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Abstract

:

Head and neck squamous-cell carcinoma (HNSCC) is associated with aggressive local invasiveness, being a main reason for its poor prognosis. The exact mechanisms underlying the strong invasive abilities of HNSCC remain to be elucidated. Therefore, there is a need for in vitro models to study the interplay between cancer cells and normal adjacent tissue at the invasive tumor front. To generate oral mucosa tissue models (OMM), primary keratinocytes and fibroblasts from human oral mucosa were isolated and seeded onto a biological scaffold derived from porcine small intestinal submucosa with preserved mucosa. Thereafter, we tested different methods (single tumor cells, tumor cell spots, spheroids) to integrate the human cancer cell line FaDu to generate an invasive three-dimensional model of HNSCC. All models were subjected to morphological analysis by histology and immunohistochemistry. We successfully built OMM tissue models with high in vivo–in vitro correlation. The integration of FaDu cell spots and spheroids into the OMM failed. However, with the integration of single FaDu cells into the OMM, invasive tumor cell clusters developed. Between segments of regular epithelial differentiation of the OMM, these clusters showed a basal membrane penetration and lamina propria infiltration. Primary human fibroblasts and keratinocytes seeded onto a porcine carrier structure are suitable to build an OMM. The HNSCC model with integrated FaDu cells could enable subsequent investigations into cancer cell invasiveness.
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1. Introduction


Head and neck squamous-cell carcinoma (HNSCC) occurs in the cell lining of the oral cavity, pharynx, and larynx. According to estimates from the Global Cancer Observatory (GLOBOCAN), HNSCC is the sixth most prevalent cancer globally, with approximately 890,000 new cases and 450,000 deaths each year, posing a significant public health challenge [1]. Major risk factors for HNSCC include tobacco and alcohol consumption [2], as well as human papillomavirus (HPV) and Ebstein–Barr virus (EBV) infection. Betel quid chewing [3], poor oral hygiene [4], and chronic traumatism [5] are additional factors that contribute to an increased risk of developing this cancer. Treatment for HNSCC primarily involves a combination of surgery, radiotherapy, and chemotherapy, based on the tumor stage and pathological diagnosis. Further treatment options include immunotherapy and targeted therapy. The local recurrence rate of HNSCC varies widely, depending on several factors such as the location of the tumor, the stage at diagnosis, and the treatment methods used. Despite the use of multimodal therapy, the local–regional recurrence rate for advanced HNSCC can be as high as 50% [6]. Notably, recurrent and metastatic disease emerges as a major cause of mortality in HNSCC [7]. Despite remarkable advances in surgery, radiation, and medical therapy over the past few decades, the prognosis for HNSCC remains poor, with a 5-year overall survival rate ranging from 25% for hypopharyngeal cancer to 59% for laryngeal cancer [8].



An in-depth understanding of HNSCC biology is critical to improve the prognosis. One challenge in achieving this is the development of suitable cancer models. So far, several in vitro cancer studies have been carried out using two-dimensional (2D) monolayer cell cultures. Although such models are easy to handle and reproducible, they fail to include the complex interplay between cancer cells, non-malignant cells, and acellular components within the tumor microenvironment (TME) [9]. For example, gene expression differs between 2D monolayer culture and three-dimensional (3D) cancer models, emphasizing the role of cell–cell interaction in cancer [10]. Furthermore, 3D cancer models have been shown to be more resistant to anticancer drugs compared to 2D models [11]. In addition, there is compelling evidence highlighting the importance of non-malignant cells in tumor progression [12]. Additionally, acellular components, including molecules of the extracellular matrix (ECM), have been shown to influence the phenotype of cancer cells [13]. Organoids represent an advanced 3D culture technology to mimic the complex physiology within human organs and tumors. However, organoids fail to integrate the whole TME [14] and have limitations in terms of studying cancer cell invasiveness and metastasis [15]. Conventional and patient-derived xenograft animal models are acknowledged as sophisticated tools for cancer research. They allow for detailed study of cancer metastasis [16] and the TME [17,18], and enable in vivo drug testing [19,20,21]. However, their informative value is also limited: in addition to ethical issues, costs, and availability [22], there are genetic [23], immunological [24], and stromal [25] differences between human, grafted, and experimental animal tumors. All the mentioned models make valuable contributions to preclinical cancer research. Nevertheless, all platforms have specific disadvantages that limit their use as cancer models. Thus, there is an unmet need for further cancer models to study HNSCC.



Compared to 2D in vitro models, tissue-engineered 3D models represent a complex culture format more closely resembling the physiological conditions of human tumors [26]. With the integration of TME components, cancer cells can be subjected to cellular, stromal, and biophysical stimuli. A suitable cell carrier is crucial for the generation of such 3D tissue models. This carrier represents a scaffold of ECM, which ensures the 3D structure of the model and allows cell-to-ECM interactions. A distinction is made between natural and synthetic cell carriers [27]. Advantages of natural cell carriers include low antigenicity [27], abundance in structural and functional proteins, and the fact that they allow for better epithelial cell attachment compared to synthetic cell carriers [28]. An example of a natural scaffold is the acellular carrier structure of porcine small intestinal submucosa with preserved mucosa (SIS/MUC), which consists of cross-linked collagen and elastin fibers [29]. It has previously been used to study the drug responses of tumor cell lines in human 2D and 3D lung cancer models [30]. In addition to providing a biologically intact ECM, SIS-based scaffolds enable fibroblast migration, epithelial differentiation, and the formation of a basement membrane [31]. The latter is essential for generating an HNSCC model adequately able to study tumor cell invasiveness—a major driver of tumor metastasis and recurrence.



