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Zoledronate Triggers Vδ2 T Cells to Destroy and Kill Spheroids of Colon Carcinoma: Quantitative Image Analysis of Three-Dimensional Cultures
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New successful anti-cancer strategies are based on the stimulation of immune reaction against tumors: however, preclinical testing of such treatments is still a challenge. To improve the screening of anti-cancer drugs, three-dimensional (3D) culture systems, including spheroids, have been validated as preclinical models. We propose the spheroid 3D system to test anti-tumor drug-induced immune responses. We show that colorectal carcinoma (CRC) spheroids, generated with the epithelial growth factor (EGF), can be co-cultured with Vδ2 T cells to evaluate the anti-tumor activity of these effector lymphocytes. By computerized image analysis, the precise and unbiased measure of perimeters and areas of tumor spheroids is achievable, beside the calculation of their volume. CRC spheroid size is related to ATP content and cell number, as parameters for cell metabolism and proliferation; in turn, crystal violet staining can check the viability of cells inside the spheroids to detect tumor killing by Vδ2 T cells. In this 3D cultures, we tested (a) zoledronate that is known to activate Vδ2 T cells and (b) the therapeutic anti-EGF receptor humanized antibody cetuximab that can elicit the antibody-dependent cytotoxicity of tumor cells by effector lymphocytes. Zoledronate triggers Vδ2 T cells to kill and degrade CRC spheroids; we detected the T-cell receptor dependency of zoledronate effect, conceivably due to the recognition of phosphoantigens produced as a drug effect on target cell metabolism. In addition, cetuximab triggered Vδ2 T lymphocytes to exert the antibody-dependent cellular cytotoxicity of CRC spheroids. Finally, the system reveals differences in the sensitivity of CRC cell lines to the action of Vδ2 T lymphocytes and in the efficiency of anti-tumor effectors from distinct donors. A limitation of this model is the absence of cells, including fibroblasts, that compose tumor microenvironment and influence drug response. Nevertheless, the system can be improved by setting mixed spheroids, made of stromal and cancer cells. We conclude that this type of spheroid 3D culture is a feasible and reliable system to evaluate and measure anti-tumor drug-induced immune responses beside direct anti-cancer drug effect.
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INTRODUCTION

It is known that the immune system can control both survival and proliferation of tumors (1–3). Among anti-tumor lymphocytes, γδ T cells can be triggered by multiple stimuli elicited by transforming cells; for this reason they represent a category of effector cells employable in immunotherapy (4, 5). T lymphocytes of the Vδ2 subset that express the Vγ9 chain (Vγ9Vδ2) represent the majority of γδ T cells (6). At variance with αβ T cells, Vγ9Vδ2 T lymphocytes recognize non-peptide phosphorylated small molecules, namely phosphoantigens (PAg), that allow their in vivo and in vitro activation and expansion (7–10). In mammalian cells, a physiologic PAg recognized by Vγ9Vδ2 T lymphocytes is the isopentenylpyrophosphate (IPP), one of the mevalonate pathway products (8–10). The ability of IPP to trigger Vγ9Vδ2 T lymphocytes is thought to be mediated by the recognition via T cell receptor (TCR) (11–13). Pharmacological treatment with amino bisphosphonates (N-BPs), such as zoledronate (Zol), blocking the farnesyl pyrophosphate synthase of the mevalonate pathway, leads to IPP accumulation in tumor cells and, as a consequence, to the activation and expansion of Vγ9Vδ2 T lymphocytes (11–13). As final outcome, the expanded γδ T cell population is able to produce anti-cancer cytokines and exert anti-tumor cytotoxicity. N-BPs have been used in the treatment of many kind of bone diseases, including osteoporosis and bone tumors (14). Besides, due to their role as potent activators of γδ T lymphocytes, these compounds have been proposed for cancer immunotherapy (5, 14, 15). In addition, γδ T cells expressing the FcγRIIIA (CD16) can kill tumor cells by antibody-dependent cellular cytotoxicity (ADCC); this mechanism can be exploited using therapeutic antibodies (16).

On the basis of the promising potential of γδ T lymphocytes as anti-cancer agents in vitro, several clinical trials have been launched in the last 10 years for patients with hematological and non-hematological malignancies (5). Despite several encouraging results in multiple myeloma and non-Hodgkin lymphoma, γδ T cell-based immunotherapy gave disappointing results in different solid tumors, raising the question of whether tissue characteristics and/or microenvironment deeply contribute to determine the outcome of treatments (17). This indicates that preclinical models that allow the definition of drug safety and efficacy are needed. However, to test immunosurveillance in animal models is difficult; to this purpose humanized mice, EBV-infected animals with activated T cells, or the NOG, NSG engrafted with CD34+ cells or peripheral blood lymphocytes and patient-derived tumor xenografts have been used (18–20). This approach, mostly used in studies on the pharmacological control of immunocheckpoints, is very expensive and requires a long time to be set up and defined for each tumor. Also, there is increasing evidence that tumor development in humans is not always reproducible and predictable in other animals, in particular when extremely artificial models are used (21–24). As an alternative, several three-dimensional (3D) culture systems, including spheroids, have been validated by the European Union Reference Laboratories for Alternatives to Animal Testing (EURL ECVAM) as preclinical models, to overcome these inconveniences (25–28).

In this context, we propose the spheroid 3D culture system to evaluate anti-tumor drug-induced immune response; in particular, we analyzed the anti-tumor effects of Vδ2 T lymphocytes triggered by Zol and/or the anti-epidermal growth factor receptor (EGFR) humanized antibody (huAb) cetuximab (Cet) on different CRC cell lines. We show that 1. Spheroids can be a reliable 3D culture system that allows co-culture of tumor cells and effector lymphocytes. 2. Zol and/or Cet triggers Vδ2 T cells to kill and degrade spheroids of colorectal carcinoma (CRC) cells. 3. The effects of drugs and effector cells can be measured by computerized imaging.

