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Abstract

:

Radiotherapy (RT) is a key player in the treatment of head and neck cancer (HNC). The RT response, however, is variable and influenced by multiple tumoral and tumor microenvironmental factors, such as human papillomavirus (HPV) infections and hypoxia. To investigate the biological mechanisms behind these variable responses, preclinical models are crucial. Up till now, 2D clonogenic and in vivo assays have remained the gold standard, although the popularity of 3D models is rising. In this study, we investigate the use of 3D spheroid models as a preclinical tool for radiobiological research by comparing the RT response of two HPV-positive and two HPV-negative HNC spheroid models to the RT response of their corresponding 2D and in vivo models. We demonstrate that HPV-positive spheroids keep their higher intrinsic radiosensitivity when compared to HPV-negative spheroids. A good correlation is found in the RT response between HPV-positive SCC154 and HPV-negative CAL27 spheroids and their respective xenografts. In addition, 3D spheroids are able to capture the heterogeneity of RT responses within HPV-positive and HPV-negative models. Moreover, we demonstrate the potential use of 3D spheroids in the study of the mechanisms underlying these RT responses in a spatial manner by whole-mount Ki-67 and pimonidazole staining. Overall, our results show that 3D spheroids are a promising model to assess the RT response in HNC.
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1. Introduction


Head and neck cancer (HNC) is the sixth most common cancer and cause of cancer-related death worldwide, with more than 500,000 new cases and 380,000 deaths yearly [1]. Currently, around 75–85% of HNC cases are associated with tobacco and alcohol abuse, which are also referred to as HPV-negative tumors, but the proportion of human papillomavirus-related (HPV-positive) tumors is increasing worldwide [2]. Over the last several decades, it has become clear that these two tumor types are distinct entities with different biological and clinical characteristics [3,4,5].



Radiotherapy (RT) is one of the main treatment options for locally advanced HNC. In recent decades, RT delivery and planning have underwent immense technological advancements, which have reformed RT to be an effective and sophisticated tool for cancer treatment [1,2,6]. Although local or locoregional tumor control can be achieved in a large number of patients, there remains substantial room for improvement. This is especially the case for HPV-negative HNC patients where locoregional failure is an important cause of death [4,5,6,7,8].



Clinical factors, such as tumor and patient characteristics and the inaccurate delivery of RT doses can explain some of the local recurrences. However, it is commonly observed that tumors with the same clinical characteristics treated with the same treatment protocol respond differently. These differential responses can be due to various tumoral (e.g., HPV) and tumor microenvironmental factors (e.g., hypoxia). Hence, a better understanding of the interplay between therapy response, molecular tumor biology and the surrounding tissue is of utmost importance and will lead to improved treatment responses [7,9].



Preclinical models resembling human tumors are essential to understand the biological mechanisms of cancer formation and therapy response. In the field of radiation biology, clonogenic radiation survival curves, in which the number of surviving clones are measured, are the gold standard to determine the relative radiosensitivity of cells or to determine the effect of drug treatments [10]. This is because clonogenic survival assays are an efficient, practical and low-cost model [11,12,13,14].



However, these models lack the typical tumoral architecture, including cell–cell interactions and the tumor microenvironment (TME), making them poor representors of tumors and poor predictors of heterogenous treatment responses [11,13,15]. In vivo xenografts, especially patient-derived xenograft models, represent patient tumors more accurately compared to cell lines. However, they are associated with a significant burden of cost and infrastructure and have highly variable success rates [12,13]. Because of these drawbacks, 3D spheroid models have gained popularity in cancer research by bridging the gap between 2D and animal models. Sharing the simplicity and efficiency of 2D cultures, 3D models more accurately represent the dynamic tumoral architecture, including typical features such as naturally occurring hypoxic regions and cell–cell interactions [13,16]. Although these features are important factors in determining the RT response, the use of 3D models in the field of radiobiology is still limited [10].



In HNC especially, preclinical studies show higher radiosensitivity for HPV-positive HNC when compared to HPV-negative HNC [3,17]. However, data comparing the RT response of HPV-positive versus HPV-negative HNC in 3D spheroids to the existing gold-standard 2D and in vivo models are missing [15,18,19]. In this study, we validated the use of 3D spheroids in the RT response to HNC by comparing the RT responses of HPV-positive and HPV-negative 3D spheroids to those of 2D and in vivo models. Moreover, by performing whole-mount staining with the hypoxia marker pimonidazole and with the proliferation marker Ki-67, we assessed the potential use of 3D spheroids for radiobiological research in a spatial manner.




2. Results


2.1. HPV-Negative Spheroids Showed a Faster Growth Rate Compared to HPV-Positive Spheroids


To assess whether we could recapitulate the differential RT sensitivity of HPV-positive and HPV-negative HNC cells in 3D, the growth of four HNC cell lines in 3D conditions was investigated. Although morphological differences were noted, all four HNC cell lines formed 3D spheroids in ULA plates (Figure 1A). FADU cells formed compact spheroids. CAL27 cells also formed tight spheroids, but also showed the budding of several smaller cell aggregates. The HPV-positive SCC47 and SCC154 spheroids were characterized by compact aggregates surrounded by loose cells (Figure 1A), suggesting the influence of HPV infections on the extracellular matrix (ECM) organization.