Such a model could provide an ideal basis to elucidate specific interactions within the TME and to gain more insights into the interplay between cancer cells and normal adjacent tissue at the invasive tumor front. Therefore, the aim of this study was to generate a 3D tissue model of invasive HNSCC in which tumor cells are integrated into a healthy oral mucosal model (OMM) consisting of epithelium, basement membrane, and connective tissue.




2. Materials and Methods


Patients and specimens: This study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the local ethic committee (Institutional review board number: 182/10). After written informed consent was obtained from each subject, fresh oral mucosa was obtained exclusively from donors with intact oral mucosa who underwent elective surgery (e.g., oral surgical repositioning osteotomies, trauma surgery, or metal removal). Exclusion criteria included a history of radiotherapy to the head and neck, inflammatory or malignant oral diseases, smoking, and high-risk alcohol consumption. Samples were collected from eight participants aged between 18 and 73 years.



Primary cell isolation: Following intraoperative collection, oral mucosa tissue was cut into 2 mm slices and then incubated in dispase (Life-Technologies, Carlsbad, CA, USA) at 4 °C for 16 h. Thereafter, the epithelium and lamina propria were detached from one another. The epithelium was then processed into a single-cell suspension of keratinocytes by mechanical and brief enzymatic disaggregation with trypsin (Life-Technologies). Thereafter, keratinocytes were transferred into a culture flask. The remaining tissue pieces consisting of lamina propria were placed into a T25 cell culture flask, allowing fibroblasts to spread out of the tissue and further proliferate. Once keratinocytes and fibroblasts reached confluency, they were cryopreserved until further usage.



Cell culture: Fibroblasts were grown in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS) (Bio&Sell, Feucht, Germany) and keratinocytes in E1-Medium consisting of EpiLife®Medium (Life Technologies) supplemented with 60 μM calcium chloride, 5 mL human keratinocyte growth supplement (Life Technologies), 0.2% bovine pituitary extract, 1 μg/mL insuline-like growth factor-I, 0.18 μg/mL hydrocortison, 5 μg/mL transferrin, and 0.2 ng/mL epidermal growth factor. For co-culture experiments under submerged and air–liquid interface (ALI) culture, E2 and E3-Media were used. E2-Medium consisted of E1-Medium supplemented with 2.4 mL 300 mM calcium chloride, and E3-Medium was further supplemented with 500 μL keratinocyte growth factor (Sigma Aldrich, St. Louis, MS, USA) and 500 μL ascorbyl phosphate. The hypopharyngeal squamous cell cancer cell line FaDu [32] was obtained from the American Type Culture Collection. Cells were grown in RPMI (Life Technologies) supplemented with 10% FCS. All cell culture media contained 0.1 mg/mL streptomycin and 100 U/mL penicillin (Life Technologies). All cells were tested for mycoplasma using the Venor®GeM Classic Kit (Minerva Biolabs, Berlin, Germany) every 4 weeks to ensure that they were free of contamination. For the generation of multicellular tumor spheroids, 50 μL of 0.5% agarose was added to each well of a 96-well plate and incubated overnight at 4 °C. 5000 FaDu cells in 100 μL were seeded into each well and incubated for 4 d. For microscopic detection, FaDu cells were transduced lentivirally to constitutively express red fluorescent protein (RFP). Therefore, FaDu cells were incubated overnight with RFP lentivirus and polybrene (Sigma Aldrich). Next, 2 mL of cell-specific medium was added. On the third day, the medium along with viral particles was changed and rinsed, and the culture was continued until the twenty-sixth day. Next, selection of RFP expressing cells was performed by adding 0.25 μg/mL puromycin (InvivoGen, Toulouse, France), increasing the dose to 0.5 μg/mL on day 31 and 1 μg/mL on day 36. Successful transduction was confirmed by fluorescence microscopy with the detection of more than 90% RFP-expressing FaDu cells.



Three-dimensional human oral mucosal model: Animal experiments were performed after previous approval by the ethical committee of the local government (approval number: 55.2-2532-2-256). All procedures conformed to the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. After obtaining porcine small intestine as the carrier structure for our HNSCC model, the scaffold was prepared according to methods outlined in prior studies [29]. As a 3D scaffold for tissue model generation, decellularized porcine SIS/MUC was used, as previously described [31]. Briefly, pieces of the scaffold were mounted into cell crowns 13 mm in diameter. After preincubation, 50,000 fibroblasts were seeded in E1-Medium from the apical side to the cell crown. After incubation for seven days, 25,000 keratinocytes from the same donor were seeded on the apical side as well. Fibroblasts were used at passage 4, and keratinocytes at passage 2. The cells were cultured under submerged conditions with E2-Medium for 24 h, and subsequently as an ALI culture with E3-Medium for 12 d (Figure 1a). Eleven OMMs from eight different donors were generated. For each model, three technical replicates were generated.



Three-dimensional human head and neck squamous-cell carcinoma model: FaDu tumor cells were integrated into the human OMM in three different ways (Figure 1b–d). (i) Integration of multicellular tumor cell spots: On day 5 of ALI cultivation, medium was removed and 10,000 FaDu cells were seeded in 2 μL of RPMI medium from the apical side onto the OMM. After adding E3 media, ALI culture was continued for 9 more days. (ii) Integration of multicellular tumor spheroids: On day 5 of ALI cultivation, medium was removed and tumor cell spheroids were placed in the center of the apical side of the OMM. The culture was continued in the same way as in (i). For tumor cell detection, RFP-expressing FaDu cells were used. (iii) Integration of single tumor cells: On day 8 after incubation of fibroblasts within the SIS/MUC, a mixed suspension consisting of different ratios of FaDu cells and keratinocytes were seeded on the apical side into the cell crowns. For each method, three HNSCC models from two different donors were built. For each model, three technical replicates were generated. As in the OMM, the cells were cultured under submerged conditions with E2 medium for 24 h, and subsequently as an ALI culture with E3 Medium for 14 d.