MATERIALS AND METHODS

Cell Cultures

The human CRC cell lines Caco2, HT29, HCT15, SW480, DLD1, HCT116, LS180, WiDr, LoVo, Colo205, Colo320 DMF, SW620, T84, and SW48, were from the cell bank of the Policlinico San Martino (kind gift of Blood Transfusion Centre, Dr. Barbara Parodi). CRC cell lines in adherent cultures were maintained in RPMI-1640 (Gibco, Life Technologies Italy, Monza) medium supplemented with 10% fetal serum (FBS, Gibco™ One Shot™ Fetal Bovine Serum, Thermo Fisher Scientific Italy, Monza, Italy), penicillin/streptomycin and L-glutamine (BioWhittaker® Reagents, Lonza, Basel, Switzerland) in a humidified incubator at 37°C with 5% CO2.

Immunofluorescence Assay and Cytofluorimetric Analysis

Immunofluorescence assay was performed as described (29) with the anti-ICAM1 monoclonal antibody (mAb) (14D12D2, IgG1) (29), or anti-CD133-specific mAb (W6B3C1, IgG1, Miltenyi Biotec, Bergish Gladbach, Germany) on CRC cell lines or with anti-Vδ2 mAb (BB3, IgG1) (30) or anti-CD3 mAb (289/10/F11, IgG2a) or anti-CD16 mAb (VD4, IgG1) (29) on Zol-stimulated lymphocytes, followed by Alexafluor647 anti-IgG2a or PE-anti-IgG1 goat anti-mouse antiserum (GAM) (Life Technologies, Milan, Italy). The Fc chimeras (soluble receptors fused with the Fc of human immunoglobulins): Fc-NKG2D and Fc-DNAM1 were purchased from R&D System (Minneapolis, MN, USA) and used on CRC cell lines in immunofluorescence assay followed by Alexafluor647 goat anti-human antiserum (Life Technologies). At least 5,000 cells/sample were run on a CyAn ADP cytofluorimeter (Beckman-Coulter Italia, Milan, Italy) and results analyzed with the Summit 4.3 software.

Tumor Spheroid Generation

Optimal experimental conditions for the generation of tumor cell spheroids were selected starting from decreasing number of each tumor cell line (2 × 104–1 × 104–5 × 103 per well) in flat-bottom 96-well plates (Ultra-Low attachment multiwell plates, Corning®Costar®, NY, USA) with DMEM-F12 (BioWhittaker® Reagents, Lonza) in serum free medium (SFM), supplemented with epithelial growth factor (EGF) (Peprotech Europe, London, UK) at 10 ng/ml final concentration (≥1 × 106 U/mg). EGF was selected, among three other natural ligands of EGFR [transforming growth factor-α (TGFα) (≥5 × 106 U/mg); amphiregulin (AREG), ED50 for proliferative effect is 5–10 ng/m; and epiregulin (EPN), ≥5 × 105U/mg; all from Peprotech], to obtain proliferation of CRC cells as spheroids, compared to cell growth determined in two-dimensional (2D) conventional cell culture conditions, evaluated by measurement of ATP content along time. Generation of spheroids was monitored till day 14 and proliferation and dimension (perimeter, area, and volume) were analyzed in each culture well. At least triplicates were analyzed for each culture condition and the number of spheroids analyzed is indicated in each figure (a minimum of 150 single spheroids for each independent experiment). Experiments were performed on day 6 of spheroids formation (Figures S1A,B in Supplementary Material). This day was chosen as at this time all cells in culture were alive and the diameter of spheroids was of about 250 μm.

Ex Vivo Expansion of Vδ2 T Cells

Peripheral blood mononuclear cells (PBMC) were obtained from healthy adult donor’s buffy coat (institutional informed consent signed at the time of donation and EC approval PR163REG2014) by density gradient centrifugation using Lymphocyte Separating Medium (Pancoll human, Density: 1.077 g/ml, PAN-Biotech, Munich, Germany) as described (29). To obtain Vδ2 T lymphocyte populations, 105 PBMC were cultured in 96 W U-bottomed plates in 200 μl of RPMI-1640 (Gibco Life Technologies) medium supplemented with 10% FBS (Gibco™), penicillin/streptomycin and L-glutamine (BioWhittaker® Reagents) and with 1.0 μM zoledronic acid as zoledronate (Zol, Selleckem, Munich, Germany) at 37°C humidified cell incubator with 5% of CO2. After 24 h, and on day 5 and 7, 100 μl of culture medium were discarded and 100 μl of recombinant human IL-2 (30 IU/10 ng/ml final concentration, Miltenyi Biotec Italia, Bologna) were added to the cultures (Figures S1A,B in Supplementary Material). The percentage of Vδ2 T lymphocyte was determined at different time points (day 0, 7, 10, 14, 21) by indirect immunofluorescence and cytofluorimetric analysis using the anti-Vδ2 TCR-specific mAb BB3 (30) followed by isotype-specific Alexafluor647 conjugated goat anti-mouse antiserum (GAM, Life Technologies) as described (Figure S1C in Supplementary Material, left plot) (29). Lymphocyte populations were used as effector cells in co-cultures experiment with tumor cell spheroids after day 21, when the percentage of Vδ2 lymphocytes were more than 96% of total cells (Figure S1C in Supplementary Material, central graph). At that time, the majority of cells expressed the FcγRIII CD16 (Figure S1C in Supplementary Material, right histogram). In some experiments, Vδ2 lymphocytes were separated from PBMC using the positive Easy-Sep Do-It-Yourself Selection Kit (Stemcell Technologies, Vancouver, BC, Canada): the purity of separation was always more than 96% and the recovery about 75%. Vδ2 T lymphocytes were cultured in 200 μl in U-bottomed plates with 10 μg/ml of phytoemoagglutinin A (PHA, Sigma Chemical Co., St. Louis, MO, USA) and 30 IU/ml (10 ng/ml) of IL-2 (Miltenyi Biotech).

