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Background

Esophageal squamous cell carcinoma (ESCC) represents a highly aggressive malignancy with poor prognosis and limited therapeutic advancements. While chimeric antigen receptor (CAR)-T-cell therapy has revolutionized cancer treatment, its application in ESCC remains poorly explored. This study pioneers the exploration of natural killer group 2 member D (NKG2D) CAR-T cells combined with radiotherapy for treating ESCC, with the goals of establishing a novel treatment strategy and achieving superior tumor control through combined immunoradiotherapy





Methods

Flow cytometry and quantitative real-time PCR (qRT-PCR) were carried out to evaluate the expression of NKG2D ligands at the cell surface protein and mRNA levels. Cell-based bioluminescence assays and enzyme-linked immunosorbent assays (ELISAs) were performed to measure the cytotoxicity and cytokine secretion of NKG2D CAR-T cells. A human ESCC subcutaneous xenograft model and a bilateral xenograft model were established. Luminex liquid suspension chip detection was utilized to verify the changes in cytokines and chemokines in the circulation and at tumor sites. Immunohistochemical analysis was conducted to assess the accumulation of T cells in vivo.





Results

NKG2D ligands are widely expressed in ESCC cell lines and can be further increased by irradiation at both the mRNA and cell surface protein levels. NKG2D CAR-T cells efficiently recognized and lysed ESCC cell lines, and irradiation enhanced the activity of NKG2D CAR-T cells targeting ESCC cells. Additionally, NKG2D CAR-T cells specifically homed to and accumulated in ESCC tumors, exerting efficient immunological activity correlated with noticeable tumor regression in a human ESCC xenograft model, with no obvious toxicity. Moreover, preconditioning with local radiotherapy accelerated the tumor shrinkage induced by NKG2D CAR-T cells, explaining by altering the tumor microenvironment (TME) and promoting the migration and infiltration of CAR-T cells into tumor sites.





Conclusions

We first clarified the therapeutic efficacy of NKG2D CAR-T cells in ESCC, as well as their enhanced effect when combined with radiotherapy, which provides a novel treatment strategy for ESCC patients.





Keywords: NKG2D, CAR-T cells, radiotherapy, combination treatment, ESCC




1 Introduction

Esophageal cancer is a highly aggressive malignancy and ranks as the sixth leading cause of cancer-related death and the seventh leading cause of cancer incidence worldwide (1). Esophageal cancer presents with two major histopathological forms, esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC), with ESCC accounting for 90% of all diagnosed patients (1). Despite significant advances in multimodal treatment regimens, including surgery, radiotherapy, chemotherapy, and immunotherapy, long-term survival rates for esophageal cancer patients remain unsatisfactory, with a relative overall five-year survival rate of only 20–30% (2). Radiotherapy is a standard treatment option for locally advanced esophageal cancer, preoperative therapy for resectable disease, and definitive or palliative therapy for unresectable cases. However, some patients cannot undergo full-dose radiotherapy because of the high risk of radiation toxicity (2, 3). Thus, novel treatment options or optimal combination treatment with radiotherapy are urgently needed for patients with ESCC.

NKG2D (natural killer group 2, member D) is an activating immune receptor associated with tumor immunosurveillance, normally expressed on all NK cells, CD8+ T cells, subsets of γδT cells, and some autoreactive CD4+ T cells (4). The molecular structure of NKG2D allows its binding to several ligands in humans, including the MHC I chain-related molecules A and B (MICA and MICB) and a family of six UL16-binding proteins (ULBP1-6). NKG2D ligands (NKG2DLs) are typically not found or are minimally expressed in healthy tissues but are widely expressed in malignant cells, serve as immune surveillance markers that allow the immune system to recognize (4–6). The engagement of NKG2D by NKG2DLs activates cytotoxic effect in immune cells, leading to production of cytokines and target cell lysis (4). However, tumors have evolved multiple mechanisms to evade NKG2D-mediated immune surveillance, such as epigenetic silencing of NKG2DL expression or the shedding of soluble NKG2DLs, which can downregulate NKG2D receptors on immune cells and impair their function (4, 5). Therefore, NKG2D introduced into chimeric antigen receptor (CAR) engineered T cells have been explored as a promising immunotherapy approach for the NKG2DLs-expressing tumors. In recent years, we and others have demonstrated the antitumor efficacy of NKG2D CAR-T cells in xenograft models of leukemia (7), liver cancer (8), gastric cancer (9, 10), colorectal cancer (11), ovarian cancer (12), breast cancer (13), glioma (14), osteosarcoma (15), prostate cancer (16) and pancreatic cancer (17). In addition, a few clinical trials testing NKG2D CAR-T cells are currently ongoing, and preliminary data are promising (18). However, no NKG2D CAR has been reported for ESCC treatment.

The application of NKG2D CAR-T cell therapy for ESCC is supported by the finding that MICA and MICB, family members of NKG2DLs, are significantly overexpressed in ESCC cells compared with adjacent normal tissues and that NKG2DLs are widely expressed on the surface of ESCC cell lines (19). In addition, NKG2DLs can be induced by various cellular stress stimuli, such as malignant cell transformation or DNA damage, and their expression in tumor cells can be further increased when they are exposed to different doses of radiation (20–22). Moreover, radiation has the potential to modify the immunosuppressive tumor microenvironment (TME) in solid tumors, thereby enhancing the antitumor immune response to immunotherapy (23). These findings provide a strong rationale for combining NKG2D CAR-T cells therapy with radiotherapy for ESCC treatment.

Therefore, we constructed an NKG2D-BBz CAR for ESCC and evaluated its antitumor activities as well as its enhanced effect when combined with radiation in vitro and in xenograft mouse models. Here, we demonstrate for the first time that NKG2DL-expressing ESCC is sensitive to NKG2D CAR-T cells attack. Furthermore, we found that radiation upregulated the expression of various NKG2DLs in ESCC cell lines and improved the potency of NKG2D CAR-T cells-mediated attack in vitro and in a human ESCC xenograft model, suggesting that the combination of NKG2D CAR-T cells therapy and radiotherapy could be a promising treatment modality for ESCC.




2 Materials and methods



2.1 Cell lines and culture

Eca109, Kyse150, and TE‐1 were sourced from the China Center for Type Culture Collection (Wuhan University, Wuhan, China). Kyse140 and Kyse510 were obtained from Professor Yan Li of the Sun Yat-sen University Cancer Center (Guangzhou, China). HEK293T cells were obtained from the Chinese Academy of Sciences (Shanghai, China). Tumor cells were modified to express firefly luciferase (fLuc) for bioluminescence assays. The cells were cultured in RPMI-1640 medium (Gibco BRL, USA) enriched with 10% FBS (Gibco), 100 U/ml penicillin, and 100 mg/ml streptomycin in a 37 °C incubator with a humidified atmosphere and 5% CO2.




2.2 CAR construction and lentivirus production

The targeting domain, which consists of the extracellular domain (ECD) of human NKG2D or anti-CD19 scFv, was synthesized by Genechem (Shanghai, China) and cloned into a CAR-encoding lentiviral backbone containing a human CD8 hinge spacer and transmembrane domain, 4-1BB, and CD3ζ endodomains. CARs were inserted into the GV401 plasmid (Genechem, China) and expressed under the control of the EF1a promoter. For lentiviral packaging, HEK293T cells were cotransfected with 20 µg of lentiviral plasmid, 15 µg of pHelper 1.0 and 10 µg of pHelper 2.0 packaging plasmids (Genechem, China). After 48 h of transfection, the supernatants were harvested and then concentrated for 2 h at 25000 rpm using a Beckman XE-90 rotor (Beckman Coulter) through ultracentrifugation. The copy number of the lentiviral particles was confirmed using qRT-PCR.




2.3 Human T cells and transfection

T cell samples were collected from the peripheral blood of four healthy donors using an approved protocol by the Medical Ethical Committee of Qilu Hospital, Shandong University (approved ID: KYLL-81902919). We obtained written informed consent from each donor in accordance with the Declaration of Helsinki. Lymphocyte separation medium (TBD, LTS1077) was used to isolate primary T cells following the manufacturer’s protocol. Afterwards, the T cells were stimulated with CD3/CD28 beads (Gibco, 11131D) under a bead-to-cell ratio of 3:1 for 24 h and then infected with lentiviral particles at a multiplicity of infection (MOI) of 5. We maintained the density of T cells between 0.5 × 106 and 1 × 106 cells/ml during a two-week expansion period. Human recombinant interleukin-2 (IL-2; from PeproTech, USA) was added to reach a final concentration of 100 IU/mL. T cells were allowed to rest in medium without IL-2 for at least 24 h before being utilized in subsequent assays (24).




2.4 Cytotoxicity assays

For the cell-based bioluminescence assays, 1 × 104 fLuc-expressing tumor cells were cocultured with T cells at effector-to-target (E/T) ratios of 1:1, 2:1, 4:1, or 8:1 in a 96-well microplate (Beyotime, RG052M). For blocking experiments, transduced T cells were preincubated with anti-NKG2D or isotype antibody from Invitrogen for 2 h at 37°C. For irradiation pretreatment in vitro, ESCC cells were exposed to 6 MV X-rays (Clinac-23-EX, Varian, USA) at the Radiation Centre of Qilu Hospital 48 h before coincubation with T cells. Single fractions of 2, 4, and 8 Gy were administered. After 20 h of coculture, each well was filled with 100 µl of Bright-Lumi™ firefly luciferase reporter gene detection reagent and then tested for chemiluminescence. Enzyme-linked immunosorbent assays (ELISAs) were conducted to assess the concentrations of perforin and granzyme B in the supernatant of the coculture system using kits from Zci Bio (ZC-32647; ZC-33834). The values presented are the means of triplicate wells.