Histology and immunohistochemistry: Immunohistochemistry (IHC) was performed as previously described [33]. Briefly, samples were fixed in 4% formalin for 3 h, then embedded in paraffin and sectioned at 5 μm thickness using a Leica SM2010 R Sliding Microtome (Leica, Wetzlar, Germany). Following antigen retrieval using sodium citrate buffer and blocking of endogenous peroxidases using 3% H2O2, primary antibodies were diluted with antibody dilution buffer (DCS, Hamburg, Germany) in the mixing ratio specified below, added following the provider’s instructions, and incubated for 60 min at room temperature: Cytokeratin (CK) 10 1:100 (M7002, DAKO, Eching, Germany), CK14 1:2000 (HPA023040, Sigma-Aldrich, St. Louis, MO, USA), Ki67 1:100 (ab16667, Abcam, Cambridge, MA, USA), Collagen IV 1:500 (ab6586, Abcam), p53 1:50 (M7001, DAKO), and Vimentin 1:2000 (ab92547, Abcam). Primary antibody detection, signal enhancing, and chromogenic visualization were performed using the DCS Super Vision 2 HRP-Polymer-Kit (DAKO) according to the provider’s instructions. Negative controls were utilized for each experiment by omission of primary antibodies. Mayer’s hemalum solution (Merck, Darmstadt, Germany) was used for nuclear counterstain. H&E staining was performed using the following protocol. Tissue sections were stained for cell nuclei with Mayer’s hemalum solution, followed by a ten-minute flush with tap water. Then, the sections were stained with eosin for three minutes and subsequently rinsed under running tap water for 30 s to eliminate excess dye. After staining, the tissue underwent dehydration through an ascending series of alcohol concentrations, followed by immersion in xylene. Sister slides were used for all histology and IHC staining. Images were acquired using the BZ-9000 BIOREVO System (Keyence, Neu-Isenburg, Germany) and processed with BZ-II Analyzer and BZ-II Viewer software (Version 2.1, Keyence). Figures were illustrated with Microsoft Paint (Redmond, WA, USA) and compiled with Microsoft PowerPoint (Version 2312).




3. Results


Generation of a reproducible 3D human oral mucosal model: The first step in establishing a human HNSCC model was the generation of a healthy OMM, which resembled the human oral mucosa. The aim was to evaluate the suitability of primary fibroblasts and keratinocytes from the oral cavity to generate such OMM. The growth pattern and properties of the OMM were assessed via H&E staining and IHC. A decellularized porcine SIS/MUC was used for the generation of the OMM. SIS-based scaffolds have already proved to be a suitable basis on which to build human cancer tissue models [30,31,34].



In all models, H&E staining showed a regular formed, keratinized, stratified squamous epithelium without any histological features of dysplasia. The epithelium of the OMM consisted of 10–15 cell layers with a thickness of around 100–120 μm and a regular stratification (Figure 2a). The thickness of the epithelium and lamina propria was comparable between different donors. However, in comparison to oral mucosa, the OMM exhibited a lower mucosal thickness. The overall thickness of the model, including the scaffold, was around 350 μm, with a diameter of 13 mm. IHC allowed us to further analyze the morphology and cell composition of the OMM (Figure 2b). In both the OMM and in oral mucosa, Vimentin-positive fibroblasts were exclusively found within the lamina propria, and collagen IV was expressed within the basal membrane and lamina propria. Furthermore, a continuously formed basal membrane was clearly identifiable by more intense collagen IV staining. Laminin V stained the basal membrane in oral mucosa. An identical Laminin V staining pattern was detectable in the OMM, providing further evidence for the formation of a basal membrane in the OMM. CK14 is a marker for keratinocytes of the basal layer [35]. Compared to oral mucosa, CK14 staining was more intense in OMM, but also decreased towards the apical surface. As in oral mucosa, suprabasal cells in the OMM stained positive for CK10. A matching staining was found in the OMM. All layers of oral mucosa stained moderately positive for CK5/6. Similarly, all layers of the OMM were positive for CK5/6, though with more intense staining. Proliferating Ki67 cells were found in the basal epithelial layer and occasionally within the lamina propria.



Overall, 11 OMM from eight different donors were generated and evaluated. The success in establishing the OMM indicates the suitability of primary oral fibroblasts and keratinocytes. Furthermore, the comparable properties between each OMM indicate the reproducibility of the model.



Failed integration of multicellular tumor cell spots and tumor spheroids into the 3D human oral mucosal model: Next, we aimed to use the OMM as a basis to generate human HNSCC models. Therefore, we tested different ways of integrating FaDu hypopharyngeal squamous cell carcinoma cells into the OMM. One way was the seeding of FaDu tumor cell spots onto the OMM (Figure 1b). The histological analysis of H&E staining revealed a regular formed, keratinized, stratified squamous epithelium, as seen in the OMM. There were no signs of either malignancy or tumor cells. A further characterization was performed by IHC, which revealed a morphology similar to the OMM (Figure 3a).



Another method was the seeding of multicellular tumor spheroids (Figure 3b) onto the OMM on day 5 of ALI culture (Figure 1c). Histological analysis after nine more days showed tumor cells located on top of the stratum corneum, as seen with H&E staining and RFP-positive cells. The tumor cells were strongly eosinophilic with fragmented nuclei, possibly indicating apoptotic cells. All epithelial layers below, as well as the lamina propria, had regular morphology without any signs of malignancy, as seen in the OMM. This was further supported by IHC, showing a similar morphology compared to the OMM (Figure 3b).