CRC Spheroids and Vδ2 T Cell Co-Cultures

On day 6, spheroids with a maximal diameter of 250 μm were composed of living cells, as assessed by culturing a sample under adherent conventional conditions for 12 h and subsequent identification of living cells with propidium iodide (PI, Sigma) staining, ATP content, and crystal violet assay. In preliminary experiments, the number of CRC cells present in a culture well containing spheroids was determined measuring the ATP content referred to the ATP content of the same cell line at a known cell concentration in conventional culture system. The number of cells present in a given tumor spheroid was determined calculating the ratio between spheroid volume and the volume of a single cell, measuring the diameter of a cell and assuming that this cell displayed a spherical shape. Co-cultures were set up by adding decreasing amount of Vδ2 T cells (1.5 × 105, 0.75 × 105, and 0.35 × 105) to spheroids of CRC cells on day 6 and further culture in RPMI SFM for different periods of time (4, 12, 24, and 48 h). The optimal amount of Vδ2 T cells to detect the cytotoxic effect, determined in preliminary experiments by crystal violet assay or by image analysis, was 0.75 × 105 cells/well and it corresponded approximately to a 1:1 effector to target (E:T) ratio. The time point selected was 24 h based on CRC spheroid damage evaluated by microscopy and image analysis. In some samples, the anti-Vδ2 mAb BB3 (5 μg/ml) was added. In other experiments, the anti-EGFR therapeutic antibody cetuximab (Cet, obtained as Erbitux left over from the Antiblastic Unit of Policlinico San Martino) was added at the concentration of 2 μg/ml to evaluate the ADCC exerted by Vδ2 T cells. CRC cell lines used in these experiments were selected on the basis of expression of EGFR (reactivity with Cet) and the ability of forming spheroids.

PI Staining, ATP Content, and Crystal Violet Assay

To determine cell membrane permeability, cells were stained with a PI solution (50 μg/ml) and incubated 15 min at RT. After extensive washing, at least 5,000 cells/sample were run on a CyAn ADP cytofluorimeter (Beckman-Coulter) and results analyzed with the Summit 4.3 software. ATP content was determined using the CellTiter-Glo® Luminescent Cell Viability Kit (Promega Italia Srl, Milan, Italy) following manufacturer’s instruction using the luciferase reaction consisting in mono-oxygenation of luciferin catalyzed by luciferase in the presence of Mg2+, ATP, and molecular oxigen. Luminescence was detected with the VICTORX5 multilabel plate reader (Perkin Elmer, Milan, Italy) expressed as relative light units (RLU); in some instances the, RLU were converted in μM of ATP according to a standard curve. The crystal violet assay was performed with the Crystal Violet Cell Cytotoxicity Assay Kit (Biovision, Milpitas, CA, USA). Briefly, CRC spheroids alone or co-cultured with Vδ2 T cells in the presence or not of Zol were transferred in conventional adherent plates and after 48 h were stained with crystal violet following manufacturer’s instruction. After extensive washing, adherent cells were solubilized and the amount of crystal violet proportional to the amount of living cells was measured with the VICTORX5 multilabel plate reader (Perkin Elmer) at the optical density (OD) of 595 nm.

Images and Measurement of Spheroid Size

Cell cultures were analyzed with Olympus IX70 bright field inverted microscope equipped with a CCD camera (ORCA-ER, C4742-80-12AG, Hamamatsu, Japan), associated with the CellSens software (version 1.12, Olympus, Tokyo, Japan). Images were taken with 10× objective NA 0.30 or 20× objective NA 0.40 (100× or 200× magnification). After calibration of the plate, a grid corresponding to each well was created and analyzed; at least nine focal points were taken for each well of interest to obtain optimal images to be measured. After this operation through an automated x–y axis motorized table SCAN IM 120 × 100-2 mm (Marzhauser Wetzlar GmBH, 35579 Wetzlar, Germany) images of the entire well were taken. The dimension of the camera chip was 2/3-inch format, thus images were partly overlapped (from 15 to 35%) by the software to obtain appropriate stitched images (usually 50 images for each well were taken and 3–6 replicates performed for each experimental condition). The final result was an image at 16-bit gray scale with a size of 1,102 × 9,626 pixel (7.1 mm × 6.2 mm) in .csi format that can be analyzed with the CellSens software. The measurement of spheroids was performed manually by applying the “Count and Measure” tool of the CellSens software. This tool allows to get circular region of interest (ROI) that can represent the perimeter of the spheroid. Through calibration of the microscope, the number of pixel of the image were converted into μm, the diameter of each spheroid was calculated and the data were inserted in an Excel sheet with a defined color corresponding to a ROI and to a spheroid. Data were then transferred to GraphPad Prism computer program (version 5.03) for subsequent statistical analysis and generation of graphs (see Results). To avoid counting and measuring very small spheroids or single cells or small cell/debris aggregates, only spheroids with a diameter greater than 50 μm were selected. The perimeter of spheroids was identified by the different image contrast with the bottom of the well. Spheroids that did not show an approximately spherical shape, but appeared as the fusion/overlap of several spheroids, were considered as composed of different single spheroids depicting partly overlapping ROI.

Statistical Analysis

Data are presented as mean ± SEM or ±SD. Statistical analysis was performed using two-tailed unpaired Student’s t test. The cutoff value of significance is indicated in each figure legend.