Growth curves were generated by measuring the mean area of the spheroids (Figure 1B). All of the spheroids showed an increase in mean area over time after an initial phase of area reduction and stabilization for the CAL27, SCC47 and SCC154 spheroids. In general, HPV-negative spheroids showed a faster growth rate compared to HPV-positive spheroids, with a mean doubling time of 28 and 50 days, respectively.




2.2. The RT Response of HPV-Positive and HPV-Negative 3D Spheroids Correlated with 2D Clonogenic Assays


To determine whether 3D spheroids can be used for radiobiological studies, we assessed the RT response of 3D spheroids and compared it to the RT response determined by clonogenic survival assays.



The RT response of 3D spheroids was assessed by growth curves with a follow-up time ranging from 4 to 8 weeks after treatment. The RT doses of 0, 4 and 8 Gy were chosen based on our previous experience with in vitro and in vivo models of HNC [4,8]. For both HPV-positive and HPV-negative spheroids, a dose–response relationship could be detected, with the dose of 8 Gy showing a more effective inhibition of growth compared to the dose of 4 Gy (Figure 2A,B). For the HPV-negative spheroids (Figure 2A), a RT dose of 4 Gy resulted in a limited but significant reduction in the mean area of CAL27 spheroids from day 15 till day 42 (p = 0.049), and there was no reduction in the growth of the FADU spheroids compared to their respective non-RT-treated controls. After treatment with 8 Gy, the FADU spheroids showed an average reduction in area of 1.2-fold until day 19 post RT, whereas CAL27 showed an average reduction of 2.7-fold until day 28 (p = 0.019). These data indicate that the FADU spheroids showed a higher resistance to RT compared to the CAL27 spheroids.



For both the HPV-positive spheroids (Figure 2B), the RT dose of 8 Gy did not result in an increase in area during the 60-day observation period. Similar to the HPV-negative spheroids, differences within HPV-positive spheroids could be detected after treatment with 4 Gy (Figure 2B). The SCC47 spheroids showed only a limited growth stabilization until day 15 and showed regrowth on day 19. On the contrary, the SCC154 spheroids showed a growth stabilization until day 35 post-RT and did not reach regrowth during the follow-up on day 46 post-RT. When comparing the RT response of HPV-positive spheroids to HPV-negative spheroids, the HPV-positive spheroids showed an increased RT response, which was especially clear after treatment with a RT dose of 8 Gy (Figure 2A,B). This difference in response was seen in the reduction of the volumes compared to the untreated control spheroids, which showed, on average, a 7.6-fold decrease for HPV-positive spheroids and a 2-fold decrease for HPV-negative spheroids. In addition, the HPV-positive spheroids showed longer stabilization and/or inhibition of growth compared to the HPV-negative spheroids (Figure 2A,B), which was, on average, 46 days for HPV-positive spheroids and 23 days for HPV-negative spheroids. These results were in concordance with the results of the clonogenic assays, in which both HPV-positive (SCC154 and SCC47) HNC cell lines showed an increased RT sensitivity (p < 0.0001) compared to HPV-negative (FADU and CAL27) cell lines (Figure 3A). This recapitulation of the different RT sensitivity between HPV-positive and HPV-negative HNC in both 2D and 3D models indicates a good correlation between these two preclinical models.




2.3. The RT Response of HPV-Positive and HPV-Negative 3D Spheroids Correlated with In Vivo Data


Although 3D models, such as spheroids, have proven to be a tool to bridge the gap between 2D and in vivo models in precision medicine [10], in the radiobiology field, data comparing 3D in vitro models to in vivo models are limited. Hence, we assessed whether we could recapitulate the RT response seen in 3D spheroids (Figure 2A,B) in vivo by comparing the growth curves of HPV-negative CAL27 and HPV-positive SCC154 spheroids with in vivo tumor growth curves of the same cell lines (Figure 3B).



In line with the growth curves of the spheroid models, the tumor growth curves showed a prolonged RT response for HPV-positive SCC154 tumors and a more limited response in HPV-negative CAL27 tumors. More specifically, HPV-negative CAL27 tumors showed a stabilization in growth 8 days after treatment, and resulted in an average 1.8-fold difference. The HPV-positive SCC154 tumors showed an average tumor reduction of 3.5-fold starting 5 days after RT treatment, and a regrowth 31 days post-RT. All these data verify that 3D spheroids are able to capture the differential RT response of HPV-negative and HPV-positive HNC in correspondence with in vivo models.




