CrossRef]

	



Horton, J.; Reihani, S.; Lee, C.; Zhou, Y.; Chen, W.; Geradts, J.; Fels, D.; Hoang, P.; Ashcraft, K.; Groth, J.; et al. FAS death receptor: A breast cancer subtype-specific radiation response biomarker and potential therapeutic target. Radiat. Res. 2015, 184, 456–469. [Google Scholar] [CrossRef]

	



Yang, G.; Kong, Q.; Wang, G.; Jin, H.; Zhou, L.; Yu, D.; Niu, C.; Han, W.; Li, W.; Cui, J. Low-dose ionizing radiation induces direct activation of natural killer cells and provides a novel approach for adoptive cellular immunotherapy. Cancer Biother. Radiopharm. 2014, 29, 428–434. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Liu, X.; Zeng, Z.; Li, J.; Luo, Y.; Sun, W.; Gong, Y.; Zhang, J.; Wu, Q.; Xie, C. Immunomodulation of NK Cells by Ionizing Radiation. Front. Oncol. 2020, 10, 874. [Google Scholar] [CrossRef]

	



Huang, C.; Bi, E.; Hu, Y.; Deng, W.; Tian, Z.; Dong, C.; Hu, Y.; Sun, B. A novel NF-κB binding site controls human granzyme B gene transcription. J. Immunol. 2006, 176, 4173–4181. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Zhang, J.; Lichtenheld, M.; Meadows, G. A Role for NF-κB Activation in Perforin Expression of NK Cells Up-on IL-2 Receptor Signaling. J. Immunol. 2002, 169, 1319–1325. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhry, M.A. Analysis of gene expression in normal and cancer cells exposed to gamma-radiation. J. Biomed. Biotechnol. 2008, 2018, 541678. [Google Scholar]

	



Yoneda, K.; Kuwata, T.; Kanayama, M.; Mori, M.; Kawanami, T.; Yatera, K.; Ohguri, T.; Hisaoka, M.; Nakayama, T.; Tanaka, F. Alteration in tumoural PD-L1 expression and stromal CD8-positive tumour-infiltrating lymphocytes after concurrent chemo-radiotherapy for non-small cell lung cancer. Br. J. Cancer 2019, 121, 490–496. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 10 02458 g001 550] 





Figure 1. Radiotherapy sensitizes NPC cells to killing by NK cells. NPC cells were irradiated with doses from 0 to 6 Gy and cultured thereafter for 24, 48 or 72 h in medium. Cells were then labeled with calcein, plated in a 96-well plate and incubated with NK cells for 4 h at an E:T ratio of 6:1. (A) Lysis of target cells was determined by the measurement of calcein in collected supernatants by an ELISA reader. (B) NK cells were pre-incubated or not with IFNβ (1000 U/mL) for 24 h and then co-incubated with NPC cells irradiated or not with 2 Gy and cultured for 24 h as above. Data are presented as means ± S.E.M. Asterisks indicate statistically significant differences between the non-irradiated group and irradiated groups in all cell lines (a: two-way ANOVA; b: one-way ANOVA; ** p < 0.01; *** p < 0.001). 
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Figure 2. Radiotherapy induces surface expression of PD-L1 in NPC cells. PD-L1 surface expression was measured by flow cytometry 24 h after radiation of NPC cells with 2 Gy. (A) Histogram plots of PD-L1 expression on NPC cells; (B) Quantification of PD-L1 expression on NPC cells. Quantitative data of three independent experiments is shown as normalized mean fluorescence intensity (MFI). Normalized MFI is calculated by dividing the MFI of the anti-PD-L1 antibody-stained sample by the MFI of the control antibody. Data is shown as mean ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (one-way ANOVA; ** p < 0.01; *** p < 0.001). 






Figure 2. Radiotherapy induces surface expression of PD-L1 in NPC cells. PD-L1 surface expression was measured by flow cytometry 24 h after radiation of NPC cells with 2 Gy. (A) Histogram plots of PD-L1 expression on NPC cells; (B) Quantification of PD-L1 expression on NPC cells. Quantitative data of three independent experiments is shown as normalized mean fluorescence intensity (MFI). Normalized MFI is calculated by dividing the MFI of the anti-PD-L1 antibody-stained sample by the MFI of the control antibody. Data is shown as mean ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (one-way ANOVA; ** p < 0.01; *** p < 0.001).