RESULTS

Generation and Measurement of CRC Spheroids

First, we determined which CRC cell lines can grow and give rise to spheroids under controlled culture conditions. To this aim, CRC cells were cultured in SFM, without or with EGF (10 ng/ml), in ultra low adherent plates and analyzed microscopically from day 1 to 7 of culture. We found that not all the CRC cell lines tested give rise to spheroids under these experimental conditions. Indeed, HCT15, SW480, HT29, Caco2, DLD1, HCT116, WiDr, SW620, LoVo, Colo205, Colo741, and T84 (Figures 1a–n) could form spheroids, while SW48, Colo320DMF, and LS180 cell lines simply led to cell aggregates where single cells were still distinguishable on day 7 of culture (Figures 1o–q). HCT15, SW480, DLD1, HCT116, SW620, and T84 spheroids displayed a smooth surface (Figures 1a,b,e,f,h,n), while other cell lines, including HT29, Caco2, LoVo, Colo205, and Colo741, spheroids showed a rough surface (Figures 1c,d,i,l,m) or smooth and rough surface such as WiDr (Figure 1g). It is of note that spheroids obtained with Caco2 cells appeared with a central portion darker than the periphery, suggesting that the culture conditions used can generate crypts-like structures (Figure 1d). The ability to form spheroids was not related to the expression of CD133 marker (Figure S2A in Supplementary Material); indeed, some cell lines able to form spheroids were completely negative for this marker (HCT15, SW480, DLD1, Colo205, Colo741, and T84) while SW48 cell line was CD133+ but did not give rise to spheroids.
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FIGURE 1 | Generation of CRC spheroids. The indicated CRC cell lines were cultured in serum free medium supplemented with 10 ng/ml of epithelial growth factor in very low adherent 96-well flat-bottomed microplates and analyzed on day 6 by inverted IX70 microscope (Olympus); images were taken with 20× objective NA 0.40 (200× magnification). Bar in each panel: 100 μm. Some spheroids were characterized by a spherical-like appearance with smooth surface (a,b,e,f,h,n), others displayed rough surface (c,d,g,i–m). In some instances (HT29, Colo205, Colo741, and T84), on the outer surface or next to the spheroid single cells are present. SW48, Colo320DMF, and LS180 (o–q) formed unshaped cell aggregates. In the case of Caco2, cell line the central portion of the spheroid appeared darker (arrows) than the peripheral region, suggesting a crypt-like morphology.



The expression on tumor cells of surface molecules involved in the interaction with effector lymphocytes was comparable to that displayed by the same cell line in conventional cultures in adherent plates. As an example, the expression of ICAM1, the ligand for LFA1, was similar in SW480 cells from 2D cultures or disaggregated spheroids (Figure S2B in Supplementary Material for SW480, not shown HCT15, HT29, and WiDr). Likewise the chimeric Fc-NKG2D and Fc-DNAM1 activating receptors could equally bind CRC cells derived from spheroids or conventional 2D cultures (Figure S2B in Supplementary Material for SW480; not shown HCT15, HT29, and WiDr).

In order to determine the size of spheroids present in a culture well, we applied a manual method using a microscope equipped with a motorized x–y table and a CCD camera (see Materials and Methods). As shown in Figure 2, to determine spheroid size, the whole area of a given culture well was reconstructed by CellSens software using single images then partly overlapped (Figure 2A, final 100× magnification of the image). The z-focus was pre-determined manually, focusing random from 3 to 5 individual points for each well, to avoid interferences due to the irregular surface of culture wells. Each well image was subjected to computerized analysis of single spheroids and their measurement. The ROI were manually depicted with the CellSens software tool that uses three points to get a circle, assuming that the 3D spheroids displayed a circular perimeter when observed in 2D (Figure 2B). The perimeter and area of each spheroid could be determined by a measure tool of the software; Figures 2C,D show these measures for spheroids and single cells.
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FIGURE 2 | Procedure of CRC spheroid image analysis and measurement. CRC spheroids (this example is referred to SW620 cell line) were analyzed under an inverted IX70 microscope (Olympus) with 10× objective NA 0.30 (100× magnification), equipped with an automated x–y axis motorized table SCAN IM (Marzhauser Wetzlar) and image taken under control of the CellSens computer program. (A) The entire well was reconstructed taking sequential and partially overlapping images, stitched one to each other to give rise to the image of the well. (B) Region of interest (ROI) that identify tumor cell spheroids and areas (μm2) calculated by CellSens software after calibration of the image. (C) Data inserted by the CellSens software in an Excel sheet were analyzed with Graph Pad PRISM (version 5.03) software (D). (D) Perimeters (upper graph) and areas (lower graph) of spheroids and single cells. Mean ± SEM of the ROI shown in panel (B) and measured in panel (C).



The evaluation of these parameters in one representative experiment using the CRC cell line HCT15 is shown in Figure 3. Addition of EGF to cell cultures triggered a strong increment in the size of spheroids and this effect was already detectable and statistically significant on day 3. The growth of spheroids was much more evident at day 7 and at this time point spheroids were of heterogeneous size, ranging from a perimeter of 150 μm to more than 500 μm (Figure 3A). Likewise, area and volume (Figures 3B,C) were significantly increased by day 3 and more evident on day 7. It is of note that it was possible to calculate mathematically the number of cells in a given tumor spheroid, assuming that the spheroid volume is the sum of volumes of the single cells (data not shown). This allowed to calculate that the number of cells for each spheroids was less than 500 to more than 3,000 (data not shown). To define whether this analysis was objective and reproducible, avoiding biases due to the operator, results of independent measurement have been compared. As shown in Figure S3 in Supplementary Material, no significant differences were found in the evaluation of SW620 or HCT15 spheroid perimeters (Figure S3A in Supplementary Material) and areas (Figure S3B in Supplementary Material) by three operators.
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FIGURE 3 | Measurements of perimeter, area, and volume of CRC spheroids. The perimeter (A), area (B), and volume (C) of each spheroid was calculated as explained in Figure 2 and data were plotted with Graph Pad PRISM software. This example is referred to the HCT15 cell line cultured as indicated in Figure 1. Spheroid dimensions were evaluated after 3 and 7 days of culture without epithelial growth factor (EGF) (CTR) or with 10 ng/ml EGF. Each symbol indicates a region of interest which in turn corresponds to a single spheroid. Bar: mean ± SEM of that group of measures. ***p < 0.001.