2.5 Cytokine secretion assays

Assays for cytokine secretion were conducted in a coculture system with T cells and tumor cells at an E/T ratio of 4:1 in 96-well flat-bottom microplates containing 200 µl of medium. The supernatants were collected after a 20-hour coculture, and the levels of tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-10, and interleukin (IL)-2 were measured via ELISA kits (BD Biosciences, 550612, 550613, 550610, 550611) according to the manufacturer’s protocols. The presented data represent the means obtained from triplicate wells.




2.6 Flow cytometric analysis

The cells were harvested, washed, and resuspended at a concentration of 1 × 106 cells/ml. The labeled primary antibodies were then introduced into the cell suspension and incubated in darkness at 4°C for 30 min. The purity of the isolated T cells was assessed utilizing a PE-conjugated anti-human CD3 antibody (BioLegend, 300307), and NKG2D expression in the transfected T cells was analyzed using a PE/Cyanine5-conjugated anti-human CD314 (NKG2D) antibody (BioLegend, 320844). APC-anti-MICA (R&D System, FAB1300A), APC-anti-MICB (R&D System, FAB1599A), APC-anti-ULBP1 (R&D System, FAB1380A), APC-anti-ULBP2/5/6 (R&D System, FAB1298A), APC-anti-ULBP3 (R&D System, FAB1517A), and APC-anti-ULBP4 (R&D System, FAB6285A) were utilized to analyze NKG2DL expression on the surface of ESCC cells. As controls, matched isotype antibodies were employed in each analysis. For irradiated tumor cells, dead cells were excluded from the analysis of NKG2DL expression. Flow cytometry analysis was executed on the BD FACS Calibur+Sort platform. The data analysis was carried out with FlowJo software.




2.7 Quantitative real-time PCR

Total RNA was extracted from ESCC cell lines using RNA Fast 2000 (Fastagen), and its concentration was quantified using a NanoDrop spectrophotometer. Samples with A260/A280 ratios between 1.8 and 2.2 and A260/A230 ratios between 2.0 and 2.5 were deemed pure. The minimum RNA concentration for downstream analysis was 50 ng/µl. RNA was stored at -80°C until use. An Evo M-MLV RT Premix for qPCR Kit (Accurate Biotechnology, AG11706) was used to perform reverse transcription. The synthesized cDNA was stored at -20°C for short-term use or -80°C for long-term preservation. Quantitative real-time PCR was conducted in triplicate to evaluate gene expression using SYBR Green from Accurate Biotechnology. The following primers were used.

	MICA: forward 5’-AGGGTTTCTTGCTGAGGTACA-3’,

	reverse 5’-GGTCTCTCTGTCCCATGTCTTA-3’,

	MICB: forward 5’-TCTTCGTTACAACCTCATGGTG-3’,

	reverse 5’-TCCCAGGTCTTAGCTCCCAG-3’,

	ULBP1: forward 5’-TAAGTCCAGACCTGAACCACA-3’,

	reverse 5’-TCCACCACGTCTCTTAGTGTT-3’,

	ULBP2: forward 5’-GTGGTGGACATACTTACAGAGC-3’,

	reverse 5’-CTGCCCATCGAAACTGAACTG-3’,

	ULBP3: forward 5’-TCTATGGGTCACCTAGAAGAGC-3’,

	reverse 5’-TCCACTGGGTGTGAAATCCTC-3’,

	ULBP4: forward 5’-GCACTTGGGGAGAATTGACCC-3’,

	reverse 5’-ACATCTCGACTTGCAGAGTGG-3’.

	Human GAPDH was used as a reference gene:

	forward 5’- GGACCTGACCTGCCGTCTAG-3’,

	reverse 5’- GTAGCCCAGGATGCCCTTGA-3’.



The conditions were as follows: 1 cycle at 95°C for 30 s and 40 cycles at 95°C for 5 s and 60°C for 30 s. All the results were normalized to those of GAPDH and calculated via the ▵▵Ct method for relative quantification.




2.8 Xenograft model of ESCC

Four- to five-week-old NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt (NCG) female mice were purchased from Gempharmatech Co. Ltd. The mice were kept in a controlled specific pathogen-free (SPF) facility with regulated temperature, humidity, and lighting. A total of thirty-eight mice were used in this study. To establish a human ESCC xenograft model, fLuc-expressing Eca109 tumor cells were subcutaneously inoculated into the flanks of NCG mice on day 0 (5 × 106 cells per injection per mouse). The mice were randomly assigned to different groups via a randomization table to minimize potential bias. The growth of the tumors and the health of the mice were monitored continuously. Primary human T cells were amplified in vitro for two weeks, and then administered to mice via the tail vein on days 7 and 14 after tumor implantation (1x107 cells/100 µl per injection per mouse). Bioluminescence signals were measured approximately every ten days. In the combined treatment groups, the mice were exposed to 8 Gy of additional radiation (X-Rad225 OptiMAX, PXi), and the rest of the body was shielded with a 3 mm thick lead plate. In the short-term observation cohort, euthanasia was performed and tumors, peripheral blood, and other organs were collected five days after T cell infusion. The long-term monitoring cohort were euthanized when tumors reached a predefined endpoint or on day 62 post-tumor implantation, whichever occurred first. Part of the tumor tissue was used for immunohistochemical staining, and the other part was used to extract proteins for multiple cytokine evaluation using Luminex liquid suspension chip detection (Wayen Biotechnologies, China). All mice were euthanized by intraperitoneal injection of pentobarbital sodium (150–200 mg/kg) following the designated time points for each group. All animal procedures received approval from the Animal Care and Use Committee of Shandong University and were carried out according to the Guidelines for Animal Health and Use (Ministry of Science and Technology, China, 2006).




2.9 Bioluminescence imaging

Tumor growth was monitored through bioluminescence imaging with a Xenogen IVIS imaging system (IVIS Spectrum, PerkinElmer). After subcutaneous tumor formation, the mice bearing fLuc-expressing Eca109 tumors were anesthetized with 2.5% avertin by intraperitoneal injection (15 ml/kg) followed by and intraperitoneally injected with IVISbrite D-Luciferin potassium salt bioluminescent substrate (PerkinElmer, 122799) suspended in PBS (15 mg/ml stock solution, 10 µl/g mouse body weight), and fluorescence imaging was performed 10 min later. Pseudocolor images representing light intensity were generated from living images.




2.10 Immunohistochemistry analysis

The tissue samples were embedded in paraffin, sectioned at 4 μm, deparaffinized, and rehydrated, followed by antigen retrieval. This was followed by peroxidase blocking with H2O2 (3%) for 20 min and a 1-hour blocking step using 10% serum from the same species as the source of the secondary antibody. CD3 recombinant rabbit monoclonal antibody (HUABIO, HA720082) was subsequently applied to the sections at 4°C overnight at a dilution ratio of 1:100. The sections were then incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody. DAB (ZSGB-Bio) was used for immunohistochemical staining, and hematoxylin was used for counterstaining. The distributions of human T cells in mouse tumors and in the heart, lung, stomach, liver, spleen, pancreas, and kidney were observed.




2.11 Statistical analysis

The in vitro experiments were repeated at least three times. Statistical analysis was performed via GraphPad Prism 8.0, and the data are presented as the means and standard deviations (SDs). Two-tailed Student’s t tests were used to evaluate the significant differences between two groups. When there were three or more groups, significant differences were determined via one-way ANOVA and Sidak correction. The Kaplan–Meier method was utilized for survival analysis, while differences in survival time were determined by the log-rank test. Statistical significance was defined as * P < 0.05, ** P < 0.01, and *** P < 0.001.





3 Results



3.1 NKG2DLs are widely expressed in ESCC cells and increased by irradiation

To investigate the expression levels of NKG2DLs in human ESCC, we conducted flow cytometry analyses on five ESCC cell lines utilizing antibodies recognizing MICA, MICB, ULBP-1, ULBP-2/5/6, ULBP-3, or ULBP-4. As expected, we observed varying levels of NKG2DL expression on the surface of all the ESCC cell lines, ranging from high to moderate, across the six NKG2DL family members (Figure 1A). All the ESCC cell lines expressed moderate to low levels of MICA/B, and only Kyse150 cells presented very low levels of MICA. The levels of ULBPs expression in ESCC cell lines were heterogeneous. ULBP1 and ULBP 2/5/6 were highly expressed in most ESCC cell lines, whereas ULBP-3 and ULBP-4 were more often expressed at moderate-to-low levels. NKG2DLs appear to be widely expressed in ESCC cells, and only a few ligands in individual cell lines are expressed at relatively low levels.
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Figure 1 | Expression of NKG2D ligands in ESCC cell lines. (A) A panel of human ESCC cell lines (Eca109, Kyse140, Kyse150, Kyse510, and TE-1) were stained with specific antibodies recognizing MICA, MICB, ULBP-1, ULBP-2/5/6, ULBP-3, or ULBP-4 (solid line histogram) or matched isotype antibodies (dashed line histogram) for flow cytometry. Specific fluorescence indices (SFIs) were calculated by dividing the median fluorescence obtained with the specific antibody by the median fluorescence obtained with the isotype control antibody. (B, C) Eca109, Kyse140, Kyse150, Kyse510, and TE-1 cell lines were exposed to 0, 2, 4 and 8 Gy irradiation, respectively. Transcripts (MICA, MICB, ULBP1, ULBP2, ULBP3 and ULBP4) were determined by qRT-PCR 24 h after irradiation. The NKG2DL protein levels on the cell surface were measured via flow cytometry 48 h after irradiation. *P < 0.05, **P < 0.01, ***P < 0.001.



