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Abstract

:

Proton beam therapy (PBT) is a critical treatment modality for head and neck squamous cell carcinoma (HNSCC). However, not much is known about drug combinations that may improve the efficacy of PBT. This study aimed to test the feasibility of a three-dimensional (3D) tumor-spheroid-based high-throughput screening platform that could assess cellular sensitivity against PBT. Spheroids of two HNSCC cell lines—Fadu and Cal27—cultured with a mixture of Matrigel were arrayed on a 384-pillar/well plate, followed by exposure to graded doses of protons or targeted drugs including olaparib at various concentrations. Calcein staining of HNSCC spheroids revealed a dose-dependent decrease in cell viability for proton irradiation or multiple targeted drugs, and provided quantitative data that discriminated the sensitivity between the two HNSCC cell lines. The combined effect of protons and olaparib was assessed by calculating the combination index from the survival rates of 4 × 4 matrices, showing that Cal27 spheroids had greater synergy with olaparib than Fadu spheroids. In contrast, adavosertib did not synergize with protons in both spheroids. Taken together, we demonstrated that the 3D pillar/well array platform was a useful tool that provided rapid, quantitative data for evaluating sensitivity to PBT and drug combinations. Our results further supported that administration of the combination of PBT and olaparib may be an effective treatment strategy for HNSCC patients.
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1. Introduction


As a curative-intent treatment or an adjuvant to surgery, radiation therapy (RT) has been employed in the treatment of head and neck cancer (HNC) [1,2]. Proton beam therapy (PBT) is the most popular type of particle-based RT. Compared to conventional photon RT, PBT offers dosimetric advantages due to a distinct physical property called the “Bragg peak”. In HNC treatment, PBT can spare critical organs, including salivary glands, eyes, and oral cavity structures, from unnecessary exposure to radiation while delivering high radiation doses to tumor sites [3,4,5]. Mounting evidence suggests that PBT provides excellent locoregional control with less acute toxicities than photon RT in HNC treatment. Nevertheless, only a few preclinical studies have compared the biological advantages of PBT over photon RT in HNC models [6,7].



The difference in the biological impact of PBT over photon RT is expressed as the relative biological effectiveness (RBE) [8]. The RBE of PBT is defined as the ratio of the proton doses to photon doses that yield the same biological endpoints, such as clonogenic survival and jejunum crypt regeneration [8,9,10]. In the clinic, a constant RBE value of 1.1 is used regardless of tumor intra- or inter-heterogeneity. Many efforts have been devoted to the investigation of biomarkers or radiosensitizers that potentially enhance the efficacy of PBT. Recent findings from our and other researchers have shown that several targeted drugs increased the sensitivity of various cancer cells to proton irradiation over photon irradiation, resulting in an increase in the RBE [11,12,13,14,15,16]. For instance, a cell cycle checkpoint inhibitor [11], a histone deacetylase inhibitor [14], a PARP inhibitor [16], and cisplatin [17] increased proton sensitivity across many types of cancer cells. Several genes involved in DNA damage repair pathways, such as RAD51 and FANCD2, have been proposed as putative biomarkers related to proton sensitivity [13,18,19].



In 2015, The Cancer Genome Atlas (TCGA) consortium reported the largest set of genomic data of head and neck squamous cell carcinoma (HNSCC), providing a comprehensive landscape of the genomic alterations, including druggable targets [20]. Regarding RT response, human papilloma virus (HPV) infection is strongly associated with favorable responses, whereas mutations in TP53 in HPV-negative HNSCC confer radioresistance [21]. Aberrant signaling of receptor tyrosine kinases, including epidermal growth factor receptor and its downstream, and upregulation of DNA damage repair proteins such as Ku80 and poly (ADP-ribose) polymerase 1 (PARP1) contribute to radioresistance in HNSCC [22]. Besides these intrinsic factors, tumor hypoxia and immune suppressive microenvironment are key extrinsic factors that cause a failure of RT. Hypoxia-activated prodrugs or immunotherapy hold great promise to overcome these hurdles and improve treatment outcome [23,24].



Despite the increasing use of PBT for HNSCC treatment, there are few systemic approaches to facilitate the identification of targeted drugs that synergistically interact with PBT. In this study, we aimed to test the feasibility of a three-dimensional (3D) spheroid-culture-based high-throughput screening (HTS) platform to evaluate the response of HNSCC cells to PBT. For more robust screening, we designed a proton treatment plan that allowed the precise delivery of four graded proton doses onto a single 384-well plate using a pencil beam scanning mode. Using a newly designed HTS platform, we screened synergistic combinations of anticancer drugs and PBT using two human HNSCC cell lines.




2. Results


2.1. Setup of the 3D-Based HTS Platform and Its Dosimetric Analysis


Various HTS technologies using 3D spheroid-based multiwell pillars have been developed to determine therapeutic responses in cancer [25]. We utilized this technology to develop a new system for concomitantly measuring the combined effects of proton radiation and anticancer drugs. For this, we adopted the 384-pillar/well platform (Figure 1A,B), which was proven to be suitable for drug screening under 3D culture conditions [25]. Proton beams with a spread-out Bragg peak (SOBP) of 30 mm width were perpendicularly delivered to the 384-pillar/well plate (Figure 1C). The plate was mapped to have a layout that increased the proton dose in the transverse direction and the drug dose in the longitudinal direction for evaluating proton–drug combinations (Figure 1D).