In another series of experiments, we assessed whether the evaluation of spheroids size can allow to identify differences among the efficiency in spheroid generation of EGFR ligands other than EGF, including AREG, EPN, and TGFα. We observed that all these ligands could lead to spheroids of WiDr (Figure 4A), HT29 (Figure 4B), SW620, and Caco2 (data not shown) cell lines. Indeed, a significant increase of spheroid volume was detectable with all the EGFR ligands used compared to spheroids size in SFM not supplemented with these factors (Figures 4A,B). The fold of size increment was related to the amount of the EGFR ligand used. For instance, with TGFα the volume of spheroids of WiDr cell line was sixfold, fivefold, and threefold larger at 100, 10, and 1 ng/ml than that of spheroids in medium without TGFα (Figure 4A). Furthermore, a stronger effect on the increase of spheroids volume was found with EGF and TGFα, compared to AREG and EPN (Figures 4A,B, p < 0.001). Importantly, an increase in ATP cell content corresponded to the increase of spheroids size (Figures 4C,D) supporting the hypothesis that spheroid volume is related to an increment of cell metabolism and proliferation. Indeed, experiments with HCT15, HT29, Caco2, and SW480 CRC cell lines showed a direct relationship between ATP content and cell number (Figure S4A in Supplementary Material).
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FIGURE 4 | Effect on spheroid size of different epidermal growth factor receptor ligands. (A,B) CRC cell lines [WiDr (A); HT29 (B)] were cultured in serum free medium (SFM) without (CTR) or with 100-10-1 ng/ml of epithelial growth factor (EGF), amphiregulin (AREG), epiregulin (EPN), or transforming growth factor-α (TGFα), in very low adherent 96-well flat-bottomed microplates. Cell cultures were analyzed on day 6 by inverted IX70 microscope (Olympus) and images were taken with 10× objective NA 0.30 (100× magnification). Each symbol in the different plots indicates a spheroid. Data are shown as volume (μm3). Bar: mean ± SEM of that group of measures. ***p < 0.0001. (C,D) ATP content of the same cultures, expressed as luminescence of luciferase activity. Black columns indicate the ATP content of cells cultured in SFM and gray columns the ATP content of cell cultured in the presence of the indicated factors. Data are the mean ± SD of 6-well replicates for each culture condition. ***p < 0.001.



Analysis of the Effect of Zol and Vδ2 T Lymphocytes on CRC Spheroids

Tumor spheroids are currently used to assess the effect of cytotoxic drugs as models for in vitro therapeutic screening (25–28). Indeed, 3D tumor cell cultures show several in vivo features of tumors, including drug response and resistance (25–28). To our knowledge, the analysis of effector lymphocyte activity on tumor cell spheroids has not been performed yet. Some reports have analyzed the effect of anti-cancer lymphocytes on the killing of CRC cells isolated from tumor spheroids (31). This means that spheroids were first disaggregated and a single cell suspension was then used in conventional cytolytic experiments. In our hands, a single tumor cell suspension could be obtained by gently harvesting and transferring spheroids in phosphate buffered saline or culture medium. However, we observed that in some CRC cell lines, the percentage of tumor cells stained with PI was higher among cells derived from disaggregated spheroids than from adherent cultures (Figure S4B in Supplementary Material, central vs left subpanels). This strongly suggests that cell suspensions obtained from spheroids may have an altered membrane permeability. Conversely, intact CRC spheroids transferred into adherent plates showed a percentage of PI+ cells comparable to that of CRC cells cultured under conventional conditions (Figure S4B in Supplementary Material, right vs left panels). Thus, to evaluate the effect of Zol or Vδ2 T cells, preformed spheroids of CRC cell lines were used. In any case, in each experiment we assessed the vitality of CRC spheroids, besides evaluating their size. To this aim, in parallel with image analysis, measurement of ATP content and staining with crystal violet were performed. Both these tests provide information about the vitality of cells in a spheroid: indeed, ATP content is directly related to cell metabolism and proliferation, while crystal violet works as an intercalating compound in DNA, thus staining the nuclei and allowing the quantitative determination of living cells that are able to adhere to the culture plate.

The spheroids size of the three representative CRC cell lines HCT15, SW620, and DLD1 was analyzed upon incubation for 24 h with either Zol (5 μM), or Vδ2 T lymphocytes or with Zol and Vδ2 T cells. Data from independent experiments, performed with different bulk Vδ2 T cell populations from six healthy donors, have been pooled together providing a very large number of spheroids evaluated for each cell line analyzed. Figure 5A shows that the combination of Vδ2 T cells and Zol led to a strong decrease of spheroid size in all CRC cell lines. This effect was striking with HCT15 cell line, where the size of tumor spheroids was reduced to one/third (Figure 5A, left graph). Zol alone can slightly reduce the size of HCT15, SW620 and DLD1 cell lines, while the reductive effect due to Vδ2 T cells, in the absence of Zol, was evident only using HCT15 as target cells (Figure 5A, left graph). When the Vδ2 T cell populations obtained from the six different donors were analyzed independently (Figure S5 in Supplementary Material), we found that Zol could trigger anti-tumor Vδ2 T lymphocytes in four donors (donors 1–4), while in one donor Vδ2 T cells were efficient also in the absence of Zol (donor 5), and in one case (donor 6) were not effective even in the presence of Zol.
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FIGURE 5 | Effect of Zol and Vδ2 T cell populations on CRC spheroid size and viability. (A) Spheroids from different CRC cell lines (HCT15, left; SW620, middle; and DLD1, right) were generated in serum free medium supplemented with epithelial growth factor (10 ng/ml). On day 6, culture wells were incubated for additional 24 h without (CTR) or with 5 μM Zol (+Z5) or Vδ2 T cells (+Vδ2) or Vδ2 T cells + 5 μM Zol (+Vδ2+Z5). Then, each culture well was analyzed for the measurement of spheroids. The number of spheroids analyzed is indicated in the upper part of each plot; data are from experiments performed with six different Vδ2 T cell populations in triplicate wells for each donor. Each symbol in the plot indicates a single spheroid. Bars: mean ± SEM of that group of measures. *p < 0.01; **p < 0.001; ***p < 0.0001. (B) Cells from the different cultures defined in panel (A), were gently harvested and transferred to conventional 96-well flat-bottomed plates to allow the adhesion of CRC epithelial cells. After 48 h, cell cultures were labeled with crystal violet followed by extensive washes (to remove non-adherent cells) and lysis of adherent cells. Optical density (OD) at 595 nm was evaluated with a VICTORX5 analyzer. Bars: mean ± SD of three experiments. ***p < 0.0001; ns, not significant. (C) Cell cultures obtained as indicated in panel (A) were analyzed for ATP content with luciferase assay. Data are shown as luminescence in relative light units (RLU) arbitrary units determined with a VICTORX5 analyzer. Bars: mean ± SD of three experiments.