Generation of a human head and neck squamous-cell carcinoma model through early integration of single tumor cells: Another way to transform the OMM into a human HNSCC model was the early integration of single tumor cells as a mixed suspension consisting of FaDu cells and keratinocytes (Figure 1d). For this purpose, different suspension ratios were seeded into the cell crowns eight days after the incubation of fibroblasts into the SIS/MUC. After a further 13 days in culture, the histological analysis revealed remarkable morphological differences between the cell ratios utilized compared to the previous models (Figure 4).



When using a tumor cell-to-keratinocyte ratio of 1:50, we could still observe signs of stratification, as supported by regular upper cell layers and a continuously formed stratum corneum. The cells within the basal layers appeared to be irregular, with a nuclear pleomorphism and differences in size, indicating the formation of tumor cell clusters. This observation was further supported by local accumulations of Ki67- and p53-positive cells within these clusters. However, a penetration of the basal membrane with invasion into the lamina propria was not detected.



In contrast, at a ratio of 1:33, some segments of the model showed a disturbed epithelial architecture and invasive tumor growth. The arrowhead in Figure 4 highlights a segment of penetration of the basal membrane with invasion into the lamina propria. However, other segments of the model showed regular architecture, with organized stratification and a continuously formed stratum corneum. Basal membrane penetration was also detected at the ratios of 1:25 and 1:10. The arrows in Figure 4 show examples of tumor cell clusters invading into the lamina propria. In addition, most of the epithelial cells were positive for the proliferation marker Ki67 and the tumor suppressor p53. A regular epithelial architecture and an equal distribution of fibroblasts were no longer detectable. Instead, atypical cornification was found (Figure 4, asterisk).



In summary, integrating multicellular tumor spots and tumor spheroids into the OMM on day 5 of ALI culture failed. In contrast, early seeding of a mixture of keratinocytes and FaDu during the formation of the OMM enabled the establishment of a human HNSCC model. Depending on the ratio of keratinocytes and FaDu tumor cells, penetration of the basal membrane as well as a disrupted epithelial architecture could be detected. Table 1 provides a comparison of the results obtained from the different seeding approaches.




4. Discussion


The aim of the present study was to generate a 3D model of HNSCC that mimics the crosstalk at the invasive tumor front of human HNSCC by enabling cellular and stromal interactions. Our model is based on invasive cancer cells within an OMM which was established from primary human cells seeded on a porcine SIS/MUC. The focus of the study was set on morphological analysis based on histology and IHC. In summary, we showed that (1) an OMM could be generated from primary human fibroblasts and keratinocytes seeded onto a porcine SIS/MUC; (2) this OMM was reproducible, showed a regular pattern of differentiation, and therefore shared relevant properties with oral mucosa; and (3) HNSCC cells could be integrated into this model, which ultimately led to the generation of a 3D HNSCC model with features such as basal membrane penetration and cancer cell invasion into the lamina propria.



An OMM was generated as a first step to serve as a basis for the HNSCC model. In line with other studies, we were able to show that primary keratinocytes and fibroblasts were suitable for the generation of a reproducible OMM [36,37,38]. As in the oral mucosa, we detected a keratinized stratified squamous epithelium in the OMM, which was separated from the lamina propria by a continuously formed basal membrane. IHC for the basal membrane marker collagen IV stained the entire lamina propria. This was most likely due to the natural occurrence of collagen IV in the SIS/MUC [39]. However, a continuous basal membrane was clearly visible by IHC. This, as well as the regular distribution of fibroblasts within the lamina propria, indicate the bio-similarity of the OMM. In addition to a suitable cell carrier, the presence of fibroblasts is particularly important in the establishment of an OMM and HNSCC model. For example, fibroblasts were shown to be significantly involved in the deposition of bioactive molecules within the ECM and in the formation of a basal membrane [40]. In the OMM, fibroblasts were evenly distributed and arranged. Interestingly, this was not the case in the HNSCC model, indicating cross-talk between cancer cells and fibroblasts. In addition to directly promoting tumor cell motility [41], fibroblasts can further support tumor cell invasion by modifying the ECM [42]. Aptly, we showed tumor cell penetration of the basal membrane with invasion into the lamina propria in our HNSCC model, generated by application of a cell mixture of FaDu cells and primary keratinocytes. In contrast, other models of oral dysplasia [43] and squamous cell carcinoma [44] failed to demonstrate this feature. Therefore, our HNSCC model succeeds in mimicking these crucial processes of HNSCC biology. We further showed the formation of tumor cell clusters with an increased number of Ki67 and p53 cells, indicating ongoing cancer cell proliferation. Cancer cell distribution and epithelial differentiation were dependent upon the ratio of FaDu tumor cells to keratinocytes. In our opinion, the optimal ratio seems to be 1:33, as tumor cell clusters with basal membrane penetration can be detected along with segments of regular epithelial differentiation. This was not the case for the other ratios used in this study.