A treatment plan was created to deliver four doses of proton beams ranging from 0 to 6 Gy onto a 384-well plate in a stepwise manner. Using computed tomography (CT) images of the 384-well plate, the entire plate area was divided into four target regions. Each region was assigned a graded dose of 0, 2, 4, or 6 Gy (Figure 2A,B). Each dose area was planned to have a plateau region covering at least three rows of wells, as indicated by the solid lines in Figure 2A,B. The calculated proton-dose distribution was measured and verified using an ionization chamber array (Figure 2C,D).




2.2. HNSCC Cell Sensitivity to Proton Irradiation Using the 3D-Based HTS Platform


Next, we evaluated whether the 3D-based HTS platform measured the dose-dependent sensitivity of HNSCC cells to proton irradiation. Fadu and Cal27 cells were suspended in a matrix consisting of 0.5% alginate and 50% Matrigel, and the mixture was automatically spotted on top of the pillars (Figure 3A). After 1 day of preincubation, the pillar/well plates were irradiated with proton beams using the prescribed treatment plan. After 7 days of incubation, the spheroids were stained with Calcein AM, a membrane-permeable live-cell labelling dye. Fluorescent images of the spheroids stained with Calcein AM in an entire 384-well plate showed that green fluorescence signals decreased with an increasing proton dose from left to right (Figure 3B). Quantitative data confirmed that fluorescence intensity was inversely correlated with the physical dose (Figure 3C). Data were acquired from flat areas with proton doses of 0, 2, 4, and 6 Gy, which corresponded to three consecutive rows (Figure 3C). Dose–response curves showed that Fadu cells were more radioresistant to Cal27 under 3D-culture conditions (Figure 3D).




2.3. HNSCC Cell Sensitivity to Anticancer Drugs Using the 3D-Based HTS Platform


We utilized the 3D-based HTS platform to determine the sensitivity of the two HNSCC cell lines to various anticancer drugs. Spheroids of Fadu and Cal27 cells were allowed to grow onto 384 pillars and were then exposed to five anticancer drugs at a concentration of 0 to 10 µM for 7 days. The dose–response curves and IC50 values were calculated from the fluorescence intensity values of the scanned images. Scanned images of spheroids treated with each drug showed a dose-dependent decrease in the number of Calcein-AM-stained spheroids (Figure 4A). In addition, 5-fluorouracil, a chemotherapeutic drug for HNSCC, dramatically decreased the viability of spheroids of both Fadu and Cal27 (IC50 = 0.168 and 0.044, respectively; Figure 4B,C). Compared with Fadu, Cal27 spheroids were more sensitive to other anticancer drugs, including adavosertib (Wee1 inhibitor), capivasertib (AKT inhibitor), and palbociclib (CDK4/6 inhibitor), but not olaparib (PARP inhibitor). These data suggested that our 3D-based HTS platform was useful for comparing the effects of multiple anticancer drugs on spheroid growth, as well as proton beams, in a quantitative manner.




2.4. Combination Effect of Proton Irradiation and Olaparib in the 3D-Based HTS Platform


Olaparib is a well-known radiosensitizer in many types of cancers, including HNSCC. To confirm the utility of the 3D-based HTS platform for proton sensitizer screening, we tested the combined effects of protons and olaparib. Spheroids of Fadu and Cal27 were allowed to grow onto 384 pillars for a day, followed by treatment with olaparib and protons on the same day. After 7 days of incubation, the spheroids were stained with Calcein AM. Scanned fluorescence images showed that the number of Calcein-stained spheroids of both Fadu and Cal27 decreased with increasing doses of olaparib and protons (Figure 5A,B, right). The scanned image was converted into a 4 × 4 matrix of survival rates; each element represented the relative survival rates calculated from the averaged fluorescence intensity of spheroids grown under the indicated treatment conditions (Figure 5A,B, left). Analyses of the survival data matrix showed that olaparib had a synergistic effect with protons in both HNSCC spheroids, which was judged by calculation of the combination index (CI) using CalcuSyn software; the synergism was more evident in Cal27 than Fadu (Figure 5C,D). We also tested another combination of protons and adavosertib in both Fadu and Cal27 spheroids, and found that there was no additive effect (Figure S1).



Next, we investigated how the combination of olaparib sensitized 3D spheroids to proton irradiation. In the survival data matrix, we found that both Cal27 and Fadu spheroids had an additive effect on the reduction of survival rates upon treatment with 0.1 µM olaparib and 2 Gy of protons, a conventional daily fraction dose of radiotherapy (p < 0.001; Figure 6A). A caspase-3/7 staining assay revealed that olaparib alone increased apoptosis in both Cal27 and Fadu spheroids (p < 0.01; Figure 6B,C). Protons also increased apoptosis of proton-sensitive Cal27 spheroids, but not Fadu spheroids. Cotreatment with olaparib significantly enhanced the expression of caspase-3/7 in Fadu spheroids (p < 0.01) and Cal27 spheroids (p < 0.05; Figure 6B,C). These data validated the compatibility of our 3D-based HTS platform for screening proton radiosensitizers with mechanistic investigations through quantitative analysis.