2.4. Use of 3D Spheroids as a Preclinical Model to Study Mechanisms Underlying RT Response


The differential RT response within HPV-positive and HPV-negative 3D spheroid models (Figure 2A,B) illustrates the importance of complex preclinical models for understanding the heterogenous RT response seen in HNC patients. To investigate the possibilities of using 3D spheroids as a tool for studying radiobiological processes in a spatial manner, we performed, as a proof of concept, the whole-mount staining of proliferating and hypoxic cells at the end of their follow-up time. These are two important processes that have been known to negatively influence therapy response [3].



The proliferative capacity, measured as the mean Ki-67 staining intensity, of the spheroids was in accordance with the respective growth curves. Spheroids in the active growth phase at the end of the follow-up time, which mostly included HPV-positive spheroids, showed a significantly higher Ki-67 intensity (p < 0.0001) compared to spheroids in the plateau phase, which mostly included HPV-negative spheroids (Figure 4A). RT treatment did not influence the proliferation signal since the analyses were carried out at the end of the follow-up time. However, a non-significant (p = 0.33) difference in Ki-67 intensity was seen in RT-treated SCC154 spheroids compared to their untreated control spheroids. This corresponded with the exponential growth seen in the RT (4 Gy)-treated spheroids. It should be noted that we were not able to perform immunostaining on HPV-positive SCC154 and SCC47 spheroids treated with the RT dose of 8 Gy, since this dose resulted in the complete disintegration of the spheroids during the follow-up time.



Spheroids are known to be a good model for naturally occurring hypoxia [13]. We assessed the spatial distribution of hypoxia in HPV-positive and HPV-negative spheroids via pimonidazole (Hypoxyprobe) staining, which is an exogeneous hypoxia marker that captures the naturally occurring hypoxic regions in 3D spheroids. No differences in the amount of hypoxia were seen between the HPV-positive and HPV-negative spheroids (Figure 4B). However, in line with Ki-67 staining, a different distribution of pimonidazole-positive cells could be detected within different spheroids, which opens up opportunities to further investigate molecular processes on a spatial level.





3. Discussion


The introduction of 3D models, such as spheroids and organoids, in preclinical cancer research have resulted in the better recapitulation of the pathophysiology and heterogeneous biology of cancers, bridging the gap between 2D and in vivo models [13]. Despite these tremendous advantages and increased popularity in cancer research, the use of 3D models in the field of radiobiology is still limited.



Most studies on 3D HNC models have investigated molecular expression patterns and drug penetration [12,20], whereas the RT response of 3D HNC models has been studied less. For example, Kadletz et al. described the response of HPV-negative HNC spheroids to cisplatin and RT and compared this with the response in a 2D culture [15]. Zhang et al. used two new HPV-positive cell lines to compare their RT response to HPV-negative cell lines in 2D and 3D models [18], whereas Storch et al. compared the RT response in 3D spheroid, in vivo and 2D culture models of HPV-negative HNC [21]. Vitti et al. made use of spheroids to assess the response to proton and photon irradiations in combination with DNA repair inhibitors both in HPV-positive and HPV-negative HNC [22].



In this paper, we investigate the role of 3D spheroid models in the assessment of the RT response in HNC by comparing it to the gold-standard 2D clonogenic assays and to the tumor response in xenograft models. To the best of our knowledge, we are the first to compare the RT response of HPV-positive and HPV-negative HNC in 2D, 3D and in vivo models.



The differential RT response of HPV-positive and HPV-negative HNC is well documented [3,4,23,24,25,26], and therefore, used by us as a point of comparison. Previous studies reported an increased radioresistance in 3D models compared to 2D cultures [13,21,27,28,29]. Naturally occurring hypoxia in 3D spheroids certainly contributes to this resistance, since oxygen is needed to stabilize RT-induced DNA damage [30]. We anticipated this by using RT doses of 4 and 8 Gy. The latter is an RT dose we did not use in our clonogenic assays. Using these RT doses, we saw a dose-dependent response in the 3D spheroids that correlated with the radiosensitivity seen in 2D clonogenic assays.



Next, we compared the RT response of the spheroids with the tumor response in vivo via tumor growth curves. The growth curves of the spheroids showed a good correlation between HPV-positive SCC154 and HPV-negative CAL27 spheroids and their respective xenografts. However, the initial phase of the response curve of CAL27 differed between our 3D and in vivo models. In the CAL27 spheroids, an initial decrease in volume was seen in both the control and the RT groups, whereas in vivo, the tumors of both groups increased over the first 8 days. This discordancy between spheroids and xenografts can be explained by differences in growth in 3D culture and in vivo culture conditions. Additionally, the variety in RT doses given might play a role in the differences between different preclinical models, since we irradiated the spheroids with single doses of 4 and 8 Gy, whereas the xenograft received a fractioned regimen of 5 × 2 Gy. This fractionation scheme was chosen based on our previous experience with in vitro and in vivo models of HNC [4,8], but we are aware of the risk of biases for comparison when using different RT doses.