Next, we evaluated the potential effects of irradiation on NKG2DL expression in ESCC cell lines. Eca109, Kyse140, Kyse150, Kyse510, and TE-1 cell lines were exposed to different doses of irradiation (0, 2, 4, or 8 Gy). Transcripts of MICA, MICB, ULBP1, ULBP2, ULBP3, and ULBP4 were assessed via qRT-PCR, and surface protein levels were determined via flow cytometry (Figure 1B). All five ESCC cell lines showed high sensitivity to radiation, with the mRNA level of NKG2DLs significantly increased in irradiated tumor cells compared with unirradiated cells 24 h after irradiation, and surface protein levels were upregulated approximately 48 h after irradiation (Figure 1C). A clinically relevant single dose within the 2–4 Gy range was adequate for the induction of NKG2DL expression.




3.2 NKG2D CAR-T cells efficiently recognize and lyse ESCC cell lines in vitro

The widely expression of NKG2DLs in ESCC cells supports the use of NKG2D CAR-T cells as a potential therapy for ESCC. NKG2D CARs were developed, consisting of an extracellular domain (ECD) of the human NKG2D receptor linked to a CD8α hinge and transmembrane region, followed by an intracellular 4-1BB costimulatory domain and a CD3ζ signaling motif (NKG2D-BBz). The GFP sequence was incorporated into bicistronic expression vectors to confirm and detect CAR transduction in T cells. A similar CD19-specific CAR using an anti-CD19 scFv was designed as an antigen-specific control (CD19-BBz) for the assays (Figure 2A).
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Figure 2 | Recognition and lysis of ESCC cells by NKG2D CAR-T cells in vitro. (A) Schematic illustration of the construct for NKG2D-BBz CAR and CD19-BBz CAR. (B) The transduction efficiency of NKG2D CAR and CD19 CAR were analyzed by flow cytometry on day7 and day14 after transduction. The NKG2D CAR-T cells are enriched over time. (C) The endogenous NKG2D expression on NKG2D CAR-T, CD19 CAR-T and UNT cells were stained with anti-NKG2D antibodies and analyzed by flow cytometry. (D) Experimental design diagram of evaluating the cytotoxicity and recognition ability of T cells to ESCC cells in vitro. (E) NKG2D CAR-T, CD19 CAR-T and UNT cells were cocultured with the Eca109, Kyse140, Kyse150, Kyse510, and TE-1 cell lines respectively, at varying E:T ratios for 20 hours. Cell killing was determined by a standard bioluminescence cytotoxic assay. *P < 0.05, **P < 0.01, ***P < 0.001. (F) NKG2D CAR-T, CD19 CAR-T and UNT cells were preincubated with NKG2D-blocking antibodies (3 µl or 6 µl) or isotype control antibodies 2 hours before cocultured with ESCC cells at an E:T ratio of 4:1. Cell killing was determined as described above. ***, P < 0.001. (G) Cytokines (TNF-α, IL-10, IL-2 and IFN-γ) in the supernatant of the coculture system were detected by ELISA. NKG2D CAR-T, CD19 CAR-T and UNT cells were cocultured with Eca109, Kyse140, Kyse150, Kyse510, and TE-1 cell lines at an E:T ratio of 4:1. NKG2D-blocking antibodies were introduced into the NKG2D CAR-T cells coculture system as a control. T cells alone (no target) were used as a blank control. ***, P < 0.001.



T cells were activated utilizing beads coated with anti-CD3/CD28 antibodies and subsequently transduced with lentiviruses encoding NKG2D-BBz and CD19-BBz. Flow cytometry was conducted to evaluate CAR expression on days 7 and 14 post transduction. The percentage of T cells positive for the NKG2D CAR and CD19 CARs on day 7 was ~50%, whereas the percentage of NKG2D CAR-positive T cells was highly enriched to ~85% at the end of 14 days expansion (Figure 2B), which is consistent with a previous report that NKG2DLs expressed on activated T cells mediate fratricide but enrich for NKG2D CAR-T cells (12). In addition, we detected endogenous NKG2D expression on NKG2D CAR-T, CD19 CAR-T, and untransduced T (UNT) cells (Figure 2C), in accordance with the activation-induced upregulation of endogenous NKG2D known to occur in human T lymphocytes (25).

In vitro, we evaluated the cytotoxic capacity of T cells against ESCC cells via a cell-based bioluminescence assay (Figure 2D). Compared with CD19 CAR-T and UNT cells, NKG2D CAR-T cells efficiently lysed all ESCC cells in a dose-dependent manner. The cytotoxicity of NKG2D CAR-T cells increased with increasing E:T ratios. At an E:T ratio of 1:1, NKG2D CAR-T cells displayed a cytotoxicity of approximately 40% toward the Eca109, Kyse510, and TE-1 cell lines. The cytotoxicity increased to over 80% as the E:T ratio reached 4:1. Kyse140 and Kyse150 cells were less sensitive to NKG2D CAR-T cells owing to lower expression of NKG2DLs (Figure 2E). When we introduced NKG2D-blocking antibodies into the coculture system, NKG2D CAR-T cells failed to induce specific lysis of ESCC cells, with cytotoxicity reduced to baseline levels, suggesting that the cytotoxic effect of engineered T cells was NKG2D construct dependent (Figure 2F).

To further determine the recognition of NKG2DLs on ESCC cells by NKG2D CAR-T cells, the release of cytokines in the coculture medium was assessed via ELISAs (Figure 2D). NKG2D CAR-T cells specifically recognized NKG2DL-positive ESCC cells and secreted high levels of TNF-α, IFN-γ, IL-10, and IL-2 in overnight cocultures, while no response was observed in the absence of target tumor cells (Figure 2G). The level of cytokine response generally tends to be associated with the level of NKG2DL expression on the target cell surface. CD19 CAR-T and UNT cells did not secrete cytokines in response to any ESCC cells (Figure 2G). When introducing NKG2D blocking antibody to the co-culture system, the cytokines release by NKG2D CAR-T cells reduced to background levels, further verifying that the immunological effects exerted by NKG2D CAR-T cells can therefore be attributed specifically to NKG2D signaling and NKG2DLs interaction.




3.3 Radiation enhances the activity of NKG2D CAR-T cells against ESCC cells in vitro

On the basis of the experimental results described above, we explored the effects of irradiation on the activity of NKG2D CAR-T cells in an in vitro coculture system. Kyse140 cells, as target cells, were pretreated with 0, 2, 4, or 8 Gy irradiation 48 h before cocultured with different T cells at E:T ratios of 8:1, 4:1, 2:1, or 1:1. Cell viability was measured via a bioluminescence assay, and preirradiated tumor cells were used as controls to eliminate background cell death induced by radiation (Figure 3A). Compared with nonirradiated cells, NKG2D CAR-T cells exerted greater cytotoxic effects toward preirradiated Kyse140 cells, and the cytotoxicity also increased with increasing E:T ratios (Figure 3B). As well, enhanced cytolytic activity of NKG2D CAR-T cells was observed toward preirradiated Eca109, Kyse150, Kyse510 and TE-1 cells under a given E:T ratio of 1:1 (Figure 3C). A single fraction of 2 Gy irradiation was sufficient to enhance the in vitro cytotoxicity of NKG2D CAR-T cells toward ESCC cells, while 8 Gy irradiation induced higher susceptibility of ESCC cells to NKG2D CAR-T cells attack compared to 2–4 Gy irradiation. The increase of cytolytic activity with increasing radiation dose was observed only in NKG2D CAR-T cells but not in CD19 CAR-T and UNT cells (Figures 3B, C).
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Figure 3 | Characterization of NKG2D CAR-T cells toward preirradiated ESCC cells in vitro. (A) Experimental design diagram of evaluating the activity of NKG2D CAR-T cells against preirradiated ESCC cells in vitro. (B) The cytotoxicity of NKG2D CAR-T, CD19 CAR-T and UNT cells against preirradiated Kyse140 cells at different E:T ratios were measured by bioluminescence assays. Kyse140 cells were preirradiated with 2, 4, 8 Gy or not 48 hours before cocultured with T cells. (C) The cytotoxicity of NKG2D CAR-T, CD19 CAR-T and UNT cells against preirradiated Eca109, Kyse150, Kyse510 and TE-1 cells at a given E:T ratio of 1:1 was measured by bioluminescence assay. *P < 0.05, **P < 0.01, ***P < 0.001. (D) The levels of perforin and granzyme B in the supernatant of the coculture system described above were detected by ELISA. *P < 0.05, **P < 0.01, ***P < 0.001.



The specific cytotoxicity of T cells is often indicated by their release of perforin and granzyme B when targeting tumor cells. Accordingly, we measured their concentrations in the supernatant of our coculture system by ELISAs (Figure 3A). The perforin and granzyme B concentrations in the NKG2D CAR-T coculture system were elevated following pretreatment of ESCC cells with increasing doses of irradiation, which was in line with increased tumor cell lysis. However, the concentrations of perforin and granzyme B in the supernatants of the CD19 CAR-T and UNT coculture systems did not vary with irradiation pretreatment (Figure 3D). This finding indicated that the increased cell mortality rate was due to the improved cytolytic activity of NKG2D CAR-T cells rather than radiation damage.