[image: Cells 10 02458 g002]







[image: Cells 10 02458 g003 550] 





Figure 3. Inhibition of PD-1 increases killing of NPC cells by activated NK cells. Pre-treatment of IFNβ-activated NK cells with the anti-PD-1 antibody nivolumab for 24 h and subsequent exposure to NPC cells irradiated 24 h before with 2 Gy. E:T ratio 6:1. Cytotoxicity was measured by calcein release assay. Data are presented as means ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (two-way ANOVA; * p < 0.05; ** p < 0.01; *** p < 0.001; n.s.: not significant). 
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Figure 4. Radiotherapy upregulates surface expression of PD-1 in NK cells. Cells were irradiated with 2 Gy. After 24 h PD-1, PD-L1, and PD-L2 expression was analyzed by flow cytometry. (A) Histogram plots of PD-1, PD-L1 and PD-L2 expression on NK cells; (B) quantification of PD-1, PD-L1 and PD-L2 expression on NK cells. Quantitative data of three independent experiments are shown as normalized mean fluorescence intensity (MFI). Data of normalized MFI is calculated by dividing the MFI of the sample stained by the antibody of interest by the MFI of the control antibody. Data is shown as mean ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (one-way ANOVA; *** p < 0.001; n.s.: not significant). 
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Figure 5. Inhibition of PD-1 increases killing of NPC cells by NK after radiation. NPC and NK cells were irradiated with 2 Gy. 24 h later, target cells were labeled with calcein, plated in a 96-well plate and incubated with NK cells for 4 h at an E:T ratio of 6:1. Lysis of target cells was determined by measurement of calcein in collected supernatants by an ELISA reader. Data are presented as means ± S.E.M. Asterisks indicate statistically significant differences between all cell lines in one ratio-group (two-way ANOVA; * p < 0.05; ** p < 0.01; *** p < 0.001, n.s.: not significant). 
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Figure 6. Radiotherapy induces PD-1 expression in NK cells via upregulation of NF-κB. NK cells were incubated with the NF-κB inhibitor BMS-345541 for 1 h before radiation. Expression of NF-κB, PD-L1 and PD-1 was analyzed by flow cytometry. (A) Histogram plots of PD-1 and NF-κB expression on NK cells. Quantification of PD-1 (B) NF-κB (C) expression on NK cells. Quantitative data of three independent experiments is shown as normalized mean fluorescence intensity (MFI). Normalized MFI is calculated by dividing the MFI of the sample stained with the antibody of interest by the MFI of the control antibody. Data is shown as mean ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (two-way ANOVA; * p < 0.05; *** p < 0.001). 
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Figure 7. Radiotherapy induces PD-L1 expression in NPC cells via upregulation of NF-κB. C666-1 cells were incubated with the NF-κB inhibitor BMS-345541 for 1 h before radiation. Expression of NF-κB, PD-L1 was analyzed by flow cytometry. (A) Histogram plots of PD-L1 and NF-κB expression on NPC cells; quantification of PD-1 (B) and NF-κB (C) expression on NPC cells. Quantitative data of three independent experiments are shown as normalized mean fluorescence intensity (MFI). Normalized MFI is calculated by dividing the MFI of the stained sample by the MFI of the control antibody. Data is shown as mean ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (two-way ANOVA; *** p < 0.001; n.s.: not significant). 
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Figure 8. Inhibition of NF-κB increases killing of NPC cells by NK cells after radiation. NPC and NK cells were irradiated with 2 Gy. NK cells were treated or not with the NF-κB inhibitor BMS-345541 for 1 h before radiation. 24 h later, target cells were labeled with calcein, plated in a 96-well plate and incubated with NK cells for 4 h at an E:T ratio of 6:1. Lysis of target cells was determined by measurement of calcein in collected supernatants by an ELISA reader. Data are presented as means ± S.E.M. Asterisks indicate statistically significant differences between all cell lines (two-way ANOVA; ** p < 0.01; *** p < 0.001; n.s.: not significant). 
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