Despite the similarities in RT response between the 2D and 3D models, it should be noted that the in vitro RT sensitivity reflects the clonogenic survival fraction and the intrinsic RT sensitivity of the cell lines in 2D. It is well described that the DNA damage response and DNA repair capacity of the HNC cells play an important role herein [31]. In contrast, in vivo and spheroid models have a 3D architecture, and the intrinsic RT sensitivity is not the sole factor determining the RT response. Here, tumor microenvironmental factors such as hypoxia, intercellular interactions and spatial organization can have an influence on the RT response. In addition, 3D spheroids mimic the tumoral architecture, including cell–cell interactions and chemical/nutrient gradients, which are shown to be important determinants of the RT response [10,13]. In cancer research in general, the importance of the TME and its role in tumor progression and treatment responses has become a prime subject. The recent advances in single-cell and spatial multiomics analyses allow for studying the cellular components of tumors and their TME at the single-cell level in a spatial manner. Intratumoral heterogeneity, intercellular interactions and tumoral spatial organization are being revealed, shedding light on the mechanisms behind tumor progression and treatment resistance [32,33,34,35]. In line with this, several groups have incorporated compounds of the tumor microenvironment and extracellular matrix in 3D cultures, thereby mimicking the native TME in 3D models [36,37,38]. By using these 3D co-cultures for radiobiology experiments, and given the involvedness of the TME in determining the RT response of cancer cells, we can see the possibilities of using 3D models in radiobiological research [10,13,18].



Another advantage of using 3D spheroids lies in the field of radiosensitizing treatments, where drugs are given together with RT to enhance the RT effects. Although the lack of vasculature is an important drawback for these models, they recapitulate many other characteristics of in vivo tumors that are important in drug penetration, such as distinct cell layers and oxygen/nutrient gradients [13]. In line with this, we assessed the spatial distribution of oxygen gradients and proliferative capacity in our spheroids by pimonidazole and Ki-67 staining, respectively. Although we did not find differences in the amount of hypoxia and proliferative capacity between HPV-positive and HPV-negative spheroids, differences in the distribution of staining were noted. We hereby showed an additional advantage of 3D spheroids, since whole-mount staining provides important information about the spatial distribution and organization, and offers great opportunities regarding the assessment of molecular processes on a spatial level.



An important limitation of our study is the small number of cell lines that were tested, with two HPV-positive and two HPV-negative HNC cell lines used for the in vitro models and one HPV-positive and one HPV-negative HNC cell line used in vivo. It would also have been interesting to investigate the proliferative capacity (Ki-67 staining) and hypoxia level of the spheroids at different time points during the observation period and not only at the end. This would have allowed us to assess the influence of RT and regrowth on the proliferative capacity of different HNC cell lines. Despite the limitations, this proof of concept study shows an agreement between differences in the RT responses of HPV-positive and HPV-negative 2D and 3D models, including in vivo xenografts. It clearly shows the advantages and opportunities of the use of 3D spheroid models in the field of radiobiology, and can form a solid base for further 3D model-based research.




4. Materials and Methods


4.1. Cell Lines and Reagents


The HPV-positive HNC cell line SCC154 was purchased from the German collection of microorganisms and cell cultures (DSMZ, Braunschweig, Germany). HPV-positive HNC cell line SCC47 was gifted by Dr T. Carey, University of Michigan. Both HPV-positive cell lines were cultured in Minimal Essential Medium (MEM, Thermo Fisher Scientific, Waltham, MA, USA) and supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA), 1% L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) and 1% non-essential amino acids (Thermo Fisher Scientific, Waltham, MA, USA). HPV-negative HNC cell lines FADU and CAL-27 were gifted by Dr. Mechthild Krause, Technical University Dresden, and by Dr. A. Begg, the Netherlands Cancer Institute, respectively, and were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, Waltham, MA, USA), which was supplemented with 10% FBS and 1% sodium pyruvate (Thermo Fisher Scientific, Waltham, MA, USA). Cell lines were incubated at 37 °C and passaged via trypsinization. Cell lines were authenticated with short-tandem repeat profiling by the ATCC. All experiments were performed with mycoplasma-free cells.




4.2. Clonogenic Assay


Cells were seeded at different densities: 555, 1110, 2220 and 13,320 cells per well for the HPV-positive cell lines and 580, 870, 1740 and 5800 cells for the HPV-negative cell lines. They were exposed to increasing RT doses of 0, 2, 4 and 6 Gy. RT was delivered via the Small Animal Radiation Research Platform (SARRP, X-strahl, Camberley, UK). For the in vitro experiment, the following parameters were used: X-rays, 220 kV photons, 13 mA, a dose rate of 4 Gy/min, a source-to-skin distance (SSD) of 35 cm and a broad focus. Colonies were fixed after 2–3 weeks with 2.5% glutaraldehyde in PBS and stained with 0.4% crystal violet (Sigma-Aldrich, Saint-Louis, MO, USA). Colonies containing 50 cells or more were counted with Gelcount (Oxford Optronix, Abington, UK). The plating efficiencies were determined by dividing the amount of counted colonies by the amount of seeded cells. The survival fractions were calculated via normalization to the plating efficiency of non-irradiated controls of the respective cell lines, as previously described [39].