3.4 NKG2D CAR-T cells show effective and persistent antitumor activity against a human ESCC xenograft model

We generated a human ESCC xenograft model by subcutaneously injecting Eca109-fLuc cells into NCG mice to evaluate the antitumor effects of NKG2D CAR-T cells in vivo. Four groups of NCG mice were intravenously administered saline, UNT, CD19 CAR-T, or NKG2D CAR-T cells on days 7 and 14 after tumor implantation (Figure 4A). Tumor growth was monitored through bioluminescence imaging at the indicated times. ESCC xenografts grew rapidly in all the mice treated with saline, UNT, or CD19 CAR-T cells, resulting in animal death or euthanasia due to being moribund around day 30. In contrast, tumors treated with NKG2D CAR-T cells progressively decreased and gradually shrank to disappearance, with no tumor recurrence observed until day 62 after tumor implantation, the longest time point monitored in the experiment (Figures 4B–D). Additionally, the animals treated with NKG2D CAR-T cells showed no significant body weight loss or other xenogeneic graft-versus-host disease (x-GVHD) symptoms compared with those in the CD19 CAR-T, UNT cells and saline-treated groups (Figure 4E).
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Figure 4 | Effects of NKG2D CAR-T cells in a human ESCC Eca109 xenograft model. (A) The experimental outline of the animal study. Four groups of NCG mice (n=5) received a subcutaneous inoculation of 5x106 Eca109-fLuc cells (day 0) followed by two intravenous injections of saline, UNT, CD19 CAR-T cells or NKG2D CAR-T cells on days 7 and 14 (1x107 cells/100 µl per injection per mouse). (B) Images of the tumor burden by bioluminescence imaging from day 7 to day 62 after tumor implantation. (C) Growth curve of Eca109-fLuc xenografts treated as described above. (D) The survival of mice was monitored up to day 62 after tumor implantation and analyzed via the Kaplan–Meier method. Statistical analysis of survival between groups was performed via the log-rank test, ***P < 0.001. (E) Body weight changes were monitored every three days over the course of survival. (F) Representative images of HE (hematoxylin and eosin) staining of tumors and major organs (heart, lung, stomach, liver, spleen, pancreas and kidney) from NCG mice treated with UNT, CD19 CAR-T or NKG2D CAR-T cells. Tumors and major organs were collected for immunohistochemical analysis 5 days after T cells infusion. Formalin-fixed, paraffin-embedded tumor sections were cut and stained for human CD3 expression (brown); scale bar=50 μm. (G) The cytokine levels of IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, TNF-α, IFN-γ and GM-CSF in the circulation of NCG mice after T cells administration. The peripheral blood of NCG mice was harvested 5 days after the second T cell infusion for Luminex liquid suspension chip detection. *P < 0.05, **P < 0.01, ***P < 0.001.



In addition, we collected xenograft tumors and major organs from the three groups of T cell-treated mice to evaluate the accumulation and persistence of human T cells in vivo. Immunohistochemical analysis was performed using an anti-CD3ζ antibody. Abundant human T cells were found in the xenografts of mice treated with NKG2D CAR-T cells, whereas only a few T cells were detected in those treated with UNT or CD19 CAR-T cells (Figure 4F). No human T cells or organic lesions were detected in the major organs of any of the three groups. The results illustrated the safety of NKG2D CAR-T cells therapy as well as the preferential localization and persistence of NKG2D CAR-T cells in ESCC xenografts.

The peripheral blood of the mice was harvested 5 days after the second T cell infusion to assess the levels of 10 cytokines, including IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-13, TNF-α, IFN-γ, and GM-CSF. The results revealed significantly higher cytokine levels in the circulation of NKG2D CAR-T cells treated mice than in that of UNT or CD19 CAR-T cells treated mice, suggesting the specific immunological activity of NKG2D CAR-T cells toward Eca109 xenografts in vivo (Figure 4G). These results demonstrate that NKG2D CAR-T cells specifically homed to and accumulated in ESCC tumors and exerted efficient immunological activity correlating with tumor regression.




3.5 Preconditioning with irradiation enhances the efficacy of NKG2D CAR-T cells in treating ESCC xenograft models

Based on the in vitro experimental results that irradiation enhanced the function of NKG2D CAR-T cells against ESCC cells, we established the same ESCC subcutaneous xenograft model as above to evaluate the potential of combined treatment with radiotherapy and NKG2D CAR-T cells for ESCC in vivo. NCG mice were treated with two infusions of UNT or NKG2D CAR-T cells, either alone or in combination with local irradiation. The mice in the combination treatment group were preconditioned with a single dose of 8 Gy irradiation 12 h prior to T cells administration (Figure 5A). Local radiotherapy combined with UNT cells had no obvious effect on tumor regression or survival duration of mice, while radiotherapy combined with NKG2D CAR-T cells showed a potential trend toward accelerated tumor shrinkage compared to CAR-T monotherapy (Figures 5B, C), though further validation in larger cohorts is required. However, it is regrettable that we did not observe a difference in overall survival between the two NKG2D CAR-T cells treated groups, as all the mice were cured with either CAR-T cells alone or the combination treatment (Figure 5D). Long-term observation or rechallenge with live tumor cells for memory responses may highlight more notable benefits of the combined therapy. There were no noticeable differences in body weight or relevant symptoms among the four groups of mice. (Figure 5E). To some extent, these results indicate that local radiotherapy has the potential to enhance the antitumor function of NKG2D CAR-T cells against ESCC xenografts in vivo without raising additional toxicity.
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Figure 5 | Combination of radiotherapy and NKG2D CAR-T cells in a human ESCC Eca109 xenograft model. (A) The experimental outline of the animal study for combined therapy. Four groups of Eca109 tumor-bearing NCG mice (n=3) were treated intravenously with UNT or NKG2D CAR-T cells on days 7 and 14 after tumor implantation (1x107 cells/100 µl per injection per mouse). A single local irradiation of 8 Gy was performed 12 hours prior to T cells administration in the combination treatment group. (B) Images of the tumor burden by bioluminescent imaging from day 7 to day 57 after tumor implantation. (C) Growth curve of Eca109-fLuc xenografts treated as described above. (D) The survival of mice was monitored up to day 57 after tumor implantation and analyzed via the Kaplan–Meier method. Statistical analysis of survival between groups was performed via the log-rank test, ***P < 0.001. (E) Body weight changes were monitored every three days over the course of survival.






3.6 Local radiotherapy alters the TME and promotes the migration of NKG2D CAR-T cells into tumor sites

In addition to the upregulated expression of NKG2DLs in tumor cells, the influence of irradiation on the tumor microenvironment (TME) may also account for the enhanced effects of NKG2D CAR-T cells on ESCC xenografts. Therefore, we established a bilateral Eca109 xenograft model in hu-PBMC NCG mice. NKG2D CAR-T cells were injected intravenously on day 7 after matching tumor implantation in both flanks. The tumor on the left side received local irradiation of 8 Gy 12 hours before T cells injection, whereas the tumor on the right side received no irradiation to serve as a control (Figure 6A). Bioluminescence imaging revealed that preirradiated tumors on the left side were significantly inhibited after NKG2D CAR-T cells administration compared with contralateral tumors in the same mice (Figures 6B, C).
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Figure 6 | The role of local radiotherapy for TME alteration and NKG2D CAR-T cells infiltration into tumor sites in a bilateral ESCC xenografts model. (A) The experimental outline of the bilateral ESCC xenografts study. Hu-PBMC NCG mice (n=6) were subcutaneously injected with 5x106 Eca109-fLuc cells on both flanks to establish a bilateral ESCC xenografts model. Local radiotherapy with a single dose of 8 Gy was performed toward xenografts on the left side 12 hours before T cells injection, while xenografts on the right side received no additional treatment. NKG2D CAR-T cells were injected intravenously on day 7 after the bilateral tumor implantation (1x107 cells/100 µl per injection per mouse). (B) Images of the tumor burden by bioluminescence imaging from day 7 to day 21 after tumor implantation. (C) Growth curve of Eca109-fLuc xenografts on both sides of mice treated as described above. (D) The multiple cytokine levels in the bilateral tumor tissue of NCG mice treated with NKG2D CAR-T cells combined with irradiation or not, tumors without any treatment were used as control. Bilateral xenografts were harvested 5 days after T cells infusion, proteins in the tumor tissue were extracted, and cytokines were evaluated by Luminex liquid suspension chip detection. *P < 0.05, **P < 0.01, ***P < 0.001. (E) Representative images of immunohistochemical staining of the bilateral tumors treated with NKG2D CAR-T cells combined with irradiation or not. Xenografts were collected from NCG mice 5 days after T cells infusion. Formalin-fixed, paraffin-embedded tumor sections were cut and stained for human CD3 expression (brown); scale bar = 50 μm.



We then collected bilateral xenografts for Luminex liquid suspension chip detection to verify the changes in cytokines and chemokines at the irradiated tumor sites. The results revealed that irradiation increased the levels of chemokines involved in the migration of T cells (e.g., CXCL10, CCL2, CCL3, and CCL5) but decreased the levels of proangiogenic factors (e.g., VEGF and basic FGF), which facilitate T cells infiltration into the tumor bed (Figure 6D). In addition, local radiotherapy resulted in inflammatory TME remodeling with increased levels of proinflammatory factors (e.g., IL-2, IL-6, IL-9, IL-15, IL-17, IFN-γ, G-CSF, and G-CMSF), although the difference was not significant (Figure 6D). Furthermore, immunohistochemical analysis revealed preferential T cells infiltration in preirradiated tumor tissues (Figure 6E). These results demonstrated the role of local irradiation in promoting the migration of NKG2D CAR-T cells to tumor sites. Collectively, a single local irradiation with 8 Gy was sufficient to enhance the antitumor effects of NKG2D CAR-T cells against ESCC xenografts, by effect of upregulating NKG2DL expression on the surface of tumor cells, as well as altering the TME, thereby promoting the migration and infiltration of NKG2D CAR-T cells into tumor sites.