The parallel evaluation of crystal violet assay (Figure 5B) and measurement of ATP content (Figure 5C) complete the analysis of the effect of Zol and/or Vδ2 T cells on tumor cell spheroids. Crystal violet assay was performed after gently harvesting spheroids and subsequent culture in conventional adherent plates for 48 h; this allowed living tumor cells to adhere to plastic before staining. Non-adherent cells (dying tumor cells and Vδ2 T cells present in culture) were discarded upon extensive washing, and plates were read on a spectrophotometer. As shown in Figure 5B, a strong reduction of OD in cultures of HCT15, SW620, and DLD1 spheroids with Vδ2 T cells was detected, indicating that most CRC cells have been killed; this effect was significantly enhanced by Zol.

ATP content was measured at 24 h (at the same time point of the evaluation of spheroids size): the ATP detected in the cultures with Zol (5 μM) and Vδ2 T cells (Figure 5C, +Vδ2+Z5) was lower than that of either CRC spheroids (CTR) or co-cultures of Vδ2 T cells and CRC spheroids (+Vδ2). Zol alone determined a slight decrease of ATP when added to cell spheroids of any CRC cell line tested. These data suggest a reduced metabolism and/or proliferation in cultures with low ATP content, conceivably due to Vδ2 T anti-CRC activity. However, the addition of Vδ2 T cells to HCT15 spheroids led to an increment of ATP content (Figure 5C, left graph), making difficult to discriminate the ATP of effector lymphocytes and of tumor cells.

CRC Spheroids to Evaluate TCR Involvement in Vδ2 T Cell Killing and ADCC Triggered With Cetuximab

It is known that the recognition of IPP produced as a consequence of Zol effect on target cell metabolism is TCR dependent (4, 6–8). Thus, we assessed whether the anti-Vδ2 TCR-specific mAb BB3 can impair this recognition. As shown in Figure 6, the area (Figure 6A) and volume (Figure 6B) of HCT15 spheroids was markedly reduced when Zol and Vδ2 T cell populations were added to cell cultures. The addition of the anti-Vδ2-specific mAb significantly inhibited the reduction of spheroid size found in the presence of Vδ2 T cells and Zol (Figures 6A,B). This indicates that the 3D spheroid culture system allows the evaluation of the Zol-triggered Vδ2 T cell anti-tumor effect and of TCR involvement.


[image: image1]

FIGURE 6 | The effects of Zol and Vδ2 T cells on CRC spheroids are dependent on Vδ2TCR. HCT15 spheroids were generated in serum free medium supplemented with epithelial growth factor (10 ng/ml) and incubated on day 6 for additional 24 h in medium without (CTR) or with 5 μM Zol (+Z5) or Vδ2 T cells (+Vδ2) or Vδ2 T cell populations + 5μM Zol (+Vδ2+Z5). In some experiments, saturating amounts of the anti-Vδ2-specific monoclonal antibody BB3 (5 μg/ml) were added at the onset of the 24 h incubation (+anti-Vδ2+Z5, +Vδ2+Z5+anti-Vδ2). Then, each culture well was analyzed for the identification and measurement of spheroids as area (A) or volume (B). The number of spheroids analyzed is indicated in the upper part of panel (A); data are from experiments performed using six different Vδ2 T cell populations in triplicate wells for each donor. Each symbol in the plot indicates a single tumor cell spheroid. Bar: mean ± SEM of each group of measures. *p < 0.01; ***p < 0.0001; ns, not significant.



Vδ2 T cells can also be elicited to develop anti-tumor activity through ADCC; this can be obtained using therapeutic antibodies, such as the anti-EGFR huAb Cet (32, 33). Thus, we assessed whether the activation of ADCC triggered by Cet can reduce the size of tumor spheroids of HCT15 CRC. Vδ2 T cells were incubated with HCT15 spheroids and Cet added at the onset of the period of incubation; the size of spheroids was analyzed after 24 h. We found that when Cet and Vδ2 T cell populations were co-incubated with tumor spheroids, a strong reduction of spheroid size (Figure 7A) and cell number/spheroid (Figure 7B) was detected in experiments performed with Vδ2 T lymphocytes, enriched in CD16+ cells (Figure S1 in Supplementary Material, right histogram), from three different donors. Cet slightly reduced the spheroid size when used alone. These data suggest that Cet can trigger Vδ2 T lymphocytes to exert anti-CRC ADCC also in this 3D culture system.
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FIGURE 7 | Vδ2 T cells can be triggered by the anti-epidermal growth factor receptor (EGFR) therapeutic antibody cetuximab to reduce CRC spheroids. HCT15 spheroids were generated in serum free medium supplemented with epithelial growth factor (10 ng/ml). On day 6, cultures were incubated for additional 24 h in medium without (CTR) or with the anti-EGFR antibody cetuximab (2 μg/ml, +Cet) or Vδ2 T cells (+Vδ2) or Vδ2 T cells and cetuximab (2 μg/ml, +Vδ2+Cet). Then, each culture well was analyzed for the identification and measurement of spheroids. Data are representative of experiments obtained with three different Vδ2 T cell populations in triplicate wells for each donor. Each symbol in the plot indicates a single tumor cell spheroid. Data are expressed as area of spheroids [(A); μm2] or cell number in each spheroid (B). Bar: mean ± SEM of that group of measures. **p < 0.01; ***p < 0.001; ns, not significant.



DISCUSSION

In this paper, we analyzed the anti-tumor effect of Vδ2 T cells on different CRC cell lines organized in spheroid 3D structures. We show that 1. Spheroids can be a feasible and reliable system that allows the study of tumor cell interaction with effector lymphocytes in 3D cultures. 2. Zoledronate and cetuximab trigger Vδ2 T cells to kill and degrade spheroids of CRC cells. 3. The effect of the drug and of effector Vδ2 T cells can be evaluated and measured by computerized imaging.