4.3. Spheroids


Spheroid formation was achieved by using ultra-low attachment (ULA) culture plates (96-well spheroid microplates with ULA surface; Corning, Costar, NY, USA). HPV-positive spheroids were grown in MEM supplemented with 20% FBS, 1% L-glutamine and 1% non-essential amino acids, and HPV-negative spheroids were grown in DMEM supplemented with 20% FBS and 1% sodium pyruvate. The seeding densities were 5000, 4000 and 1000 cells per well for the HPV-positive (SCC154 and SCC47), CAL27 and FADU spheroids, respectively. Plates were centrifuged at 1300 RPM for 10 min at room temperature. Spheroids were allowed to rest for 72 h and were cultured in a humidified 5% CO2 atmosphere at 37 °C. After 72 h of incubation, the medium was refreshed twice a week and cell growth was measured using an inverted widefield microscope (Olympus IX71, Olympus Corporation, Tokyo, Japan). Spheroids were treated with single-dose RT of varying doses (0, 4 and 8 Gy). HPV-negative spheroids were irradiated on day 7, whereas HPV-positive spheroids were irradiated on day 14 after seeding. These timepoints were determined based on the faster growth rate of HPV-negative spheroids.




4.4. In Vivo Xenograft Models


CAL27 cells (2 × 106) or SCC154 cells (7.5 × 106) were subcutaneously injected in each flank of 6–7-week-old female nu/nu Naval Medical Research Institute (NMRI) mice (Janvier Labs, France). The mice were either treated with a vehicle or RT (given in 5 fractions of 2 Gy, with a total dose of 10 Gy). RT was delivered via the Small Animal Radiation Research Platform (SARRP, X-strahl, Camberley, UK). Dose calculations were performed with MuriPlan software (X-strahl, Camberley, UK) after cone beam CT. The dose was delivered using 220 kV photons, 13 mA and a 10 × 10 mm collimator.



Tumor volumes (V = π/6xd_1xd_2xd_3) were determined with caliper measurements. The body weight and welfare of the mice were monitored daily during treatment and three times per week during follow-up. The experiment was performed according to the Ethical Committee for Animal Experimentation of KU Leuven (P163/2017; approval date 29 September 2017).




4.5. Immunofluorescence


After 35 (FADU) or 60 (CAL27, SCC154 and SCC47) days in culture, spheroids were incubated with 20 μg/mL of pimonidazole (1:1000, Hypoxyprobe-1, HP-1000, BioConnect) for 2 h at 37 °C, and the spheroids were fixed with 4% paraformaldehyde (PFA). After permeabilization with 0.1% Triton X-100 (Sigma-Aldrich, Saint-Louis, MO, USA) in 0.5% BSA-PBS, cells were stained with the mouse primary antibody against Ki-67 (1:200, 9449 CST, Danvers, MA, USA) or the rabbit primary antibody against pimonidazole (1:250, HypoxyProbe Omni Kit, HypoxyprobeTM, Burlington, MA, USA) for 24 h at 4 °C, followed by staining with goat anti-mouse 488 Alexa Fluor secondary antibody (1:500, 4408 CST, Danvers, MA, USA) or with goat anti-rabbit 647 Alexa Fluor secondary antibody (1:500, A21241, Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), respectively, for 24 h at 4 °C. Nuclei were counterstained with DAPI (1:500, D9542, Sigma-Aldrich, Saint-Louis, MO, USA). Immunofluorescence images were acquired with a confocal fluorescence microscope (NIKON C2, Nikon Corporation, Tokyo, Japan) and were quantified using Fiji (ImageJ).




4.6. Statistical Analysis


Statistical significance was tested by using the two-tailed t-test or two-way ANOVA in Graphpad prism 6.01 (GraphPad Prism Software Inc., San Diego, CA, USA). p-values < 0.05 were considered statistically significant.








Author Contributions


M.W. and R.D. contributed to the acquisition and interpretation of data. M.W. and R.D. wrote the paper. M.W., R.D., L.J.D. and S.N. contributed to the concept and design of the article. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the KU Leuven Research Fund (C24/17/073). M.W. was supported by the Emmanuel van der Schueren fellowship for pre-doctoral researchers from Kom op Tegen Kanker. R.D. was supported by the Emmanuel van der Schueren fellowship for postdoctoral researchers from Kom op Tegen Kanker and by the Flemish Foundation of Scientific Research (FWO-Vlaanderen, 1521019N). S.N. was supported by a clinical research mandate from the Flemish Foundation of Scientific Research (FWO-Vlaanderen, 18B4122N).




Institutional Review Board Statement


The animal experiment was performed according to the Ethical Committee for Animal Experimentation of KU Leuven (P163/2017; approval date 29 September 2017). The in vitro experiments with cell lines were performed with approval from the Ethics Committee Research UZ / KU Leuven (S63252; approval date 18 December 2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study can be made available upon request from the corresponding author.