The integration of multicellular tumor spots and tumor spheroids into our OMM on day five of ALI culture did not succeed. However, Colley et al. were able to establish an oral carcinoma in situ model by applying FaDu spheroids onto a 3D OMM generated from normal oral keratinocytes and fibroblasts transferred onto a de-epidermized acellular dermis [38]. Compared to our study, Colley et al. had seeded spheroids on their tissue-engineered OMM already before raising the model to an ALI. In our OMM, a stratum corneum and, thus, a horny layer developed shortly after raising the model to an ALI. Therefore, it is likely that the tumor cells were not able to penetrate this horny layer, thus leading to a nutritional deprivation and cell death. This discrepancy indicates that tumor cells and tumor cell spheroids should be seeded onto the models before a stratum corneum is formed, thus enabling their integration. A potentially optimal time point might be the transition from a submerged to an ALI culture. Comprising tissue-specific primary human keratinocytes and fibroblasts, an OMM served as the basis for our HNSCC model. Importantly, the OMM closely approximated the in vivo situation from a histological and immunohistochemical point of view, enhancing the model's biological relevance and its suitability as a basis for our HNSCC model. This model stands out by replicating the stroma through the use of a bioactive 3D cell carrier which mimics the tissue-specific ECM composition and features a basal membrane. Furthermore, our SIS/MUC-based models gain significance from the considerable preservation of extracellular matrix (ECM) proteins across the evolutionary development of porcine and human organisms [45], suggesting that our porcine-derived scaffold is apt for developing an HNSCC model. Interestingly, it even becomes possible to implant porcine scaffold-based constructs into patients following the scaffold recellularization with human cells [46]. In summary, key aspects of our model are a biosimilar composition of the ECM as well as invasive tumor cell clusters with basal membrane penetration and lamina propria infiltration between segments of regular epithelial differentiation, based on an OMM from primary human fibroblasts and keratinocytes. This model might help to enable further studies on tumor cell invasion as well as on the cellular and stromal interactions at the invasive tumor front. However, limitations need to be addressed. Our study aimed to develop a cancer model to elucidate general aspects of HNSCC pathophysiology, utilizing the hypopharyngeal cancer cell line FaDu integrated into an OMM. This approach is supported by literature that identifies commonalities in the disease process across various sites within the head and neck region. However, it is also crucial to acknowledge that squamous cell carcinomas can exhibit significant variations depending on their anatomical origin [47,48]. Therefore, there is a need for subsequent studies to validate these findings using further cancer cell lines from other locations of the head and neck, aiming to enhance the translatability of the results to HNSCC. Our HNSCC model does not necessarily correspond to the in vivo conditions within the TME, as it lacks key features of the natural environment. Achieving full biological relevance is difficult due to the inherent complexity of the in vivo TME, containing diverse cell types and extracellular matrix components. Our model lacks important cell types of the TME such as inflammatory and further mesenchymal cells. However, as already demonstrated by others, additional cell types such as endothelial cells [49] can be integrated into ECM-based biological scaffolds. Cell lines that have been immortalized undergo manipulation to enable indefinite proliferation. An extended period in an in vitro setting can lead to alterations in the inherent characteristics of the cell population [50]. In addition to the integration of an immortalized cell line, as was performed in our work, further approaches such as the integration of patient-derived primary tumor explants proved to be feasible in another 3D model of head and neck cancer consisting of fibroblasts seeded on a viscose fiber fabric. In contrast to cell lines, tumor explants offer the benefit of maintaining key characteristics of the cancer lesion crucial for replicating the TME, such as leukocyte infiltration [51]. Isolating primasry tumor cells directly from patient samples would better replicate patient-specific conditions, potentially increasing the model's relevance in clinical settings. In the future, such approaches might enable testing treatment responses to various anticancer drugs, assessing the tumor’s sensitivity to radiotherapy, or correlating the models to clinical histopathological characteristics like invasion and tumor growth. All in vitro models are exposed to certain microenvironmental factors, such as gradients of oxygen, nutrients, signaling molecules, and biophysical stimuli. The use of patient-derived serum, rather than calf serum, in the model could better mimic the natural tumor microenvironment, thereby providing more physiologically relevant data. However, these factors can only be controlled partially and do not exactly represent the in vivo environment of human tumors. Future efforts in HNSCC model development should focus on addressing these limitations by advancing models that incorporate primary HNSCC tumor tissue alongside various non-malignant cell types, aiming for a more comprehensive representation of the TME. By bridging the gap between basic in vitro conditions and the in vivo TME, such a model could additionally contribute to TME research and ultimately serve as platform for anti-cancer drug testing.




5. Conclusions


Primary human fibroblasts and keratinocytes seeded onto a porcine SIS/MUC formed a bioequivalent OMM. Cancer cells could be integrated into this OMM to generate an HNSCC model, which showed features of tumor cell invasiveness. Future work should focus on the integration of further components of the TME.







Author Contributions


Conceptualization, M.S. (Manuel Stöth), A.T.M., F.S., T.J.M., L.H., A.S., M.S. (Maria Steinke), A.R. and S.H.; formal analysis, M.S. (Manuel Stöth), A.T.M., F.S. and L.H.; investigation, A.T.M. and F.S.; methodology, A.T.M., F.S. and A.R.; project administration, A.R. and S.H.; resources, A.R. and S.H.; supervision, M.S. (Maria Steinke), A.R. and S.H.; visualization, M.S. (Manuel Stöth), A.T.M., F.S., T.J.M. and F.M.-D.; writing—original draft, M.S. (Manuel Stöth), T.J.M., A.S. and S.H.; writing—review and editing, M.S. (Manuel Stöth), A.T.M., T.J.M., F.M.-D., L.H., A.S., M.S. (Maria Steinke), A.R. and S.H. All authors have read and agreed to the published version of the manuscript.




Funding


This publication was supported by the Open Access Publication Fund of the University of Wuerzburg.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the local ethic committee (approval number: 182/10). Animal experiments were performed after previous approval by the ethical committee of the local government (approval number: 55.2-2532-2-256). All animal procedures conformed to the guidelines of Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


All data generated or analyzed during this study are included in this article. Further inquiries can be directed to the corresponding author.




Acknowledgments


We thank Heike Walles for her advice and insightful suggestions throughout the course of this research.




Conflicts of Interest


All authors have no conflicts of interest to declare that are relevant to the content of this article.