The success rate of many new anti-cancer drugs and immunotherapies in clinical trials is surprisingly low, despite the promising effects obtained in preclinical studies (34). This might be due to the fact that 2D cultures poorly reflect the real tumor microenvironment, while in animals metabolism is not necessarily comparable to humans. This is particularly true in the case of CRC, where an appropriate animal model is lacking. The spatial organization, with different mechano-structural and physico-chemical features, has been proposed as the main factor responsible for the failure of conventional 2D culture systems (35, 36). Moreover, there is increasing evidence that human tumor development is not always reproducible and predictable in other animals, in particular when extremely artificial models are used, including humanized mice, needed to test anti-cancer immune response (18–20).

Among the 3D culture systems validated by EURL ECVAM as preclinical models, we used the simplest one, that is tumor cell spheroids (21–24, 37). Although tissue architecture is not entirely reproduced, the system is reminiscent of the small tumor cell clusters that may appear in the first stages of cancer development. Our present data indicate that we can count and measure the size of a large number of spheroids in replicate culture wells and different experimental conditions. Many CRC cell lines can be used in this assay (HCT15, SW480, HT29, Caco2, DLD1, HCT116, WiDr, SW620, LoVo, Colo205, Colo741, and T84), with the exception of some (SW48, Colo320DMF, and LS180) that may raise some difficulties in size measurement due to incomplete spheroid formation. Caco2 cells are even able to generate crypts-like structures that are more representative of CRC tissue. Acquisition of images, reconstruction of the whole culture well, computerized analysis of single spheroids and their measurement are easily performed with the CellSens computer system and manual definition of the ROI was reproducible without significant differences among operators; nevertheless, we are working on the construction of the macro of the ImageJ open source image processing program suitable for automated ROI definition, to achieve more precise, reliable, and quick sample analysis. Automated image analyses would also allow the evaluation of multiple z-planes and 3D reconstruction of spheroids. Nevertheless, in our system spheroid volume is calculated by the software starting from the maximal radius of the ROIs selected during the calibration procedure, thus giving a bona-fide 3D measure. Perimeter and area definition are already automatically determined by a measure tool of the CellSens software. Also, it is possible to calculate mathematically the number of cells in a given tumor spheroid, providing further information on tumor growth. Image analysis permits to evaluate the effects exerted by different EGFR ligands on CRC spheroid size, showing that EGF and TGFα are very efficient factors in increasing spheroid volume. Moreover, CRC spheroid size is related to ATP cell content and a direct relationship between ATP content and cell number can be defined, as parameter for cell metabolism and proliferation. Under these experimental conditions, several drugs, including Zol, can be tested for their anti-tumor efficiency: moreover, the system allows to distinguish among the response elicited in different donors as well.

Of note, we could analyze Vδ2 effector T lymphocyte activity on CRC cell spheroids. Some effects of anti-cancer lymphocytes on the killing of CRC cells isolated from tumor spheroids has been previously shown (31). However, in that report spheroids were first disaggregated and single cell suspensions of colon stem cells used in conventional cytolytic experiments. In our hands, under these experimental conditions, in some CRC cell lines a high percentage of cells show altered membrane permeability and this would advise against their use as target cells. Indeed, the large majority of assays designed to evaluate cytotoxicity are based on the different ability of cells with altered membrane permeability and cells with intact membrane to release an intracellular probe. Conversely, intact CRC spheroids displayed a membrane permeability superimposable to that of the original adherent cell line and are suitable for cytolytic assays. Moreover, crystal violet staining was used to check the viability of CRC cells of the whole spheroid and ATP measurement to evaluate cell metabolism and proliferation.

In this setting, a strong and reproducible reduction of spheroid size in all CRC cell lines was observed using Vδ2 T cells and Zol. The pharmacologic effect of Zol alone in reducing spheroid size was detected on HCT15, SW620, and DLD1 cell lines, while the reductive effect due to Vδ2 T cells, in the absence of Zol, was evident only using HCT15 as target cells. In any case, this 3D spheroid culture system allows the evaluation of drug and/or Vδ2 T cell anti-tumor effects; also, the system reveals any difference in the sensitivity of CRC cell types to drug or lymphocyte effects, and in the efficiency of anti-tumor effectors from distinct donors. Data from crystal violet staining were in line with image analysis of spheroid size; at variance, ATP measurement was reliable and reproducible only in CRC spheroids without Vδ2 T lymphocytes, conceivably due to the fact that in co-cultures the ATP of both cell types is measured, impairing the distinction between the fate of effectors and targets. Thus, we would advise crystal violet assay to check and support image analysis of tumor spheroid size to detect tumor killing exerted by Vδ2 T cells, alone or in combination of drugs, including Zol, at variance with ATP content that is useful only to test drug effects.

Using a specific mAb in inhibition experiments, we also show that Vδ2 TCR is involved in the spheroid reduction and killing elicited by Zol. Another important application of this 3D culture system is the evaluation of anti-CRC ADCC exerted by Vδ2 T lymphocytes triggered by the therapeutic anti-EGFR huAb cetuximab (Cet). Indeed, when Cet and Vδ2 T cell populations were co-incubated with CRC spheroids a strong reduction of their size and cell number/spheroid was detected in experiments performed with Vδ2 T lymphocytes, enriched in CD16+ cells. Cet slightly reduced the spheroid size when used alone. This suggests that also therapeutic mAbs other than Cet can be evaluated for their efficacy in producing a direct anti-tumor cytotoxic effect or ADCC in this 3D culture system. A limitation of this model is represented by the absence of stromal or myeloid or other types of neighboring cells that compose the tumor microenvironment; however, the system potentially allows the setting of mixed spheroids, e.g., using a core of stromal cells and an envelope of cancer cells. Mixed spheroids with different degree of complexity, made of CRC cell lines and cancer-associated fibroblasts (CAF), with or without PBMC, have been reported (38). In this mixed spheroid system, CAF conferred to co-cultured CRC cells reduced chemosensitivity, supporting that tumor microenvironment deeply influences the outcome of drug treatments. Also, it is known that stromal cells can down-regulate the function of immune effector cells, although we have reported that zoledronate can prevent this inhibition, allowing the occurrence of effector lymphocyte cell function (1, 29).