4 Discussion

CAR-T cells therapy has shown remarkable therapeutic efficacy for hematological malignancies; however, challenges remain for its application in solid tumors. The challenges that need to be addressed include the high heterogeneity of solid tumor cells, paucity of targeted antigens, restricted migration and persistence of T cells at the tumor site, immunosuppressive TME, on-target off-tumor toxicity, and integration with conventional anticancer treatments (26). To date, the exploration of CAR-T cells therapy in esophageal cancer has been limited, with only EphA2, HER2, MUC1, and CD276 being identified as potential therapeutic targets in preclinical studies.

Several advantages have been demonstrated for NKG2D CAR compared with other classical CARs. First, NKG2D CAR-T cells can target multiple ligands expressed on tumor cells and are thus beneficial for overcoming the antigen escape of traditional CAR T cells that target only a single antigen. Additionally, NKG2DLs are detected not only in tumor cells but also in regulatory T cells, myeloid cells, and endothelial cells in the TME (27). Several preclinical studies have demonstrated the potential of NKG2D CAR-engineered T cells or NK cells to recruit and boost endogenous anti-tumor immune cells, prevent tumor neovasculature, and target myeloid-derived suppressor cells or regulatory T cells, thereby ameliorating the inhibitive TME (28–32).

In this study, we first demonstrated that NKG2D CAR-T cells were able to specifically recognize and kill NKG2DL-expressing ESCC cell lines in vitro, and the immunological response was dose-dependent and NKG2D signal-dependent. We then verified the therapeutic efficacy, as well as the accumulation and persistence of NKG2D CAR-T cells in a human ESCC xenograft model. Furthermore, we revealed an enhanced cytotoxic effect of NKG2D CAR-T cells on preirradiated ESCC cells both in vitro and in vivo, in view of increased NKG2DLs expression and altered TME upon irradiation. While no advantage in overall survival was observed during the limited follow-up period, the accelerated tumor shrinkage in mice treated with the combined therapy presents an opportunity for further study to investigate and demonstrate more notable effects of combining radiotherapy with NKG2D CAR-T cells for ESCC.

The combination of CAR-T cells therapy with other treatments has revealed promising prospects for enhancing the efficacy of cancer therapies (33). Radiation can provoke a systemic immune response and reprogram the TME from immunosuppressive “cold” to immune-inflamed “hot” (34). Radiation can also increase antigen-presenting cell (APC) activation, human leukocyte antigen (HLA), and target antigen display on tumors to improve tumor recognition (35). Many studies have characterized the reprogrammed TME and improved tumor recognition induced by radiotherapy to support the potential of radiotherapy to synergize with CAR-T cells therapy (36, 37). Here, we clarified the effect of local radiotherapy combined with NKG2D CAR-T cells in a bilateral ESCC xenograft model, as demonstrated by increased chemokine levels and more T cells infiltration in preirradiated xenografts, and consequently enhanced anti-tumor efficiency.

Several advantages of the combination strategy are considered. First, pretreatment of tumors with local radiotherapy leads to increased NKG2DL exposure, an altered TME, preferable T cells infiltration at tumor sites, and consequently better tumor control caused by NKG2D CAR-T cells, while yielding a very low radiotoxicity burden. Besides, NKG2D CAR-T cells treatment could have a potential role in eradicating minimal residual disease and micrometastatic disease in ESCC patients, as CAR-T cells can survive and generate a population of long-lived central memory T cells for long-term immunological surveillance (38). Scientists have been making efforts to increase CAR-T cells expansion and memory-like cell formation, reduce exhaustion, and support the persistence of CAR-T cells in vivo, aiming to improve the outcomes of CAR-T cells therapy (39–42). In addition, as the expression of NKG2DLs can be induced by many pathways, NKG2D CAR-T cells have been investigated in combination with various reagents, such as histone deacetylase inhibitors, Dickkopf-1 inhibitors, or chemotherapeutic agents, for synergistic and superior antitumor effects (10, 12, 43). This poses a potential risk of on-target, off-tumor toxicity, since systemically administered reagents may also increase NKG2DL expression in healthy tissues. However, local radiotherapy combined with NKG2D CAR-T cells would not raise this type of risk, as the effect of radiation is restricted to the target tumor region. Nevertheless, more mechanistic explorations are needed to understand and guide how the combined treatment will best work, such as the appropriate dose or fractionation scheme of radiotherapy and the best schedules for radiotherapy and CAR-T cells administration, which will enable the design of more effective combinations of radiation and NKG2D CAR-T cells (44).

There are several limitations of our study to be considered. First, while our findings demonstrate the efficacy of NKG2D CAR T cells across three distinct preclinical models, independent repetition of the in vivo studies should be conducted to further validate the robustness of these results, which is vital for drawing rigorous conclusions; and long-term observation or rechallenge with live tumor cells are needed for further study to highlight OS difference between therapy of NKG2D CAR T with or without radiotherapy. Second, the use of NCG and Hu-PBMC NCG mouse model restricts our ability to comprehensively assess the impact of radiotherapy on the tumor microenvironment, as these mice do not harbor the complete repertoire of immune cells that contribute to immunosuppression. Third, local radiotherapy in the bilateral ESCC xenografts model did not elicit systemic abscopal effects on non-irradiated tumors, likely due to the absence of fully functional immune system, and the suboptimal radiation dosing (8 Gy single fraction) or inherent radioresistance in the ESCC. Finally, the immunomodulatory effects of radiotherapy on the TME are complicated, and highly dependent on dose fractionation regimens and tumor immunogenicity; while our demonstration of TME alteration was limited, focusing mainly on cytokines and T cells infiltration. Future work should employ spatial transcriptomics and multiplex IHC to map the stromal-immune crosstalk, in order to enhancing our insights into radioimmunotherapy.

NKG2D CAR-T cell therapy represents a promising immunotherapeutic approach for cancer treatment, demonstrating notable clinical efficacy in early-phase trials (45). Recent research has revealed the potential of NKG2D CAR-T cells in eliminating senescent cells, which often accumulate in the TME and contribute to tumor progression (46, 47). This novel finding adds a unique dimension to the therapeutic mechanism of NKG2D CAR-T cells. The future of NKG2D CAR-T therapies also presents several challenges that need to be addressed. One critical concern is the potential for “fratricide,” where NKG2D CAR-T cells may attack one another due to low-level expression of NKG2DLs on activated T cells. Researchers have explored solutions like PI3K inhibitors, blocking antibodies or adaptor-based structure to control fratricide and enhance the stability and persistence of CAR-T cells in culture (48). Another challenge is the risk of immune evasion caused by the shedding of soluble NKG2DLs, which can block NKG2D-mediated immune activation. Strategies such as antibody-mediated inhibition of proteolytic enzymes, or agents that upregulate NKG2DLs expression such as HDAC inhibitors or proteasome inhibitors, have shown potential in preclinical models (4, 5). Furthermore, NKG2D CAR engineered NK cells offer a compelling alternative with lower risk of CRS and neurotoxicity compared to T cell-based platforms. Advances in cellular engineering, precision CAR design, NKG2DLs signal enhancement, and synergistic combinations will be critical to maximizing the therapeutic potential of NKG2D CAR-T or CAR-NK cells across solid and hematologic malignancies.




5 Conclusion

Taken together, this study clarified the therapeutic potential of NKG2D CAR-T cells in preclinical ESCC models, and demonstrated the role of local radiotherapy in improving the effectiveness of NKG2D CAR-T cells therapy. Our findings suggest that NKG2D CAR-T cells in combination with radiotherapy offer a potentially curative therapeutic approach for ESCC patients, especially those who are unable to undergo resection or full-dose radiotherapy.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by the Ethics Committee of Qilu Hospital, Shandong University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the Animal Care and Use Committee of Shandong University. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

TL: Conceptualization, Formal Analysis, Methodology, Writing – original draft, Writing – review & editing. LF: Conceptualization, Formal Analysis, Methodology, Writing – original draft, Writing – review & editing. WH: Methodology, Writing – review & editing. PC: Methodology, Writing – review & editing. YL: Methodology, Writing – review & editing. SW: Formal Analysis, Writing – review & editing. KG: Formal Analysis, Writing – review & editing. YC: Funding acquisition, Supervision, Writing – review & editing. YH: Conceptualization, Funding acquisition, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by the National Youth Natural Science Foundation of China (81902919) and the Fundamental Research Funds for the Central Universities (2022JC010).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/caac.21660

2. Shah, MA, Altorki, N, Patel, P, Harrison, S, Bass, A, and Abrams, JA. Improving outcomes in patients with esophageal cancer. Nat Rev Clin Oncol. (2023) 20:390–407. doi: 10.1038/s41571-023-00757-y

3. Obermannová, R, Alsina, M, Cervantes, A, Leong, T, Lordick, F, Nilsson, M, et al. esophageal cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann Oncol. (2022) 33:992–1004. doi: 10.1016/j.annonc.2022.07.003

4. Dhar, P, and Wu, JD. NKG2D and its ligands in cancer. Curr Opin Immunol. (2018) 51):55–61. doi: 10.1016/j.coi.2018.02.004

5. Fuertes, MB, Domaica, CI, and Zwirner, NW. Leveraging NKG2D ligands in immuno-oncology. Front Immunol. (2021) 12:713158. doi: 10.3389/fimmu.2021.713158

6. Zhang, T, Lemoi, BA, and Sentman, CL. Chimeric NK-receptor-bearing T cells mediate antitumor immunotherapy. Blood. (2005) 106:1544–51. doi: 10.1182/blood-2004-11-4365

7. Driouk, L, Gicobi, JK, Kamihara, Y, Rutherford, K, Dranoff, G, Ritz, J, et al. Chimeric antigen receptor T cells targeting NKG2D-ligands show robust efficacy against acute myeloid leukemia and T-cell acute lymphoblastic leukemia. Front Immunol. (2020) 11:580328. doi: 10.3389/fimmu.2020.580328

8. Sun, B, Yang, D, Dai, H, Liu, X, Jia, R, Cui, X, et al. Eradication of hepatocellular carcinoma by NKG2D-based CAR-T cells. Cancer Immunol Res. (2019) 7:1813–23. doi: 10.1158/2326-6066.CIR-19-0026

9. Tao, K, He, M, Tao, F, Xu, G, Ye, M, Zheng, Y, et al. Development of NKG2D-based chimeric antigen receptor-T cells for gastric cancer treatment. Cancer Chemoth Pharm. (2018) 82:815–27. doi: 10.1007/s00280-018-3670-0

10. Zhang, Y, Liang, K, Zhou, X, Zhang, X, Xu, H, Dai, H, et al. Combination therapy of DKK1 inhibition and NKG2D chimeric antigen receptor T cells for the treatment of gastric cancer. Cancer Sci. (2023) 114:2798–809. doi: 10.1111/cas.v114.7

11. Deng, X, Gao, F, Li, N, Li, Q, Zhou, Y, Yang, T, et al. Antitumor activity of NKG2D CAR-T cells against human colorectal cancer cells in vitro and in vivo. Am J Cancer Res. (2019) 9:945–58.