References


	



Barsouk, A.; Aluru, J.S.; Rawla, P.; Saginala, K.; Barsouk, A. Epidemiology, Risk Factors, and Prevention of Head and Neck Squamous Cell Carcinoma. Med. Sci. 2023, 11, 42. [Google Scholar] [CrossRef] [PubMed]

	



Pelucchi, C.; Gallus, S.; Garavello, W.; Bosetti, C.; La Vecchia, C. Cancer risk associated with alcohol and tobacco use: Focus on upper aero-digestive tract and liver. Alcohol. Res. Health 2006, 29, 193–198. [Google Scholar] [PubMed]

	



Warnakulasuriya, S.; Chen, T.H.H. Areca Nut and Oral Cancer: Evidence from Studies Conducted in Humans. J. Dent. Res. 2022, 101, 1139–1146. [Google Scholar] [CrossRef] [PubMed]

	



Hashim, D.; Sartori, S.; Brennan, P.; Curado, M.P.; Wunsch-Filho, V.; Divaris, K.; Olshan, A.F.; Zevallos, J.P.; Winn, D.M.; Franceschi, S.; et al. The role of oral hygiene in head and neck cancer: Results from International Head and Neck Cancer Epidemiology (INHANCE) consortium. Ann. Oncol. 2016, 27, 1619–1625. [Google Scholar] [CrossRef] [PubMed]

	



Lazos, J.P.; Piemonte, E.D.; Lanfranchi, H.E.; Brunotto, M.N. Characterization of Chronic Mechanical Irritation in Oral Cancer. Int. J. Dent. 2017, 2017, 6784526. [Google Scholar] [CrossRef] [PubMed]

	



Borsetto, D.; Sethi, M.; Polesel, J.; Tomasoni, M.; Deganello, A.; Nicolai, P.; Bossi, P.; Fabbris, C.; Molteni, G.; Marchioni, D.; et al. The risk of recurrence in surgically treated head and neck squamous cell carcinomas: A conditional probability approach. Acta Oncol. 2021, 60, 942–947. [Google Scholar] [CrossRef]

	



Faraji, F.; Cohen, E.E.W.; Guo, T.W. Evolving treatment paradigms in recurrent and metastatic head and neck squamous cell carcinoma: The emergence of immunotherapy. Transl. Cancer Res. 2023, 12, 1353–1358. [Google Scholar] [CrossRef]

	



Gatta, G.; Botta, L.; Sanchez, M.J.; Anderson, L.A.; Pierannunzio, D.; Licitra, L.; Group, E.W. Prognoses and improvement for head and neck cancers diagnosed in Europe in early 2000s: The EUROCARE-5 population-based study. Eur. J. Cancer 2015, 51, 2130–2143. [Google Scholar] [CrossRef] [PubMed]

	



Kapalczynska, M.; Kolenda, T.; Przybyla, W.; Zajaczkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Blizniak, R.; Luczewski, L.; Lamperska, K. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures. Arch. Med. Sci. 2018, 14, 910–919. [Google Scholar] [CrossRef]

	



Melissaridou, S.; Wiechec, E.; Magan, M.; Jain, M.V.; Chung, M.K.; Farnebo, L.; Roberg, K. The effect of 2D and 3D cell cultures on treatment response, EMT profile and stem cell features in head and neck cancer. Cancer Cell Int. 2019, 19, 16. [Google Scholar] [CrossRef]

	



Loessner, D.; Stok, K.S.; Lutolf, M.P.; Hutmacher, D.W.; Clements, J.A.; Rizzi, S.C. Bioengineered 3D platform to explore cell-ECM interactions and drug resistance of epithelial ovarian cancer cells. Biomaterials 2010, 31, 8494–8506. [Google Scholar] [CrossRef]

	



Chen, Y.Q.; Kuo, J.C.; Wei, M.T.; Wu, M.C.; Yang, M.H.; Chiou, A. Fibroblast Promotes Head and Neck Squamous Cell Carcinoma Cell Invasion through Mechanical Barriers in 3D Collagen Microenvironments. ACS Appl. Bio Mater. 2020, 3, 6419–6429. [Google Scholar] [CrossRef] [PubMed]

	



Pickup, M.W.; Mouw, J.K.; Weaver, V.M. The extracellular matrix modulates the hallmarks of cancer. EMBO Rep. 2014, 15, 1243–1253. [Google Scholar] [CrossRef]

	



Fang, Z.; Li, P.; Du, F.; Shang, L.; Li, L. The role of organoids in cancer research. Exp. Hematol. Oncol. 2023, 12, 69. [Google Scholar] [CrossRef]

	



Buskin, A.; Scott, E.; Nelson, R.; Gaughan, L.; Robson, C.N.; Heer, R.; Hepburn, A.C. Engineering prostate cancer in vitro: What does it take? Oncogene 2023, 42, 2417–2427. [Google Scholar] [CrossRef]

	



Mermod, M.; Hiou-Feige, A.; Bovay, E.; Roh, V.; Sponarova, J.; Bongiovanni, M.; Vermeer, D.W.; Lee, J.H.; Petrova, T.V.; Rivals, J.P.; et al. Mouse model of postsurgical primary tumor recurrence and regional lymph node metastasis progression in HPV-related head and neck cancer. Int. J. Cancer 2018, 142, 2518–2528. [Google Scholar] [CrossRef] [PubMed]

	



Fu, Y.; Tian, G.; Li, J.; Zhang, Z.; Xu, K. An HNSCC syngeneic mouse model for tumor immunology research and preclinical evaluation. Int. J. Mol. Med. 2020, 46, 1501–1513. [Google Scholar] [CrossRef] [PubMed]

	



Brand, M.; Laban, S.; Theodoraki, M.N.; Doescher, J.; Hoffmann, T.K.; Schuler, P.J.; Brunner, C. Characterization and Differentiation of the Tumor Microenvironment (TME) of Orthotopic and Subcutaneously Grown Head and Neck Squamous Cell Carcinoma (HNSCC) in Immunocompetent Mice. Int. J. Mol. Sci. 2020, 22, 247. [Google Scholar] [CrossRef]

	