3. Discussion


HNSCC is the sixth most common cancer worldwide, and photon-based chemoradiation is the current standard of care. The number of HNSCC patients receiving proton beam therapy is rapidly increasing, but how the biological influence of proton therapy differs from that of photon-based therapy in HNSCC remains unclear. Recently, several comparative studies have demonstrated the difference in biological effectiveness of proton over photon radiotherapy, and revealed the underlying mechanisms. Reverse-phase protein array analysis showed that a single 4 Gy dose of protons increased the expression of DNA damage repair (DDR), cell cycle arrest, and antiproliferation to a greater extent than X-rays [26,27]. Protons caused more persistent DNA double-strand breaks (DSBs) in HNSCC cells than protons, even though the related DSB repair mechanisms remained undetermined [26,27]. Regarding cell death, protons produced higher proportions of HNSCC cells undergoing mitotic catastrophe and senescence with only limited apoptosis [6]. It is likely that protons are less immunosuppressive than photons because of the normal tissue-sparing effect. These fundamental differences between the two radiation modalities may affect the response to drugs targeting the DDR signaling pathway, such as PARP inhibitors [15,28]. The current study aimed to develop an HTS platform to screen drugs to enhance proton sensitivity.



Currently, 3D cell culture systems are widely accepted as the most effective research platform for determining drug responses in vitro. They may better reflect in vivo tumor environments, such as gradients of nutrients, oxygen, and pH, than 2D monolayer cultures, although they cannot fully simulate such in vivo features. Cancer cells cultured in 3D are more resistant to radiation than cells cultured in 2D [29,30]. Moreover, a 3D spheroid culture in a 384-well format enables researchers to perform HTS or imaging-based high content screening (HCS). However, most studies for measuring HTS-based radiosensitivity have adopted a method to deliver a single radiation dose to a multiwell plate and measure relative radiation responses compared to untreated control plates. This is highly efficient, but plate-to-plate variation may cause problems with accuracy and reproducibility. To avoid these issues and determine the proton–dose response more precisely, we utilized scanning beamlets of protons based on spot-scanning technology, which allowed us to paint a single 384-well plate with four graded proton doses (Figure 2). In the current study, two human HNSCC cells were spotted onto a single plate due to the availability of only two spot nozzles (Figure 3B), but the process can be technically improved with multiple nozzles. Proton–dose response curves were successfully obtained, showing that Fadu spheroids were more resistant than Cal27 spheroids.



Our screening using the HTS platform confirmed that olaparib—a PARP inhibitor—acted as a proton radiosensitizer in HNSCC cells (Figure 4). A previous study by Hirai et al. showed that olaparib sensitized two human cancer cell lines, A549 and MIA PaCa-2, to proton beam irradiation with enhanced γH2AX expression and G2/M arrest [31]. Olaparib also sensitized radioresistant HNSCC Fadu cells via PARP1 inhibition [32]. Wang et al. showed that another PARP inhibitor, niraparib, increased the sensitivity of HNSCC cells to both photon and proton irradiation [15]. In HPV-negative and HPV-positive cell lines, niraparib treatment increased proton RBE by 3% and 10%, respectively. Olaparib potentiated fractionated proton irradiation in esophageal cancer cells [16]. Our caspase-3/7 staining data revealed that olaparib plus protons activated caspase cascades in two HNSCC cell lines, thereby inducing apoptotic cell death (Figure 6C).



A feature of our HTS platform is that it facilitates the measurement of the synergy between two different treatments through two-dimensional analysis. It seemed that olaparib sensitized both Cal27 and Fadu cells to proton irradiation, but the CI index evaluation showed that the synergism between protons and olaparib was more prominent in Cal27 cells than in Fadu cells. Accumulating evidence has shown that the radiosensitization of PARP inhibitors is dependent on defects in homologous recombination (HR) repair [33]. Thus, it would be interesting to test whether there was a difference in HR repair proficiency between Cal27 and Fadu cells. Unlike olaparib, adavosertib—the Wee1 inhibitor—did not show any additive effect with proton irradiation in either Cal27 or Fadu cells (Figure S1). G2-checkpoint-targeting agents such as Wee1 inhibitors are more effective in combination with radiation in HPV-positive than HPV-negative cells, and dual targeting of Chk1 and Wee1 greatly enhanced radiosensitization regardless of HPV status [34,35]. Thus, it is assumed that Adavosertib plus Chk1 inhibitors may show better synergy with protons. Theoretically, the treatment sequence could influence any combination data, including those without synergism of adavosertib and protons, and requires further validation. Recent studies have recommended that testing the drug efficacy in a single spheroid is desirable, because the data reproducibility of 3D models depends on morphological parameters such as volume and shape [36,37]. Thus, further morphological analysis of individual spheroids grown on a single pillar could provide valuable information.