12. Song, DG, Ye, Q, Santoro, S, Fang, C, Best, A, and Powell, DJ. Chimeric NKG2D CAR-expressing T cell-mediated attack of human ovarian cancer is enhanced by histone deacetylase inhibition. Hum Gene Ther. (2013) 24:295–305. doi: 10.1089/hum.2012.143

13. Han, Y, Xie, W, Song, DG, and Powell, DJ. Control of triple-negative breast cancer using ex vivo self-enriched, costimulated NKG2D CAR T cells. J Hematol Oncol. (2018) 11:92. doi: 10.1186/s13045-018-0635-z

14. Yang, D, Sun, B, Dai, H, Li, W, Shi, L, Zhang, P, et al. T cells expressing NKG2D chimeric antigen receptors efficiently eliminate glioblastoma and cancer stem cells. J Immunother Cancer. (2019) 7:171. doi: 10.1186/s40425-019-0642-9

15. Fernandez, L, Metais, JY, Escudero, A, Vela, M, Valentin, J, Vallcorba, I, et al. Memory T cells expressing an NKG2D-CAR efficiently target osteosarcoma cells. Clin Cancer Res. (2017) 23:5824–35. doi: 10.1158/1078-0432.CCR-17-0075

16. He, C, Zhou, Y, Li, Z, Farooq, MA, Ajmal, I, Zhang, H, et al. Co-expression of IL-7 improves NKG2D-based CAR T cell therapy on prostate cancer by enhancing the expansion and inhibiting the apoptosis and exhaustion. Cancers. (2020) 12:1969. doi: 10.3390/cancers12071969

17. Gao, Y, Lin, H, Guo, D, Cheng, S, Zhou, Y, Zhang, L, et al. Suppression of 4.1R enhances the potency of NKG2D-CAR T cells against pancreatic carcinoma via activating ERK signaling pathway. Oncogenesis. (2021) 10:62. doi: 10.1038/s41389-021-00353-8

18. Curio, S, Jonsson, G, and Marinovic, S. A summary of current NKG2D-based CAR clinical trials. Immunother Adv. (2021) 1:ltab18. doi: 10.1093/immadv/ltab018

19. Lim, KS, Mimura, K, Kua, L, Shiraishi, K, and Kono, K. Implication of highly cytotoxic natural killer cells for esophageal squamous cell carcinoma treatment. J Immuno. (2018) 41:261–73. doi: 10.1097/CJI.0000000000000227

20. Kim, J, Son, Y, Park, S, Bae, J, Chung, JS, Kim, HH, et al. Increase of NKG2D ligands and sensitivity to NK cell-mediated cytotoxicity of tumor cells by heat shock and ionizing radiation. Exp Mol Med. (2006) 38:474–84. doi: 10.1038/emm.2006.56

21. Weiss, T, Weller, M, Guckenberger, M, Sentman, CL, and Roth, P. NKG2D-based CAR T cells and radiotherapy exert synergistic efficacy in glioblastoma. Cancer Res. (2018) 78:1031–43. doi: 10.1158/0008-5472.CAN-17-1788

22. Raulet, DH, Gasser, S, Gowen, BG, Deng, W, and Jung, H. Regulation of ligands for the NKG2D activating receptor. Annu Rev Immunol. (2013) 31:413–41. doi: 10.1146/annurev-immunol-032712-095951

23. Charpentier, M, Spada, S, Van Nest, SJ, and Demaria, S. Radiation therapy-induced remodeling of the tumor immune microenvironment. Semin Cancer Biol. (2022) 86:737–47. doi: 10.1016/j.semcancer.2022.04.003

24. Song, DG, Ye, Q, Poussin, M, Liu, L, Figini, M, and Powell, DJ. A fully human chimeric antigen receptor with potent activity against cancer cells but reduced risk for off-tumor toxicity. Oncotarget. (2015) 6:21533–46. doi: 10.18632/oncotarget.v6i25

25. Verneris, MR, Karimi, M, Baker, J, Jayaswal, A, and Negrin, RS. Role of NKG2D signaling in the cytotoxicity of activated and expanded CD8+ T cells. Blood. (2004) 103:3065–72. doi: 10.1182/blood-2003-06-2125

26. Liu, Z, Zhou, Z, Dang, Q, Xu, H, Lv, J, Li, H, et al. Immunosuppression in tumor immune microenvironment and its optimization from CAR-T cell therapy. Theranostics. (2022) 12:6273–90. doi: 10.7150/thno.76854

27. Lazarova, M, Wels, WS, and Steinle, A. Arming cytotoxic lymphocytes for cancer immunotherapy by means of the NKG2D/NKG2D-ligand system. Expert Opin Biol Th. (2020) 20:1491–501. doi: 10.1080/14712598.2020.1803273

28. Spear, P, Barber, A, Rynda-Apple, A, and Sentman, CL. Chimeric antigen receptor T cells shape myeloid cell function within the tumor microenvironment through IFN-gamma and GM-CSF. J Immunol. (2012) 188:6389–98. doi: 10.4049/jimmunol.1103019

29. Zhang, T, and Sentman, CL. Mouse tumor vasculature expresses NKG2D ligands and can be targeted by chimeric NKG2D-modified T cells. J Immuno. (2013) 190:2455–63. doi: 10.4049/jimmunol.1201314

30. Parihar, R, Rivas, C, Huynh, M, Omer, B, Lapteva, N, Metelitsa, LS, et al. NK cells expressing a chimeric activating receptor eliminate MDSCs and rescue impaired CAR-T cell activity against solid tumors. Cancer Immunol Res. (2019) 7:363–75. doi: 10.1158/2326-6066.CIR-18-0572

31. Barber, A, Rynda, A, and Sentman, CL. Chimeric NKG2D expressing T cells eliminate immunosuppression and activate immunity within the ovarian tumor microenvironment. J Immunol. (2009) 183:6939–47. doi: 10.4049/jimmunol.0902000

32. Jin, X, Xie, D, Sun, R, Lu, W, Xiao, X, Yu, Y, et al. CAR-T cells dual-target CD123 and NKG2DLs to eradicate AML cells and selectively target immunosuppressive cells. Oncoimmunology. (2023) 12:2248826. doi: 10.1080/2162402X.2023.2248826

33. Laurent, PA, Morel, D, Meziani, L, Depil, S, and Deutsch, E. Radiotherapy as a means to increase the efficacy of T-cell therapy in solid tumors. Oncoimmunology. (2023) 12:2158013. doi: 10.1080/2162402X.2022.2158013

34. Zhang, Z, Liu, X, Chen, D, and Yu, J. Radiotherapy combined with immunotherapy: the dawn of cancer treatment. Signal Transduct Tar. (2022) 7:258. doi: 10.1038/s41392-022-01102-y

35. Qin, VM, Haynes, NM, D’Souza, C, Neeson, PJ, and Zhu, JJ. CAR-T plus radiotherapy: A promising combination for immunosuppressive tumors. Front Immunol. (2022) 12:813832. doi: 10.3389/fimmu.2021.813832

36. McLaughlin, M, Patin, EC, Pedersen, M, Wilkins, A, Dillon, MT, Melcher, AA, et al. Inflammatory microenvironment remodeling by tumor cells after radiotherapy. Nat Rev Cancer. (2020) 20:203–17. doi: 10.1038/s41568-020-0246-1

37. Rodriguez-Ruiz, ME, Vitale, I, Harrington, KJ, Melero, I, and Galluzzi, L. Immunological impact of cell death signaling driven by radiation on the tumor microenvironment. Nat Immunol. (2020) 21:120–34. doi: 10.1038/s41590-019-0561-4

38. Chan, JD, Lai, J, Slaney, CY, Kallies, A, Beavis, PA, and Darcy, PK. Cellular networks controlling T cell persistence in adoptive cell therapy. Nat Rev Immunol. (2021) 21:769–84. doi: 10.1038/s41577-021-00539-6

39. Zheng, W, Wei, J, Zebley, CC, Jones, LL, Dhungana, Y, Wang, Y, et al. Regnase-1 suppresses TCF-1+ precursor exhausted T-cell formation to limit CAR-T-cell responses against ALL. Blood. (2021) 138:122–35. doi: 10.1182/blood.2020009309

40. Dunn, ZS, Qu, Y, MacMullan, M, Chen, X, Cinay, G, and Wang, P. Secretion of 4-1BB ligand crosslinked to PD-1 checkpoint inhibitor potentiates chimeric antigen receptor T cell solid tumor efficacy. Hum Gene Ther. (2023) 34:1145–61. doi: 10.1089/hum.2022.068