Ozawa, H.; Ranaweera, R.S.; Izumchenko, E.; Makarev, E.; Zhavoronkov, A.; Fertig, E.J.; Howard, J.D.; Markovic, A.; Bedi, A.; Ravi, R.; et al. SMAD4 Loss Is Associated with Cetuximab Resistance and Induction of MAPK/JNK Activation in Head and Neck Cancer Cells. Clin. Cancer Res. 2017, 23, 5162–5175. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhu, Y.; Wang, Q.; Hu, H.; Li, Z.; Wang, D.; Zhang, W.; Qi, B.; Ye, J.; Wu, H.; et al. The histone demethylase LSD1 is a novel oncogene and therapeutic target in oral cancer. Cancer Lett. 2016, 374, 12–21. [Google Scholar] [CrossRef]

	



Feng, X.; Luo, Q.; Zhang, H.; Wang, H.; Chen, W.; Meng, G.; Chen, F. The role of NLRP3 inflammasome in 5-fluorouracil resistance of oral squamous cell carcinoma. J. Exp. Clin. Cancer Res. 2017, 36, 81. [Google Scholar] [CrossRef] [PubMed]

	



Mak, I.W.; Evaniew, N.; Ghert, M. Lost in translation: Animal models and clinical trials in cancer treatment. Am. J. Transl. Res. 2014, 6, 114–118. [Google Scholar] [PubMed]

	



Ben-David, U.; Ha, G.; Tseng, Y.Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al. Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017, 49, 1567–1575. [Google Scholar] [CrossRef] [PubMed]

	



Jin, J.; Yoshimura, K.; Sewastjanow-Silva, M.; Song, S.; Ajani, J.A. Challenges and Prospects of Patient-Derived Xenografts for Cancer Research. Cancers 2023, 15, 4352. [Google Scholar] [CrossRef]

	



Peng, S.; Creighton, C.J.; Zhang, Y.; Sen, B.; Mazumdar, T.; Myers, J.N.; Lai, S.Y.; Woolfson, A.; Lorenzi, M.V.; Bell, D.; et al. Tumor grafts derived from patients with head and neck squamous carcinoma authentically maintain the molecular and histologic characteristics of human cancers. J. Transl. Med. 2013, 11, 198. [Google Scholar] [CrossRef]

	



Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249. [Google Scholar] [CrossRef]

	



Moharamzadeh, K.; Brook, I.M.; Van Noort, R.; Scutt, A.M.; Thornhill, M.H. Tissue-engineered oral mucosa: A review of the scientific literature. J. Dent. Res. 2007, 86, 115–124. [Google Scholar] [CrossRef]

	



Beckstead, B.L.; Pan, S.; Bhrany, A.D.; Bratt-Leal, A.M.; Ratner, B.D.; Giachelli, C.M. Esophageal epithelial cell interaction with synthetic and natural scaffolds for tissue engineering. Biomaterials 2005, 26, 6217–6228. [Google Scholar] [CrossRef]

	



Mertsching, H.; Walles, T.; Hofmann, M.; Schanz, J.; Knapp, W.H. Engineering of a vascularized scaffold for artificial tissue and organ generation. Biomaterials 2005, 26, 6610–6617. [Google Scholar] [CrossRef]

	



Stratmann, A.T.; Fecher, D.; Wangorsch, G.; Gottlich, C.; Walles, T.; Walles, H.; Dandekar, T.; Dandekar, G.; Nietzer, S.L. Establishment of a human 3D lung cancer model based on a biological tissue matrix combined with a Boolean in silico model. Mol. Oncol. 2014, 8, 351–365. [Google Scholar] [CrossRef]

	



Steinke, M.; Gross, R.; Walles, H.; Gangnus, R.; Schutze, K.; Walles, T. An engineered 3D human airway mucosa model based on an SIS scaffold. Biomaterials 2014, 35, 7355–7362. [Google Scholar] [CrossRef] [PubMed]

	



Rangan, S.R. A new human cell line (FaDu) from a hypopharyngeal carcinoma. Cancer 1972, 29, 117–121. [Google Scholar] [CrossRef] [PubMed]

	



Fecher, D.; Hofmann, E.; Buck, A.; Bundschuh, R.; Nietzer, S.; Dandekar, G.; Walles, T.; Walles, H.; Luckerath, K.; Steinke, M. Human Organotypic Lung Tumor Models: Suitable For Preclinical 18F-FDG PET-Imaging. PLoS ONE 2016, 11, e0160282. [Google Scholar] [CrossRef] [PubMed]

	



Sivarajan, R.; Kessie, D.K.; Oberwinkler, H.; Pallmann, N.; Walles, T.; Scherzad, A.; Hackenberg, S.; Steinke, M. Susceptibility of Human Airway Tissue Models Derived From Different Anatomical Sites to Bordetella pertussis and Its Virulence Factor Adenylate Cyclase Toxin. Front. Cell Infect. Microbiol. 2021, 11, 797491. [Google Scholar] [CrossRef]

	



Bonan, P.R.; Kaminagakura, E.; Pires, F.R.; Vargas, P.A.; Almeida, O.P. Cytokeratin expression in initial oral mucositis of head and neck irradiated patients. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2006, 101, 205–211. [Google Scholar] [CrossRef] [PubMed]

	



Bhargava, S.; Chapple, C.R.; Bullock, A.J.; Layton, C.; MacNeil, S. Tissue-engineered buccal mucosa for substitution urethroplasty. BJU Int. 2004, 93, 807–811. [Google Scholar] [CrossRef]

	



Moharamzadeh, K.; Brook, I.M.; Van Noort, R.; Scutt, A.M.; Smith, K.G.; Thornhill, M.H. Development, optimization and characterization of a full-thickness tissue engineered human oral mucosal model for biological assessment of dental biomaterials. J. Mater. Sci. Mater. Med. 2008, 19, 1793–1801. [Google Scholar] [CrossRef] [PubMed]