Conflicts of Interest


The authors M.W., R.D. and S.N. declare no conflicts of interest. L.J.D. has shares in the company Convert Pharmaceuticals, and has a non-issue patent on LSRT (PCT/P126537PC00), licensed to Varian. None of the above entities were involved in the preparation of this paper. The funders had no role in the design of the study; in the collection, analyses, or interpretation of the data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Johnson, D.E.; Burtness, B.; Leemans, C.R.; Lui, V.W.Y.; Bauman, J.E.; Grandis, J.R. Head and Neck Squamous Cell Carcinoma. Nat. Rev. Dis. Prim. 2020, 6, 92. [Google Scholar] [CrossRef] [PubMed]

	



Machiels, J.P.; René Leemans, C.; Golusinski, W.; Grau, C.; Licitra, L.; Gregoire, V. Reprint of “Squamous Cell Carcinoma of the Oral Cavity, Larynx, Oropharynx and Hypopharynx: EHNS-ESMO-ESTRO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up”. Oral Oncol. 2020, 31, 1462–1475. [Google Scholar] [CrossRef]

	



Gottgens, E.-L.; Ostheimer, C.; Span, P.N.; Bussink, J.; Hammond, E.M. HPV, Hypoxia and Radiation Response in Head and Neck Cancer. Br. J. Radiol. 2019, 92, 20189005. [Google Scholar] [CrossRef]

	



Bamps, M.; Dok, R.; Nuyts, S. The DNA Damage Response Is Differentially Involved in HPV-Positive and HPV-Negative Radioresistant Head and Neck Squamous Cell Carcinoma. Cancers 2021, 13, 3717. [Google Scholar] [CrossRef] [PubMed]

	



Powell, S.F.; Vu, L.; Spanos, W.C.; Pyeon, D. The Key Differences between Human Papillomavirus-Positive and-Negative Head and Neck Cancers: Biological and Clinical Implications. Cancers 2021, 13, 5206. [Google Scholar] [CrossRef] [PubMed]

	



Baumann, M.; Krause, M.; Overgaard, J.; Debus, J.; Bentzen, S.M.; Daartz, J.; Richter, C.; Zips, D.; Bortfeld, T. Radiation Oncology in the Era of Precision Medicine. Nat. Rev. Cancer 2016, 16, 234–249. [Google Scholar] [CrossRef]

	



Begg, A.C.; Stewart, F.A.; Vens, C. Strategies to Improve Radiotherapy with Targeted Drugs. Nat. Rev. Cancer 2011, 11, 239–253. [Google Scholar] [CrossRef]

	



Dok, R.; Bamps, M.; Glorieux, M.; Zhao, P.; Sablina, A.; Nuyts, S. Radiosensitization Approaches for HPV-Positive and HPV-Negative Head and Neck Squamous Carcinomas. Int. J. Cancer 2020, 146, 1075–1085. [Google Scholar] [CrossRef]

	



Alsahafi, E.; Begg, K.; Amelio, I.; Raulf, N.; Lucarelli, P.; Sauter, T.; Tavassoli, M. Clinical Update on Head and Neck Cancer: Molecular Biology and Ongoing Challenges. Cell Death Dis. 2019, 10, 540. [Google Scholar] [CrossRef]

	



Ravichandran, A.; Clegg, J.; Adams, M.N.; Hampson, M.; Fielding, A.; Bray, L.J. 3D Breast Tumor Models for Radiobiology Applications. Cancers 2021, 13, 5714. [Google Scholar] [CrossRef]

	



Brodeur, M.N.; Simeone, K.; Leclerc-Deslauniers, K.; Fleury, H.; Carmona, E.; Provencher, D.M.; Mes-Masson, A.M. Carboplatin Response in Preclinical Models for Ovarian Cancer: Comparison of 2D Monolayers, Spheroids, Ex Vivo Tumors and in Vivo Models. Sci. Rep. 2021, 11, 18183. [Google Scholar] [CrossRef] [PubMed]

	



Bonartsev, A.P.; Lei, B.; Kholina, M.S.; Menshikh, K.A.; Svyatoslavov, D.S.; Samoylova, S.I.; Sinelnikov, M.Y.; Voinova, V.V.; Shaitan, K.V.; Kirpichnikov, M.P.; et al. Models of Head and Neck Squamous Cell Carcinoma Using Bioengineering Approaches. Crit. Rev. Oncol. Hematol. 2022, 175, 103724. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, B.; Henriques, A.C.; Silva, P.M.A.; Bousbaa, H. Three-Dimensional Spheroids as in Vitro Preclinical Models for Cancer Research. Pharmaceutics 2020, 12, 1186. [Google Scholar] [CrossRef] [PubMed]

	



Alghuwainem, A.; Alshareeda, A.T.; Alsowayan, B. Scaffold-Free 3-D Cell Sheet Technique Bridges the Gap between 2-D Cell Culture and Animal Models. Int. J. Mol. Sci. 2019, 20, 4926. [Google Scholar] [CrossRef]