41. Jaspers, JE, Khan, JF, Godfrey, WD, Lopez, AV, Ciampricotti, M, Rudin, CM, et al. IL-18-secreting CAR T cells targeting DLL3 are highly effective in small cell lung cancer models. J Clin Invest. (2023) 133:1–11. doi: 10.1172/JCI166028

42. Spear, P, Barber, A, and Sentman, CL. Collaboration of chimeric antigen receptor (CAR)-expressing T cells and host T cells for optimal elimination of established ovarian tumors. Oncoimmunology. (2013) 2:e23564. doi: 10.4161/onci.23564

43. VanSeggelen, H, Hammill, JA, Dvorkin-Gheva, A, Tantalo, DG, Kwiecien, JM, Denisova, GF, et al. T cells engineered with chimeric antigen receptors targeting NKG2D ligands display lethal toxicity in mice. Mol Ther. (2015) 23:1600–10. doi: 10.1038/mt.2015.119

44. DeSelm, C, Palomba, ML, Yahalom, J, Hamieh, M, Eyquem, J, Rajasekhar, VK, et al. Low-dose radiation conditioning enables CAR T cells to mitigate antigen escape. Mol Ther. (2018) 26:2542–52. doi: 10.1016/j.ymthe.2018.09.008

45. Sallman, DA, Kerre, T, Havelange, V, Poiré, X, Lewalle, P, Wang, ES, et al. CYAD-01, an autologous NKG2D-based CAR T-cell therapy, in relapsed or refractory acute myeloid leukemia and myelodysplastic syndromes or multiple myeloma (THINK): haematological cohorts of the dose escalation segment of a phase 1 trial. Lancet Hematol. (2023) 10:e191–202. doi: 10.1016/S2352-3026(22)00378-7

46. Yang, D, Sun, B, Li, S, Wei, W, Liu, X, Cui, X, et al. NKG2D-CAR T cells eliminate senescent cells in aged mice and nonhuman primates. Sci Transl Med. (2023) 15:eadd1951. doi: 10.1126/scitranslmed.add1951

47. Deng, Y, Kumar, A, Xie, K, Schaaf, K, Scifo, E, Morsy, S, et al. Targeting senescent cells with NKG2D-CAR T cells. Cell Death Discovery. (2024) 10:217. doi: 10.1038/s41420-024-01976-7

48. Obajdin, J, Larcombe-Young, D, Glover, M, Kausar, F, Hull, CM, Flaherty, KR, et al. Solid tumor immunotherapy using NKG2D-based adaptor CAR T cells. Cell Rep Med. (2024) 5:101827. doi: 10.1016/j.xcrm.2024.101827




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Liu, Fan, Huang, Chen, Liu, Wang, Guo, Cheng and Han. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1589379-g005.jpg
S.C. inoculation of

5x10° fFlu-Ecal09 cells

Tumor growth
monitoring

i.v. injection of 107/100ul UNT
or NKG2D CAR-T cells

} X !

NCG mouse Day 0 T Day 7 Day 14
8 GyIR for
experimental group
B UNT UNT+IR NKG2D NKG2D+IR
54# 55# 57# 728# 77# 78# 51# 52# 56# 74# 75# 76#
P .
!. & I!
Day 30 o
Day 38
Day 47
Day 57

C

UNT+IR
10 1.5x1010
2.5%10 o x o 72
—  2x1010 - 55# —_ - 77#
2 — 5T# G 44010 -+ 78#
< 1.5%1010 <
2 3
= qx10m ;
S £ 5x10°
o o
F o sx100 =
o 0
0 5 10 15 20 25
NKG2D NKG2D+IR
1.5%1010 8x10°
- 51# - 74
_ - 524 _ . = 754
0 »n 6x10
£ 1x100 -+ 56# 8 - 764
X X
2 2 4x10°
T 5x10° I
2 2 2x10°
0
0 20 40 60
D 100 *k%k
—— UNT
—— UNT+IR
S —— NKG2D CAR-T
S s0 —— NKG2D CAR-T+R
g
=]
»n
0
0 20 40 60
Days
E
-~ UNT
:', 22 -# UNT+R
£ -+ NKG2D CAR-T
o)
3 20 ~+ NKG2D CAR-T+IR
=
>
S
S 18
16
0 20 40 60

Time (days after tumor inplantation)





OEBPS/Images/fimmu-16-1589379-g003.jpg
UNT & Kyse140

- 0 Gy
80 - 2Gy
- 4G
2 60 y
2 — 8Gy
a
X 40
® Wﬂ
1:1 2:1 4:1 8:1
E:T ratio
CD19 CAR-T & Kyse140
100
80
(72]
5 60
>
-
40
20 i 2 i i
0
1:1 2:1 4:1 8:1
E:T ratio
NKG2D CAR-T & Kyse140
100
80
n
3 60
>
J
40
20
0
1:1 2:1 4:1 8:1
E:T ratio

D Eca109 Eca109
3000
cell-based bioluminescence assays = B%tyarget f_E\ g%t;lrget
’_g 2500 B 2 Gy > 1500 2 Gy
S, 2000 mu 4Gy o 4 Gy
(o} =4 = 8 Gy = 8 Gy
/L\ — 1500 &
N £ £
A cytokine secretion assays (ELISAs) g 1000 >
c
" S 8 «
[ (G
NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T UNT
C Eca109 Kyse140 Kyse140
100 3000 2000
= 2500 E
80 £ D 1500
» S 2000 o
‘w60 i E
k) — 1500 o 1000
= 40 £ £
S 1000 =
500
20 $ 500 &
0 0 ©
NKG2D CAR-T (;('319 ‘132:4 UNT NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T
se
g Kyse150 Kyse150
E
80 D 1500
» o
—— 60 ~—
L 0
- [«*) *k kK FFE
°\° 40 ****** E
" 9
20 &
S
p C)
NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T
Kyse510 Kyse510 Kyse510
100 3000 2000
~ E
80 E 2500 D 1500
" S 2000 o
‘w60 o m
> < 1500 o 1000
o = £
2 40 S 1000 >
't N 500
20 & 500 g
0 0 O o
NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T
TE-1 TE-1 TE-1
2000
] ’_g
= 2500 E
£ S 1500 "
S 2000 & Kok
o
s g 1000
c
5 E
= N 500
(]
a S
©

NKG2D CAR-T CD19 CAR-T

UNT NKG2D CAR-T CD19 CAR-T UNT NKG2D CAR-T CD19 CAR-T





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Harnessing NKG2D CAR-T cells with radiotherapy: a novel approach for esophageal squamous cell carcinoma treatment

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cell lines and culture

          



          		

            2.2 CAR construction and lentivirus production

          



          		

            2.3 Human T cells and transfection

          



          		

            2.4 Cytotoxicity assays

          



          		

            2.5 Cytokine secretion assays

          



          		

            2.6 Flow cytometric analysis

          



          		

            2.7 Quantitative real-time PCR

          



          		

            2.8 Xenograft model of ESCC

          



          		

            2.9 Bioluminescence imaging

          



          		

            2.10 Immunohistochemistry analysis

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 NKG2DLs are widely expressed in ESCC cells and increased by irradiation

          



          		

            3.2 NKG2D CAR-T cells efficiently recognize and lyse ESCC cell lines in vitro

          



          		

            3.3 Radiation enhances the activity of NKG2D CAR-T cells against ESCC cells in vitro

          



          		

            3.4 NKG2D CAR-T cells show effective and persistent antitumor activity against a human ESCC xenograft model

          



          		

            3.5 Preconditioning with irradiation enhances the efficacy of NKG2D CAR-T cells in treating ESCC xenograft models

          



          		

            3.6 Local radiotherapy alters the TME and promotes the migration of NKG2D CAR-T cells into tumor sites

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1589379-g004.jpg
A D ..

S.C. inoculation of i.v. injection of 107/100pl saline, UNT, Tumor growth —— Saline
5x10° fFlu-Ecal09 cells CD19 CAR-T or NKG2D CAR-T cells monitoring _ —— UNT
l | I = —— CD19 CAR-T
S 50 ~— NKG2D CAR-T
NCG mouse Day 0 Day 7 Day 14 =
(77}
B °
A 0 20 40 60
Saline UNT CD19 NKG2D Days
2# A# 7# 12# 19# 1# 5# 13# 14#21# 8# 16# 17# 22# 24# 3# 15# 18# 20# 25# E 24
-o- Saline
ke 5 -= UNT
o 22
Day7 £ -« CD19 CAR-T
= § 20 -~ NKG2D CAR-T
3
Day 14 - x 18
m 16
0 20 40 60
Day 23 - Time (days after tumor inplantation)
F Tumor Heart Lung Stomach
: , o WD E L OOR 73 : ; :
Day 32 ! !! l | 5t SN MY o R gy ¥
¥ a Lo r. ”‘ NKG2D CAR-T .. WE o PR Wiy _
CD19 CAR-T SR R ity o R R
Day 52 2 f
UNT TS
Day 62 - :
Liver Spleen Pancreas Kidney
C Saline UNT :
1x10M 1x1011 NKG2D CAR-T !
- 2# - 1# :
— 8x1010 - 4# — 8x%1010 - 5#
(7
2 - T 5 - 13#
< 6x1010 - 12# ¢ 6x101° - 14#
= —~ 198 = —— 21# CD19 CAR-T
= 4x1010 - 4x1010
3 3
o o
F 2x1010 = 2x1910 ;
0 0 UNT
0 10 20 30 0 10 20 30 40
CD19 NKG2D 910 mm UNT
6x1010 6x10° = T .. =m CD19 CAR-T
- 8# - 3# S 8 mm NKG2D CAR-T
. - 16# - 15# %
(7 (7
é 4%1010 -~ 17# §: 4%109 - 18# - 6 e .
v - 22# v ¥ 20# 8) sk
=) =) *%*
E —— 24# E —— 25# % 4 N .
g 2x1010 g 2x10° ﬁ
- | o o 2
)
0 0 L o