	



Colley, H.E.; Hearnden, V.; Jones, A.V.; Weinreb, P.H.; Violette, S.M.; Macneil, S.; Thornhill, M.H.; Murdoch, C. Development of tissue-engineered models of oral dysplasia and early invasive oral squamous cell carcinoma. Br. J. Cancer 2011, 105, 1582–1592. [Google Scholar] [CrossRef]

	



Lindberg, K.; Badylak, S.F. Porcine small intestinal submucosa (SIS): A bioscaffold supporting in vitro primary human epidermal cell differentiation and synthesis of basement membrane proteins. Burns 2001, 27, 254–266. [Google Scholar] [CrossRef]

	



Kulasekara, K.K.; Lukandu, O.M.; Neppelberg, E.; Vintermyr, O.K.; Johannessen, A.C.; Costea, D.E. Cancer progression is associated with increased expression of basement membrane proteins in three-dimensional in vitro models of human oral cancer. Arch. Oral Biol. 2009, 54, 924–931. [Google Scholar] [CrossRef]

	



Sun, L.P.; Xu, K.; Cui, J.; Yuan, D.Y.; Zou, B.; Li, J.; Liu, J.L.; Li, K.Y.; Meng, Z.; Zhang, B. Cancer-associated fibroblast-derived exosomal miR-382-5p promotes the migration and invasion of oral squamous cell carcinoma. Oncol. Rep. 2019, 42, 1319–1328. [Google Scholar] [CrossRef] [PubMed]

	



Bienkowska, K.J.; Hanley, C.J.; Thomas, G.J. Cancer-Associated Fibroblasts in Oral Cancer: A Current Perspective on Function and Potential for Therapeutic Targeting. Front. Oral Health 2021, 2, 686337. [Google Scholar] [CrossRef] [PubMed]

	



Gaballah, K.; Costea, D.E.; Hills, A.; Gollin, S.M.; Harrison, P.; Partridge, M. Tissue engineering of oral dysplasia. J. Pathol. 2008, 215, 280–289. [Google Scholar] [CrossRef] [PubMed]

	



Brauchle, E.; Johannsen, H.; Nolan, S.; Thude, S.; Schenke-Layland, K. Design and analysis of a squamous cell carcinoma in vitro model system. Biomaterials 2013, 34, 7401–7407. [Google Scholar] [CrossRef] [PubMed]

	



Ozbek, S.; Balasubramanian, P.G.; Chiquet-Ehrismann, R.; Tucker, R.P.; Adams, J.C. The evolution of extracellular matrix. Mol. Biol. Cell 2010, 21, 4300–4305. [Google Scholar] [CrossRef] [PubMed]

	



Steinke, M.; Dally, I.; Friedel, G.; Walles, H.; Walles, T. Host-integration of a tissue-engineered airway patch: Two-year follow-up in a single patient. Tissue Eng. Part A 2015, 21, 573–579. [Google Scholar] [CrossRef] [PubMed]

	



Freier, K.; Joos, S.; Flechtenmacher, C.; Devens, F.; Benner, A.; Bosch, F.X.; Lichter, P.; Hofele, C. Tissue microarray analysis reveals site-specific prevalence of oncogene amplifications in head and neck squamous cell carcinoma. Cancer Res. 2003, 63, 1179–1182. [Google Scholar]

	



Huang, Q.; Yu, G.P.; McCormick, S.A.; Mo, J.; Datta, B.; Mahimkar, M.; Lazarus, P.; Schaffer, A.A.; Desper, R.; Schantz, S.P. Genetic differences detected by comparative genomic hybridization in head and neck squamous cell carcinomas from different tumor sites: Construction of oncogenetic trees for tumor progression. Genes Chromosomes Cancer 2002, 34, 224–233. [Google Scholar] [CrossRef] [PubMed]

	



Kress, S.; Baur, J.; Otto, C.; Burkard, N.; Braspenning, J.; Walles, H.; Nickel, J.; Metzger, M. Evaluation of a Miniaturized Biologically Vascularized Scaffold in vitro and in vivo. Sci. Rep. 2018, 8, 4719. [Google Scholar] [CrossRef]

	



Miserocchi, G.; Mercatali, L.; Liverani, C.; De Vita, A.; Spadazzi, C.; Pieri, F.; Bongiovanni, A.; Recine, F.; Amadori, D.; Ibrahim, T. Management and potentialities of primary cancer cultures in preclinical and translational studies. J. Transl. Med. 2017, 15, 229. [Google Scholar] [CrossRef]

	



Engelmann, L.; Thierauf, J.; Koerich Laureano, N.; Stark, H.J.; Prigge, E.S.; Horn, D.; Freier, K.; Grabe, N.; Rong, C.; Federspil, P.; et al. Organotypic Co-Cultures as a Novel 3D Model for Head and Neck Squamous Cell Carcinoma. Cancers 2020, 12, 2330. [Google Scholar] [CrossRef] [PubMed]








[image: Cimb 46 00250 g001] 





Figure 1. (a) Experimental design used to generate an oral mucosal model (OMM) and (b–d) different methods of integrating FaDu tumor cells into the OMM. (b) Integration of multicellular tumor cell spots. (c) Integration of multicellular tumor spheroids. (d) Integration of single tumor cells. Oral mucosal model (OMM), head and neck squamous-cell carcinoma (HNSCC). 
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Figure 2. Generation of a 3D bioequivalent oral mucosa model (OMM). (a) Comparison of human oral mucosa with the OMM by H&E staining. The red dotted line separates the stratified squamous epithelium from the underlying lamina propria. The black dotted line separates the lamina 