	



Kadletz, L.; Heiduschka, G.; Domayer, J.; Schmid, R.; Enzenhofer, E.; Thurnher, D. Evaluation of Spheroid Head and Neck Squamous Cell Carcinoma Cell Models in Comparison to Monolayer Cultures. Oncol. Lett. 2015, 10, 1281–1286. [Google Scholar] [CrossRef]

	



Anton, D.; Burckel, H.; Josset, E.; Noel, G. Three-Dimensional Cell Culture: A Breakthrough in Vivo. Int. J. Mol. Sci. 2015, 16, 5517–5527. [Google Scholar] [CrossRef]

	



Dok, R.; Nuyts, S. HPV Positive Head and Neck Cancers: Molecular Pathogenesis and Evolving Treatment Strategies. Cancers 2016, 8, 41. [Google Scholar] [CrossRef]

	



Zhang, M.; Rose, B.; Lee, C.S.; Hong, A.M. In Vitro 3-Dimensional Tumor Model for Radiosensitivity of HPV Positive OSCC Cell Lines. Cancer Biol. Ther. 2015, 16, 1231–1240. [Google Scholar] [CrossRef]

	



Vincent-Chong, V.K.; Seshadri, M. Development and Radiation Response Assessment in a Novel Syngeneic Mouse Model of Tongue Cancer: 2D Culture, 3D Organoids and Orthotopic Allografts. Cancers 2020, 12, 579. [Google Scholar] [CrossRef]

	



Ayuso, J.M.; Vitek, R.; Swick, A.D.; Skala, M.C.; Wisinski, K.B.; Kimple, R.J.; Lambert, P.F.; Beebe, D.J. Effects of Culture Method on Response to EGFR Therapy in Head and Neck Squamous Cell Carcinoma Cells. Sci. Rep. 2019, 9, 12480. [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] [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] [PubMed]

	



Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.; Nickel, K.P.; Klingelhutz, A.J.; et al. Enhanced Radiation Sensitivity in HPV-Positive Head and Neck Cancer. Cancer Res. 2013, 73, 4791–4800. [Google Scholar] [CrossRef] [PubMed]

	



Rieckmann, T.; Tribius, S.; Grob, T.J.; Meyer, F.; Busch, C.-J.; Petersen, C.; Dikomey, E.; Kriegs, M. HNSCC Cell Lines Positive for HPV and P16 Possess Higher Cellular Radiosensitivity Due to an Impaired DSB Repair Capacity. Radiother. Oncol. 2013, 107, 242–246. [Google Scholar] [CrossRef]

	



Arenz, A.; Ziemann, F.; Mayer, C.; Wittig, A.; Dreffke, K.; Preising, S.; Wagner, S.; Klussmann, J.P.; Engenhart-Cabillic, R.; Wittekindt, C. Increased Radiosensitivity of HPV-Positive Head and Neck Cancer Cell Lines Due to Cell Cycle Dysregulation and Induction of Apoptosis. Strahlenther. Onkol. 2014, 190, 839–846. [Google Scholar] [CrossRef]

	



Ang, K.K.; Harris, J.; Wheeler, R. Human Papillomavirus and Survival of Patients with Oropharyngeal Cancer. N. Engl. J. Med. 2010, 363, 24–35. [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]

	



Sowa, M.B.; Chrisler, W.B.; Zens, K.D.; Ashjian, E.J.; Opresko, L.K. Three-Dimensional Culture Conditions Lead to Decreased Radiation Induced Cytotoxicity in Human Mammary Epithelial Cells. Mutat. Res. Fundam. Mol. Mech. Mutagen 2010, 687, 78–83. [Google Scholar] [CrossRef]

	



Olive, P.L.; Durand, R.E. Drug and Radiation Resistance in Spheroids: Cell Contact and Kinetics. Cancer Metastasis Rev. 1994, 13, 121–138. [Google Scholar] [CrossRef]

	



Robert Grimes, D.; Partridge, M. A Mechanistic Investigation of the Oxygen Fixation Hypothesis and Oxygen Enhancement Ratio. Biomed. Phys. Eng. Express 2015, 1, 045209. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, S.J.; Prise, K.M. A Mechanistic DNA Repair and Survival Model (Medras): Applications to Intrinsic Radiosensitivity, Relative Biological Effectiveness and Dose-Rate. Front. Oncol. 2021, 11, 689112. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Hyeon, D.Y.; Hwang, D. Single-Cell Multiomics: Technologies and Data Analysis Methods. Exp. Mol. Med. 2020, 52, 1428–1442. [Google Scholar] [CrossRef] [PubMed]

	



Grünwald, B.T.; Devisme, A.; Andrieux, G.; Vyas, F.; Aliar, K.; McCloskey, C.W.; Macklin, A.; Jang, G.H.; Denroche, R.; Romero, J.M.; et al. Spatially Confined Sub-Tumor Microenvironments in Pancreatic Cancer. Cell 2021, 184, 5577–5592. [Google Scholar] [CrossRef] [PubMed]