0 10 20 30 40 0 20 40 60 IL-2 IL-4 IL-5 IL-6 IL-8 IL-10 IL-13GM-CSFIFN-y TNF-a





OEBPS/Images/fimmu.2025.1589379_cover.jpg
’ frontiers | Frontiersin Immunology

Harnessing NKG2D CAR-T cells
with radiotherapy: a novel approach
for esophageal squamous cell
carcinoma treatment





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1589379-g001.jpg
ULBP-1

Ecal09

FL4-H

300

Kysel40

100

FL4-H

300

FL&-H

300

FL4-H

400

TE-1

100

FL4-H

Eca109

IS o

mRNA Expression (RU)
N

Kyse140

=)

3

c

i}

]

("]

<

o

X

]

<

Z

14

S
e Q N Vv > ]
@) O Q Q Q N4
R IR RV A NS

ke

400
300
300
£ £
g 200 8:)
200
100
100
o [
FL4-H
400
300
300
200
= -
5 =
3 § 200
100
100
° [
FL4-H
300
300
200
£ £ 200
T
g 2
@ 3
100
100
° [
FL4-H
300
300
200
= B
S 3 200
3 S
100
100
[ 0
FL4-H
400

300 7]

0 1 2 3 4
10 10 10 10 10

Surface Protein Levels (SFI)

Surface Protein Levels (SFl)

FL4-H

Eca109

[=2]
o

(52
o

£
o

N W
o o

-
o

o

ok

Kyse140

-
(=23
o

-
N
o

400 400 400
300 300 300
< H -
=3 o =3
© 200 © 200 © 200
100 100 100
0 o 0
FL4-H FL4-H FL4-H
300 S
300
200 200
5 5 S 200
2 o =3
© o o
100 100
100
o ] 0
0 1 2 3 4
10 10 10 10 10
FL4-H FL4-H FL4-H FL4-H
300 200
300
200 200
E 20( k=] [
£:20 g s
3 8 o
- 100 100
0 o 0
0 1 2 3 4
10 10 10 10 10
FL4&-H FL4-H FL&-H FL4-H
300
300
300
= 200 = T 200
3 3 200 3
3 o
153 3
100 100 1%
0 0 o
) 1 2 3 4
10 10 10 10 10
FLe-H FL4-H FL4-H FL4-H
400
300
300
300
= 200 -
= £
5 200 3 3
3 o
S G 200

1 2 3 4
10 10 10 10
FL4-H

mRNA Expression (RU) mRNA Expression (RU)

mRNA Expression (RU)

80
20
10
v Q> N © 1] \
@) @) Q & Q Q
\J \J )

~

100

&

FL4-H

Kyse150

Kyse510

N
&

NN

0\/

0\/

Voo >
& & &

FL4-H

£ (3]
o o

w
o

Surface Protein Levels (SFI)
N »

Surface Protein Levels (SFl)

90

~ =]
o o

- O
o o

=y
o

Surface Protein Levels (SFI)
[3,]

100

FL4-H

Kyse150

Hekk

N © 0 03
g W £ R
F & ¥
0\/
Kyse510
m 0 Gy
.. W 2Gy
[
-

ok






OEBPS/Images/fimmu-16-1589379-g002.jpg
A
NKG2D-BBz

TR pEFia - NKGZDECD - COB hingeand TM - 4188 - 3.+ 24
CD19-BBz

ILTR - pEF1a - anti-CD19 scFv - CDS hinge and TM - 4-185 - CD3L - 2A -

B UNT CD19 CAR-T NKG2D CAR-T UNT CD19 CAR-T NKG2D CAR-T
o0 o0
o 8
3 g
day7 GFP
C UNT CD19 CAR-T NKG2D CAR-T
cell-based bioluminescence assays
o)
N
i o
n
P N
: |
” \
okine secretion assays (ELISAs)
L 1]
E Eca109 Kyse140 Kyse150 Kyse510 TE-1
100 100 100 100 1009  — NKG2D CAR-T
— CD19 CAR-T o
80 80 *kk 80 80 80 - UNT
(/2] Hekk [7/] (7]
3 60 ] 60 3 60 2 &0 2 60
—I _l ek _l bl _|>‘ dekk _>"
X 40 X 40 X 40 ok ) X 40
i . N N M )
(] 0 0 0
1:1 2:1 4:1 8:1 1:1 2:1 4:1 8:1 1:1 2:1 4:1 8:1 1:1 2:1 4:1 8:1 : : : :
F Eca109 Kyse140 Kyse150 Kyse510 TE-1
100 100 100
80 80 80 (FETE
7] r 7] (7] 'r 'r
2 SEE 2 60 ® 60
ey ) =
= 40 = 40 = 40
20 o 20
sit.rr
0
Isotype = k= o8 5 s o E -+ - - -+ - -+ - -+ - - -+ - -+ - -+ - - -+ - -+ - S S T
3uL NKG2D BlockAb - - + - - - - - - - - -+ - - - - - - - - -+ - - - e - - - - -+ - - - - - - - - -+ - - - - - - -
6L NKG2D Block Ab = = oEEE 2 5 B e & Eh o I T B o o M o e B o e = & = Peow o= g o= e 2 s B o e e B oe e
NKG2D CAR-T R R e = B = + + + +- - - - - - + + + +- - - - - - + + + +- - - - - - + + + +- - - - - -
CD19 CAR-T g = e sk & &£ = o = - - - -+ + + - - - - - - -+ + + - - - - - - -+ + 4+ - - - - - - -+ + + - - -
UNT S R e - - - - - - - 4+ + o+ S L S S T
800 o 1200 200 200 mm UNT
mm CD19 CAR-T
2 by gy o s == NKG2D CAR-T
o 600 ~ 900 — 150 — ~ 150 . e « mmm NKG2D CAR-T+Ab
s g = £
2 400 2 600 e 2 100 o 2 100
% i ¥ S s
Z 20 £ a0 2 50 . " = s

Eca109 Kyse140 Kyse150 Kyse510 TE-1 no target Eca109 Kyse140 Kyse150 Kyse510 TE-1 no target Eca109 Kyse140 Kyse150 Kyse510 TE-1 no target Eca109 Kyse140 Kyse150 Kyse510 TE-1 no target





OEBPS/Images/fimmu-16-1589379-g006.jpg
A

Ecal09 cells on both flanks NKG2D CAR-T cells monitoring
1 ‘_12h |
hu-PBMC NCG mouse  Day 0 T Day 7
8 Gy IR for xenograft
on the left flank
B
Left NKG2D CAR-T+IR/Right NKG2D CAR-T
63# 64# 65# 66# 68# 694# -
' 500
Day 7
‘ 400
1500

-
--fonng|

C

2x1010

-
an
X
-
o
)

1x1010

Total Flux (p/s)

5x10°9

SRIEERENLINX,

Fold change ( of con)

00

Color Scale
Min = 32
Max = 592

63# NKG2D CAR-T
63# NKG2D CAR-T+IR

64# NKG2D CAR-T
64# NKG2D CAR-T+IR

65# NKG2D CAR-T
65# NKG2D CAR-T+IR

66# NKG2D CAR-T
66# NKG2D CAR-T+IR

68# NKG2D CAR-T
68# NKG2D CAR-T+IR

69# NKG2D CAR-T
69# NKG2D CAR-T+IR

IL-2

Fold change ( of con)

S.C. inoculation of 5x10° fFlu- i.v. injection of 107/100ul Tumor growth D

1000

<
(=3
o

m

I

chemokines

***

1
.

s con

mm NKG2D CAR-T
mm NKG2D CAR-T+IR

CXCL8 CXCL10 CCL2 CCL3 CCL4 CCL5 CCL11 basic.FGF VEGF
Pro-inflammatory s Anti-inflammatory
A

IL-6 IL-6 IL-7 IL-9 IL-12(p70) IL-15 IL-17 TNF-a IFN-y G-CSF GM-CSF IL-1.ra IL4 IL-10 IL-13
NKGZD CAR- T+|R NKG2D CAR T
: ON B B YERE E WP X7 P -
Y RE L o b $o A e ) D BN o 5 @99
PR Ce o I R T e B /R T Ay y
4 o R a7~ Yn . PSS, & Y N o At U
e Lnd o EooEE R VO, ey ; A 5 Vg 2 , &
¢ ., - g LY \‘(\'V .‘&;c Wy & o9 v % \ _"\\_.4 ' >
- oo ¥ ¢ ”’ a i‘.‘ . “.—' "._)‘ D P ‘L X ¥ &3 I
et BB gl b A s £ T o~ SO I, N i &
i, W S " S N ey ) i . By
e B Povutls Y ¥ S an’ e { 3 ey D W, et
A el .m. ,‘ \{-.‘- ) Ve Y é\ i R Y B £ €y '\,.‘ 1.3 \.‘.’ 4
AL ) i I I SN S & Ha gy ey il X AN ¥y
. S &P 0 kAd “Pai § S Ee . ? 7 By -
h:.f‘ v ’& (\?y\. i ‘_‘_'\.“v\\_ rr-(’ P f t%:}) S - K i _"‘0' §
S < 8. B - O T } -\ A ] »,\ TR
m‘. : % " ,:"” "\’t\j - *)-a 7 | A(._' < 4 ."’A 2 ":‘g ¥ .,‘,r‘
LY T T T Y Q ol L PN L ~
“i B, TS T W s 0./ T —