In conclusion, mixed lymphocyte-CRC spheroids represent a reliable, reproducible, and cheap 3D culture system that allows the evaluation and measurement of anti-cancer drugs that exploit the immune response. Image computerized analysis guarantees the precise and unbiased analysis of data, although some efforts are still needed to reach a good automated ROI definition and image assessment of the whole spheroid.

ETHICS STATEMENT

Peripheral blood mononuclear cells (PBMC) were obtained from healthy adult donor’s buffy coat upon institutional informed consent signed at the time of donation and EC approval PR163REG2014 of the Regional Ethic Committee.

AUTHOR CONTRIBUTIONS

SV carried out cell isolation, generation, and culture of spheroids, and functional assays; SV, MZ, and AP performed immunofluorescence and image analyses, designed the work, and wrote the paper. AP takes primary responsibility for the paper content.

ACKNOWLEDGMENTS

We thank Dr. M. Abbate (Immagini e Computer, Bareggio, Milan, Italy) for help in image analysis; Dr. R. Benelli (Unit of Immunolgy, Ospedale Policlinico San Martino, Genoa) for technical advice in spheroid generation and culture; and Dr. I. Dapino for technical and helpful assistance in setting culture condition for spheroid generation. We thank Dr. S. Beltramini and Dr. F. Mina and Dr. B. Rebesco of UO Pharmacy for providing us the Erbitux left over.

FUNDING

This work has been partially supported by grants from AIRC to AP (IG15483) and AIRC to MZ (IG17074) and from 5xmille 2012 Ministero della Salute, 5xmille 2013 Ministero della Salute, 5xmille 2014 Ministero della Salute, and 5xmille 2015 Ministero della Salute to AP.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.00998/full#supplementary-material.

FIGURE S1 | Tumor cell spheroids formation and three-dimensional (3D) co-culture system with Vδ2 T cells. (A) Schematic representation and time schedule of the 3D culture system. CRC cell lines were cultured in serum free medium supplemented with 10 ng/ml of epithelial growth factor in very low-adherent 96-well flat-bottomed microplates (104 cells/well). Cell cultures were checked every day (a) by inverted IX70 microscope. On day 6 (b) either Zol (5 μM) or Vδ2 T cells or Zol and Vδ2 T cells were added and the spheroids analyzed after additional 24 h of incubation (c). Then, image analysis, ATP content measurement, and crystal violet assay were performed. (B) Bright field microscopic images of the cultures described in panel (A). (a) CRC spheroid. (b) Vδ2 T cells added to CRC spheroids. (c) Zol and Vδ2 T cells added to CRC spheroids. (C) Phenotype of the Vδ2 T cell populations obtained culturing peripheral blood mononuclear cell with Zol and then used in the assay described in panel (A). Left dot plot: double staining and FACS analysis of Vδ2 T cells with anti-CD3 and anti-Vδ2 mAbs at 21 days of culture; in each quadrant, percentage of cells. Central graph: percentages of Vδ2 T cells at the indicated time points; each dot represents a single donor. Bars: mean ± SD. Right graph: expression of CD16 antigen on Vδ2 T cells (day 21) assessed by immunofluorescence and FACS analysis. Dark grey: negative control with unrekated APC-Ig. Log red fluorescence intensity (a.u.) vs cell number. The percentage of positive cells is indicated. One representative donor out of six.

FIGURE S2 | Phenotype of CRC cell lines and CRC spheroids. (A) Immunofluorescence performed on the indicated CRC cell lines with the anti-CD133-specific monoclonal antibody (mAb) followed by Alexafluor647 GAM isotype specific antiserum. Dark gray histogram in each panel: fluorescence of cells stained with the second reagent alone. Light gray histogram: fluorescence of cells stained with anti-CD133 mAb. (B) Immunofluorescence performed on SW480 cell line cultured under conventional conditions (upper row) or as spheroids (lower row), with the anti-ICAM1 mAb, followed by Alexafluor647 GAM isotype specific antiserum, or the Fc-NKG2D or the Fc-DNAM1 chimeras, followed by Alexafluor647 anti-human specific antiserum. Data are expressed as log far red MFI in arbitrary units (a.u.).

FIGURE S3 | Measurement of perimeter and area of CRC spheroids by different operators. (A,B) The perimeter (A) and area (B) of SW620 (left measures in each panel) or HCT15 (right measures in each panel) spheroids were analyzed independently by three operators (OP1, OP2, and OP3), calculated as in Figure 2 and data plotted with Graph Pad PRISM software. Each symbol indicates a region of interest (ROI) which in turn corresponds to a single spheroid. Bar in each plot shows the mean ± SD of that group of measures.

FIGURE S4 | ATP content and propidium iodide (PI) staining in CRC spheroids. (A) ATP content, expressed as μM calculated referring to luminescence of a standard curve, in the CRC cell lines HCT15, HT29, Caco2, and SW480, seeded at the indicated number of cells/well. Data are the mean of 6-well replicates for each culture condition. (B) PI staining of HCT15 (upper row), SW620 (central row), and SW480 (lower row) CRC cell lines. Left histograms: adherent cells in conventional cultures; middle histograms: disaggregated spheroids; and right histograms: spheroids recovered and cultured in adherent plates. The percentages of PI positive cells are indicated in each histogram.

FIGURE S5 | Effect of Vδ2 T cell populations from different donors on spheroid size. HCT15 spheroids were obtained after culture for 6 days in serum free medium supplemented with epithelial growth factor (10 ng/ml). Cultures were incubated for additional 24 h in medium without (CTR) or with 5 μM Zol (+Z5) or Vδ2 T cells (+Vδ2) or Vδ2 T cells + 5μM Zol (+Vδ2+Z5). Then, each culture well was analyzed for the identification and measurement of spheroids. Data are from experiments performed using six different Vδ2 T cell populations (donors 1, 2, 3, 4, 5, and 6) in triplicate wells for each donor and are expressed in μm2. Each symbol in the plot indicates a single tumor cell spheroid. Bars: mean ± SEM. *p < 0.01; **p < 0.001, ***p < 0.0001; ns, not significant.
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