	



Jerby-Arnon, L.; Shah, P.; Cuoco, M.S.; Rodman, C.; Su, M.J. A Cancer Cell Program Promotes T Cell Exclusion and Resistance to Checkpoint Blockade. Cell 2018, 175, 984–997. [Google Scholar] [CrossRef] [PubMed]

	



Avraham-Davidi, I.; Mages, S.; Klughammer, J. Integrative Single Cell and Spatial Transcriptomics of Colorectal Cancer Reveals Multicellular Functional Units That Support Tumor Progression. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Anastasov, N.; Höfig, I.; Radulović, V.; Ströbel, S.; Salomon, M.; Lichtenberg, J.; Rothenaigner, I.; Hadian, K.; Kelm, J.M.; Thirion, C.; et al. A 3D-Microtissue-Based Phenotypic Screening of Radiation Resistant Tumor Cells with Synchronized Chemotherapeutic Treatment. BMC Cancer 2015, 15, 466. [Google Scholar] [CrossRef] [PubMed]

	



Upreti, M.; Jamshidi-Parsian, A.; Koonce, N.A.; Webber, J.S.; Sharma, S.K.; Asea, A.A.A.; Mader, M.J.; Griffin, R.J. Tumor-Endothelial Cell Three-Dimensional Spheroids: New Aspects to Enhance Radiation and Drug Therapeutics. Transl. Oncol. 2011, 4, 365–376. [Google Scholar] [CrossRef]

	



Sethi, P.; Jyoti, A.; Swindell, E.P.; Chan, R.; Langner, U.W. 3D Tumor Tissue Analogs and Their Orthotopic Implants for Understanding Tumor-Targeting of Microenvironment-Responsive Nanosized Chemotherapy and Radiation. Nanomedicine 2015, 11, 2013–2023. [Google Scholar] [CrossRef]

	



Brix, N.; Samaga, D.; Belka, C.; Zitzelsberger, H.; Lauber, K. Analysis of Clonogenic Growth in Vitro. Nat. Protoc. 2021, 16, 4963–4991. [Google Scholar] [CrossRef]








[image: Ijms 24 03763 g001 550] 





Figure 1. HPV-negative and HPV-positive HNC cells formed 3D spheroids. (A) Images of HPV-negative FADU and CAL27 spheroids and HPV-positive SCC154 and SCC47 spheroids taken on day 5. Scale bar, 100 μm. (B) Absolute tumor growth curves of HPV-negative FADU and CAL27 and HPV-positive SCC154 and SCC47 spheroids. Day 1 indicates the day of seeding. Data are presented as mean ± s.e.m., n = 3. 
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Figure 2. RT response in 3D spheroids of HPV-negative and HPV-positive cells assessed by tumor growth curves. (A) Relative tumor growth curves of HPV-negative FADU and CAL27 spheroids. The spheroids were treated with 4 Gy and 8 Gy at day 7 after seeding. (B) Relative tumor growth curves of HPV-positive SCC154 and SCC47 spheroids. The spheroids were treated with 4 Gy and 8 Gy at day 14 after seeding. (A,B) Relative curves were normalized to the spheroid area at the start of RT treatment. Day 1 indicates the start of treatment. Data are presented as mean ± s.e.m., n = 3. * p-values < 0.05 were determined by two-way ANOVA. 
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Figure 3. RT response of HPV-negative and HPV-positive cells assessed by clonogenic assays (A) and in vivo xenograft models (B). (A) HPV-negative (FADU and CAL27) and HPV-positive (SCC154 and SCC47) cells were irradiated with the indicated RT doses. Clonogenic cell survival is shown as the mean clonogenic survival fraction ± s.e.m., n = 3. (B) Relative tumor volume curves of HPV-negative CAL27 and HPV-positive SCC154 xenografts treated with vehicle with RT (5 × 2 Gy). Relative tumor growth curves were normalized to the tumor volume at the start of treatment day 1. Day 1 indicates the start of RT treatment. Data are presented as mean ± s.e.m., n = 3. (A,B) * p-values < 0.05 were determined by two-way ANOVA with Bonferroni correction for multiple testing. 
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Figure 4. Proliferative capacity (A) and hypoxia levels (B) of HPV-negative and HPV-positive spheroids. (A) Whole-mount staining of Ki-67-positive cells (left) and mean intensity (right) in HPV-negative (FADU and CAL27) and HPV-positive (SCC154 and SCC47) spheroids at the end of the experiment. (B) Whole-mount staining of pimonidazole-positive cells (left) and mean intensity (right) in HPV-negative (FADU and CAL27) and HPV-positive (SCC154 and SCC47) spheroids. (A,B) Data are presented as mean ± s.e.m., n = 2 at minimum. p-values < 0.05 were determined by two-tailed t-test. Scale bar, 100 μm. 
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