Radiotherapy remains the mainstay of treatment for patients with HNSCC, but requires further improvement. A variety of molecularly targeted agents, such as DDR inhibitors, cell cycle blockers, and epidermal growth factor receptor inhibitors, have been tested in the presence of X-rays [22]. However, whether they exert a synergistic antitumor effect with protons remains largely unknown. Meerz et al. showed that inhibition of ATM, DNA-PK, and PARP sensitized 3D-cultured HNSCC cells to both proton and photon irradiation [38]. Cells were cultured in a 96-well plate and treated with different inhibitors at a single concentration. In contrast, our HTS platform allowed the measurement of the sensitizing effect for a wide range of drug/proton doses, enabling the detection of subtle differences in combination efficacy. For further validation, in vivo studies using laboratory animal models (e.g., patient-derived xenograft models for the same cell line) need to be performed. Recently, patient-derived organoids (PDOs) have attracted attention as tools to predict the sensitivity of patients with rectal cancer and HNSCC to chemoradiation [39,40]. Application of PDO cultures to our HTS platform and integration of patient information will open up new avenues for precision proton therapy.




4. Materials and Methods


4.1. Cell Cultures


Human head and neck squamous carcinoma Fadu and Cal27 cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Fadu cells were cultured in Eagle’s minimum essential medium (EMEM, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and antibiotics, and Cal27 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS and antibiotics. Cultures were maintained in a humidified incubator with 5% CO2 at 37 °C. Before use, all cells were authenticated by short tandem repeat (STR) profiling and tested for mycoplasma contamination.




4.2. 3D Cell Printing


Fadu and Cal27 spheroids were prepared on the micropillar chip as previously described [25]. Briefly, 400 cells in 1 µL of 0.5% alginate and 50% Matrigel (w/w) were automatically dispensed onto a micropillar chip using ASFA Spotter ST (Medical & Bio Decision, Suwon, Korea). After 1 min of gelation, the micropillar chips containing the 3D spheroids were placed in a 384-microwell plate containing growth media. The next day, micropillar chips were exposed to radiation or transferred to a new 384-microwell plate containing anticancer drugs.




4.3. Cell Viability and Apoptosis Measurement


Cell viability was determined by staining with Calcein AM (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. Briefly, 3D spheroids were incubated with Calcein AM staining solution (0.5 µM Calcein AM, 140 mM NaCl, and 20 mM CaCl2) for 1 h and then washed twice with phosphate-buffered saline (PBS) for 20 min. Dried alginate spots were scanned with an automatic optical fluorescence scanner (ASFA Scanner HE, Medical & Bio Decision). The microscope in the scanner automatically focused on the cell spots by moving in the z-direction, and took 384 individual pictures from a single stained pillar/well plate at 4× magnification. The 384 pictures of the cell spots were then consolidated into a single JPEG image for data analysis. The scanned images were analyzed using CellAnalyzer version 1.0 (Medical & Bio Decision).



Apoptosis was determined by using CellEventTM Caspase-3/7 green detection reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, after 3 days of treatment with protons and/or olaparib, spheroids were incubated with caspase-3/7 reagent for 1 h at 37 °C. The fluorescence images were acquired using an ASFA optical fluorescence scanner, and were analyzed using ImageJ software version 1.53e (National Institutes of Health, Bethesda, MD, USA).




4.4. Dose–Response Curves and IC50 Calculation


Cell viability values were normalized to the corresponding control wells (no drug treatment). The sigmoidal dose–response curves (variable slope) and IC50 values (i.e., concentration of the compound in which 50% of cell growth was inhibited) were obtained using the following equation:


  Y = B o t t o m +  [    T o p − B o t t o m   1 +   10   ( log IC 50 − X ) ×  n H       ]   



(1)




where IC50 is the midpoint of the curve, nH is the hill slope, X is the logarithm of the compound concentration, and Y is the response (cell viability). The Prism software set the bottom as zero and the top as 100% when the data were fitted to a curve.




4.5. Combination Effect Analysis


A combination of drug and proton treatments using 384-pillar plates was performed by dispensing compounds into a 384-well plate and treating protons, as shown in Figure 1D. The two-parameter combination effect was analyzed using the median-effect methods of Chou and Talalay with CalcuSyn software ver. 2.1.1 (Biosoft, Ferguson, MO, USA) [41,42]. CI < 1, CI = 1, and CI > 1 indicated synergy, additive effect, and antagonism, respectively.




4.6. Irradiation


CT images were acquired to determine the exact geometry of the 384-multiwell cell culture plate. The entire plate area was divided into four target regions: planning target volumes (PTVs) 1, 2, 3, and 4. The PTVs were delineated in the CT image, and each PTV was separated by 10 mm intervals (Figure 1A). A pillar structure with a diameter of 2 mm was positioned inside the individual well filled with the medium. The CT density was overridden with water density because the density of the medium was approximately equal to that of water.



Treatment planning was performed using Raystation v6.B (Raysearch AB, Stockholm, Sweden) with intensity modulation. The computation was performed using a Monte Carlo dose engine. Graded dose distribution was achieved by assigning different values to each PTV: 0 Gy to PTV1, 2 Gy to PTV2, 4 Gy PTV3, and 6 Gy to PTV4. Considering the difficulty in making 0 Gy in PTV1 by intensity modulation, the aperture was used to completely block the proton beams to PTV1. The graded dose distribution of the treatment plan is illustrated in Figure 2A,B. Each plateau region included at least three rows of wells, and the number of data points was 48 (16 × 3) for each PTV. To guarantee stability of the flat dose in PTVs, the treatment plan was designed to generate a spread-out Bragg peak (SOBP) with a width of 30 mm. The highest energy of the proton beam was 187.6 MeV, and eight energy layers were used.




4.7. Dosimetry


Proton beam irradiation was performed using an SHI proton system (Sumitomo Heavy Industry Ltd., Tokyo, Japan). The absorbed dose in the four flat regions was measured using a PPC05 ion chamber (IBA, Louvain la Neuve, Belgium). The measurement was performed at mid-SOBP, 203 mm, for a 187.6 MeV proton beam with a 30 mm width of SOBP. The measurement points were selected at the center of each PTV. The absorbed dose differences between the treatment plan and measurements are summarized in Table 1. The two-dimensional (2D) dose distribution was measured using OCTAVIUS detector 729 arrays (PTW, Freiburg, Germany) with 729 vented ion chambers. The gamma passing rate between the measured and planned doses was 100% with a 2 mm distance to agreement and a 2% dose difference.




4.8. Statistics


Statistical analysis was performed using GraphPad Prism 9.0 (GraphPad, San Diego, CA, USA). The IC50 values were estimated from the dose–response curves using nonlinear regression analysis. Data are expressed as mean ± standard deviation (SD) from at least two independent experiments. The p values were calculated using one-way analysis of variance (ANOVA) with Tukey’s multiple comparison correction. Statistical significance was set at p < 0.05.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23020587/s1.





Author Contributions


Conceptualization, C.C. and K.J.; methodology, D.W.L. and J.E.K.; software, D.W.L.; validation, J.E.K., G.-H.L. and A.S.; formal analysis, D.W.L. and C.C.; investigation, J.E.K., G.-H.L. and A.S.; resources, H.C.P. and D.O.; data curation, D.W.L., J.E.K., K.J. and C.C.; writing—original draft preparation, D.W.L., J.E.K., K.J. and C.C.; writing—review and editing, D.W.L. and C.C.; visualization, D.W.L. and C.C.; supervision, C.C. and D.W.L.; project administration, H.C.P., C.C. and K.J.; funding acquisition, C.C. and D.O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants from the National Research Foundation of Korea (NRF), funded by the Korean government (2021R1F1A1062064, 2021M2E8A1048108, and 2020M2D9A3094087).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alterio, D.; Marvaso, G.; Ferrari, A.; Volpe, S.; Orecchia, R.; Jereczek-Fossa, B.A. Modern radiotherapy for head and neck cancer. Semin. Oncol. 2019, 46, 233–245. [Google Scholar] [CrossRef] [PubMed]

	



Mendenhall, W.M.; Dagan, R.; Bryant, C.M.; Fernandes, R.P. Radiation Oncology for Head and Neck Cancer: Current Standards and Future Changes. Oral. Maxillofac. Surg. Clin. 2019, 31, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Leeman, J.E.; Romesser, P.B.; Zhou, Y.; McBride, S.; Riaz, N.; Sherman, E.; Cohen, M.A.; Cahlon, O.; Lee, N. Proton therapy for head and neck cancer: Expanding the therapeutic window. Lancet Oncol. 2017, 18, e254–e265. [Google Scholar] [CrossRef]

	



Holliday, E.B.; Frank, S.J. Proton Radiation Therapy for Head and Neck Cancer: A Review of the Clinical Experience to Date. Int. J. Radiat. Oncol. 2014, 89, 292–302. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Lee, A.; Cohen, M.A.; Sherman, E.J.; Lee, N.Y. Past, present and future of proton therapy for head and neck cancer. Oral Oncol. 2020, 110, 104879. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Han, S.; Zhu, J.; Wang, X.; Li, Y.; Wang, Z.; Lin, E.; Wang, X.; Molkentine, D.P.; Blanchard, P.; et al. Proton versus photon radiation-induced cell death in head and neck cancer cells. Head Neck 2019, 41, 46–55. [Google Scholar] [CrossRef]

	



Wang, L.; Wang, X.; Li, Y.; Han, S.; Zhu, J.; Wang, X.; Molkentine, D.P.; Blanchard, P.; Yang, Y.; Zhang, R.; et al. Human papillomavirus status and the relative biological effectiveness of proton radiotherapy in head and neck cancer cells. Head Neck 2017, 39, 708–715. [Google Scholar] [CrossRef]

	



Paganetti, H. Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of biological endpoint, dose, and linear energy transfer. Phys. Med. Biol. 2014, 59, R419–R472. [Google Scholar] [CrossRef]

	



Paganetti, H.; Giantsoudi, D. Relative Biological Effectiveness Uncertainties and Implications for Beam Arrangements and Dose Constraints in Proton Therapy. Semin. Radiat. Oncol. 2018, 28, 256–263. [Google Scholar] [CrossRef]

	



Choi, C.; Lee, C.; Shin, S.-W.; Kim, S.-Y.; Hong, S.N.; Park, H.C. Comparison of Proton and Photon Beam Irradiation in Radiation-Induced Intestinal Injury Using a Mouse Model. Int. J. Mol. Sci. 2019, 20, 1894. [Google Scholar] [CrossRef]

	



Choi, C.; Cho, W.K.; Park, S.; Shin, S.-W.; Park, W.; Kim, H.; Choi, D.H. Checkpoint Kinase 1 (CHK1) Inhibition Enhances the Sensitivity of Triple-Negative Breast Cancer Cells to Proton Irradiation via Rad51 Downregulation. Int. J. Mol. Sci. 2020, 21, 2691. [Google Scholar] [CrossRef] [PubMed]

	



Choi, C.; Park, S.; Cho, W.K. Cyclin D1 is Associated with Radiosensitivity of Triple-Negative Breast Cancer Cells to Proton Beam Irradiation. Int. J. Mol. Sci. 2019, 20, 4943. [Google Scholar] [CrossRef] [PubMed]

	



Choi, C.; Son, A.; Lee, G.H.; Shin, S.W.; Park, S.; Ahn, S.H.; Chung, Y.; Yu, J.I.; Park, H.C. Targeting DNA-dependent protein kinase sensitizes hepatocellular carcinoma cells to proton beam irradiation through apoptosis induction. PLoS ONE 2019, 14, e0218049. [Google Scholar] [CrossRef]

	



Yu, J.I.; Choi, C.; Shin, S.-W.; Son, A.; Lee, G.-H.; Kim, S.-Y.; Park, H.C. Valproic Acid Sensitizes Hepatocellular Carcinoma Cells to Proton Therapy by Suppressing NRF2 Activation. Sci. Rep. 2017, 7, 14986. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Cao, J.; Wang, X.; Lin, E.; Wang, Z.; Li, Y.; Li, Y.; Chen, M.; Wang, X.; Jiang, B.; et al. Proton and photon radiosensitization effects of niraparib, a PARP-1/-2 inhibitor, on human head and neck cancer cells. Head Neck 2020, 42, 2244–2256. [Google Scholar] [CrossRef] [PubMed]

	



Kageyama, S.-I.; Junyan, D.; Hojo, H.; Motegi, A.; Nakamura, M.; Tsuchihara, K.; Akimoto, T. PARP inhibitor olaparib sensitizes esophageal carcinoma cells to fractionated proton irradiation. J. Radiat. Res. 2020, 61, 177–186. [Google Scholar] [CrossRef] [PubMed]

	



Iwata, H.; Shuto, T.; Kamei, S.; Omachi, K.; Moriuchi, M.; Omachi, C.; Toshito, T.; Hashimoto, S.; Nakajima, K.; Sugie, C.; et al. Combined effects of cisplatin and photon or proton irradiation in cultured cells: Radiosensitization, patterns of cell death and cell cycle distribution. J. Radiat. Res. 2020, 61, 832–841. [Google Scholar] [CrossRef] [PubMed]

	



Vitti, E.T.; Parsons, J.L. The Radiobiological Effects of Proton Beam Therapy: Impact on DNA Damage and Repair. Cancers 2019, 11, 946. [Google Scholar] [CrossRef]

	



Liu, Q.; Ghosh, P.; Magpayo, N.; Testa, M.; Tang, S.; Gheorghiu, L.; Biggs, P.; Paganetti, H.; Efstathiou, J.A.; Lu, H.-M.; et al. Lung Cancer Cell Line Screen Links Fanconi Anemia/BRCA Pathway Defects to Increased Relative Biological Effectiveness of Proton Radiation. Int. J. Radiat. Oncol. 2015, 91, 1081–1089. [Google Scholar] [CrossRef]

	



Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature 2015, 517, 576–582. [Google Scholar] [CrossRef]

	



Hutchinson, M.-K.N.D.; Mierzwa, M.; D’Silva, N.J. Radiation resistance in head and neck squamous cell carcinoma: Dire need for an appropriate sensitizer. Oncogene 2020, 39, 3638–3649. [Google Scholar] [CrossRef]

	



Jagadeeshan, S.; Prasad, M.; Ortiz-Cuaran, S.; Gregoire, V.; Saintigny, P.; Elkabets, M. Adaptive Responses to Mono-therapy in Head and Neck Cancer: Interventions for Rationale-Based Therapeutic Combinations. Trends Cancer 2019, 5, 365–390. [Google Scholar] [CrossRef]

	



Mistry, I.N.; Thomas, M.; Calder, E.; Conway, S.J.; Hammond, E.M. Clinical Advances of Hypoxia-Activated Prodrugs in Combination with Radiation Therapy. Int. J. Radiat. Oncol. 2017, 98, 1183–1196. [Google Scholar] [CrossRef]

	



Manukian, G.; Bar-Ad, V.; Lu, B.; Argiris, A.; Johnson, J.M. Combining Radiation and Immune Checkpoint Blockade in the Treatment of Head and Neck Squamous Cell Carcinoma. Front. Oncol. 2019, 9, 122. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.W.; Lee, S.-Y.; Lee, D.W. A Cancer Spheroid Array Chip for Selecting Effective Drug. Micromachines 2019, 10, 688. [Google Scholar] [CrossRef] [PubMed]

	



Lupu-Plesu, M.; Claren, A.; Martial, S.; N’diaye, P.-D.; Lebrigand, K.; Pons, N.; Ambrosetti, D.; Peyrottes, I.; Feuillade, J.; Hérault, J.; et al. Effects of proton versus photon irradiation on (lymph) angiogenic, inflammatory, proliferative and anti-tumor immune responses in head and neck squamous cell carcinoma. Oncogenesis 2017, 6, e354. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Yang, L.; Han, S.; Zhu, J.; Li, Y.; Wang, Z.; Fan, Y.-H.; Lin, E.; Zhang, R.; Sahoo, N.; et al. Patterns of protein expression in human head and neck cancer cell lines differ after proton vs photon radiotherapy. Head Neck 2019, 42, 289–301. [Google Scholar] [CrossRef] [PubMed]

	



Vitti, E.T.; Kacperek, A.; Parsons, J.L. Targeting DNA Double-Strand Break Repair Enhances Radiosensitivity of HPV-Positive and HPV-Negative Head and Neck Squamous Cell Carcinoma to Photons and Protons. Cancers 2020, 12, 1490. [Google Scholar] [CrossRef]

	



Xue, G.; Ren, Z.; Grabham, P.W.; Chen, Y.; Zhu, J.; Du, Y.; Pan, D.; Li, X.; Hu, B. Reprogramming mediated radio-resistance of 3D-grown cancer cells. J. Radiat. Res. 2015, 56, 656–662. [Google Scholar] [CrossRef]

	



Storch, K.; Eke, I.; Borgmann, K.; Krause, M.; Richter, C.; Becker, K.; Schröck, E.; Cordes, N. Three-Dimensional Cell Growth Confers Radioresistance by Chromatin Density Modification. Cancer Res. 2010, 70, 3925–3934. [Google Scholar] [CrossRef]

	



Hirai, T.; Saito, S.; Fujimori, H.; Matsushita, K.; Nishio, T.; Okayasu, R.; Masutani, M. Radiosensitization by PARP inhibition to proton beam irradiation in cancer cells. Biochem. Biophys. Res. Commun. 2016, 478, 234–240. [Google Scholar] [CrossRef]

	



Liu, C.; Gross, N.; Li, Y.; Li, G.; Wang, Z.; Zhong, S.; Li, Y.; Hu, G. PARP inhibitor Olaparib increases the sensitization to radiotherapy in FaDu cells. J. Cell. Mol. Med. 2020, 24, 2444–2450. [Google Scholar] [CrossRef]

	



Wurster, S.; Hennes, F.; Parplys, A.C.; Seelbach, J.I.; Mansour, W.Y.; Zielinski, A.; Petersen, C.; Clauditz, T.S.; Münscher, A.; Friedl, A.A.; et al. PARP1 inhibition radiosensitizes HNSCC cells deficient in homologous recombination by disabling the DNA replication fork elongation response. Oncotarget 2016, 7, 9732–9741. [Google Scholar] [CrossRef]

	



Molkentine, J.M.; Molkentine, D.P.; Bridges, K.A.; Xie, T.; Yang, L.; Sheth, A.; Heffernan, T.P.; Clump, D.A.; Faust, A.Z.; Ferris, R.L.; et al. Targeting DNA damage response in head and neck cancers through abrogation of cell cycle checkpoints. Int. J. Radiat. Biol. 2021, 97, 1121–1128. [Google Scholar] [CrossRef] [PubMed]

	



Busch, C.-J.; Kröger, M.S.; Jensen, J.; Kriegs, M.; Gatzemeier, F.; Petersen, C.; Muenscher, A.; Rothkamm, K.; Rieckmann, T. G2-checkpoint targeting and radiosensitization of HPV/p16-positive HNSCC cells through the inhibition of Chk1 and Wee1. Radiother. Oncol. 2017, 122, 260–266. [Google Scholar] [CrossRef]

	



Suckert, T.; Nexhipi, S.; Dietrich, A.; Koch, R.; Kunz-Schughart, L.A.; Bahn, E.; Beyreuther, E. Models for Translational Proton Radiobiology—From Bench to Bedside and Back. Cancers 2021, 13, 4216. [Google Scholar] [CrossRef] [PubMed]

	



Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor spheroid models for in vitro therapeutic screening: A systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 2016, 6, 19103. [Google Scholar] [CrossRef]

	



Meerz, A.; Deville, S.S.; Müller, J.; Cordes, N. Comparative Therapeutic Exploitability of Acute Adaptation Mechanisms to Photon and Proton Irradiation in 3D Head and Neck Squamous Cell Carcinoma Cell Cultures. Cancers 2021, 13, 1190. [Google Scholar] [CrossRef]

	



Park, M.; Kwon, J.; Kong, J.; Moon, S.; Cho, S.; Yang, K.; Jang, W.; Kim, M.; Kim, Y.; Shin, U. A Patient-Derived Organoid-Based Radiosensitivity Model for the Prediction of Radiation Responses in Patients with Rectal Cancer. Cancers 2021, 13, 3760. [Google Scholar] [CrossRef] [PubMed]

	



Driehuis, E.; Kolders, S.; Spelier, S.; Lõhmussaar, K.; Willems, S.M.; Devriese, L.A.; de Bree, R.; de Ruiter, E.J.; Korving, J.; Begthel, H.; et al. Oral Mucosal Organoids as a Potential Platform for Personalized Cancer Therapy. Cancer Discov. 2019, 9, 852–871. [Google Scholar] [CrossRef]

	



Berenbaum, M.C. Synergy, additivism and antagonism in immunosuppression. A critical review. Clin. Exp. Immunol. 1977, 28, 1–18. [Google Scholar] [PubMed]

	



Chou, T.-C.; Talalay, P. Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme inhibitors. Adv. Enzym. Regul. 1984, 22, 27–55. [Google Scholar] [CrossRef]








[image: Ijms 23 00587 g001 550] 





Figure 1. The 3D spheroid-based 384-pillar/well platform used for this study: (A) schematic view of the 384-pillar/well platform; (B) fabricated platform; (C) schematic view of proton–drug combination screening; (D) layout of the proton–drug combination. 
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Figure 2. Dose distribution of the 4-step cell irradiation plan. Homogeneous dose distributions were achieved by each plateau, and delivered doses decreased in a stepwise manner. (A) Coronal view; (B) sagittal view. (C) Delivered doses were measured by 2D ion chamber array. (D) One-dimensional dose distribution of plan and measurement were plotted. The measured dose points were spaced at 1 cm intervals, and are denoted as dots. The solid line indicates the plan dose. 
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Figure 3. An HTS platform for determining the cellular sensitivity against proton therapy. (A) Scheme of a 3D tumor spheroid platform for measuring the sensitivity to proton irradiation. (B) Layout of a 384-pillar/well plate containing Fadu and Cal27 spheroids for proton treatment. Representative fluorescent image indicating viable Fadu and Cal27 spheroids after proton irradiation. White and orange boxes indicate samples used for quantitative analysis. The upper graph represents the physical dose profile of protons on the plate. (C) Quantification of fluorescence intensity of Fadu and Cal27 spheroids stained with Calcein AM along each vertical line in a 384-well plate. (D) Survival curves of Fadu and Cal27 spheroids receiving the indicated doses of protons. Survival fraction was calculated as the ratio of fluorescence intensity at the indicated proton dose to that at 0 Gy. Data are mean ± S.D. (n = 21) from two independent experiments. * p < 0.05; *** p < 0.001. 
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Figure 4. Measurement of the drug sensitivity in HNSCC spheroids using the 3D-based HTS platform. (A) Layout of a 384-pillar/well plate containing Cal27 and Fadu spheroids for different drug treatments. Representative fluorescence image was captured after 7 days of incubation with drugs. (B) Comparison of sensitivity of Cal27 and Fadu spheroids in response to five anticancer drugs at the indicated concentrations. Left, representative fluorescent images of Cal27 and Fadu spheroids showing different responses to the drugs. Right, Dose–response curves of Cal27 and Fadu spheroids. (C) IC50 values of five anticancer drugs on Cal27 and Fadu spheroids. Data are mean ± S.D. (n = 7) from two independent experiments. 
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Figure 5. Measurement of the combination effect of proton and olaparib on the growth of HNSCC spheroids using the 3D-based HTS platform. (A,B) Sensitivity of Fadu (A) and Cal27 (B) spheroids to combination therapy with proton and olaparib. Left, fluorescence images of 384-pillar/well plates containing Fadu and Cal27 spheroids treated with indicated doses of protons and olaparib. Right, 4 × 4 matrices showing survival rates of Fadu and Cal27 spheroids for different combination treatment conditions. Color scale represents relative survival rates. (C,D) Combination index (CI) values of Fadu (C) and Cal27 (D) at indicated doses of proton and olaparib. Top, dose–effect curves. Bottom, CI values calculated by CalcuSyn software (Biosoft, Ferguson, MO, USA). The X-marks represent the CI values of the combination treatment groups. The middle curve line represents the simulated CI values of the combination treatment groups surrounded by two lines of algebraic estimations of the 95% confidence intervals. 
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Figure 6. Effect of combination treatment with proton and olaparib on the apoptosis of HNSCC spheroids. (A) Comparison of survival rates of Fadu and Cal27 treated with 2 Gy of proton and 0.1 µM olaparib. Data are mean ± S.D. (n = 9). (B) Apoptotic cell death induced by the combination treatment with protons and olaparib as determined by caspase-3/7 detection assay. Representative fluorescent images of Cal27 and Fadu spheroids related to caspase-3/7 activity. (C) Quantification of fluorescence intensity showing an increase in apoptotic death of spheroids by the combination with proton and olaparib. Data are mean ± S.D. (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Table 1. Dose differences between plan and measurement by ion chamber.
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	Plan
	Measurement
	Difference (%)





	PTV2
	203.6 cGy
	205.5 cGy
	0.9%



	PTV3
	397.5 cGy
	398.7 cGy
	0.3%



	PTV4
	611.4 cGy
	603.4 cGy
	−1.3%
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