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A B S T R A C T   

The use of bioengineering methods and approaches is extremely promising for the development of experimental 
models of cancer, especially head and neck squamous cell carcinomas (HNSCC) that are characterized by early 
metastasis and rapid progression., for testing novel anticancer drugs and diagnostics. This review summarizes the 
most relevant HNSCC tumor models used to this day as well as future directions for improved modeling of the 
malignant disease. Apart from conventional 2D-cell cultivation methods and in vivo animal cancer models a 
number of bioengineering techniques of modeling HNSCC tumors were reported: genetic-engineering, ethanol/ 
tobacco exposure experiment, spheroids, hydrogel-based cell culture, scaffold-based cell culture, microfluidics, 
bone-tumor niche cell culture, cancer and normal cells co-culture, cancer cells, and bacteria co-culture. An 
organized set of these models can constitute a system of HNSCC experimental modeling, which gives potential 
towards developing the newest approaches in the diagnosis, prevention, and treatment of HNSCC.   

1. Introduction 

According to existing data, 93.3% of anticancer drugs do not pass 
clinical trials due to high toxicity or low effectiveness despite positive 
preclinical results: they had the lowest Likelihood of Approval from 
phase 1 among other medicines (Hay et al., 2014). Diagnostic tools that 
have successfully surpassed the preclinical studies phase also do not 
always turn out to be as effective at the clinical trial stage, which pre-
vents the methods from reaching practical use. That happens due to the 
fact that the existing methods of testing potential drug candidates and 
diagnostic tools also have drawbacks and require improvement and 
development (Gutman, 2006). Thus, in order to study the efficacy and 
cytotoxicity of the drugs and their diagnostic methods in vitro, relatively 
simple methods of culturing tumor cells on a plane (culture on a plastic 
surface) are used. However, a living tissue, in particular, a tumor, is a 

hybrid dynamic system that develops inside the area consisting of cells 
and complex extracellular components, which are produced via syn-
thesis or rearrangement. This leads to the formation of necessary mi-
crostructures in the entire system. Moreover, tumor growth occurs at a 
certain rate and dynamics, which depend on the microenvironment and 
various endogenous biologically active substances (Guiro and Arinzeh, 
2015). 

Abbreviations: HNSCC, head and neck squamous cell carcinomas; 
OSCC, oral squamous cell carcinomas; HPV, human papillomavirus; 2D, 
two-dimensional; 3D, three-dimensional; DMEM, Dulbecco’s Modified 
Eagle Medium; RPMI-1640, Roswell Park Memorial Institute 1640 me-
dium; ECM, extracellular matrix; EGFR, epidermal growth factor re-
ceptor; mTOR, mammalian target of rapamycin; PI3K, phosphoinositide 
3-kinase; PD-1, programmed cell death protein 1; PD-L1, programmed 
death-ligand 1; BME, laminin-rich basement membrane extract; PSC, 
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pluripotent stem cells; ASC, adult stem cells; CSCs, cancer stem-like 
cells; MSCs, mesenchymal stromal cells; VEGF, vascular endothelial 
growth factor; PDGF-BB, platelet-derived growth factor-BB; shRNA, 
small hairpin RNA; SMYD2, SET and MYND domain containing protein 
2; TGFb, tumor growth factor beta; HRR, homologous recombination 
repair; PARP, poly(ADP-ribose) polymerase; [18F]fluorodeoxyglucose - 
positron emission tomography ((FDG)-PET); MRI, magnetic resonance 
imaging; LASSO, the least absolute shrinkage and selection operator; 
CNN, convolutional neural network; RF, random forest; SVM, support 
vector machine; AdaBoost, Adaptive Boost; NB, naïve Bayes; avNNet, 
averaged Neural Network; GBM, Gradient Boosting Machine; PB, back 
propagation; GA-BP, Genetic Algorithm-Back Propagation; PGA-BP, 
Probabilistic Genetic Algorithm-Back Propagation;. 

Currently, the in vitro cell studies are carried out primarily using 2D 
cultivation techniques. However, tumor cells are characterized by close 
cell interactions and an inhomogeneous formation of the vascular 
network within the extracellular matrix surrounding them. Those factors 
lead to the formation of hypoxic regions and high acidity within the 
extracellular environment (Sørensen, 2013; Johnson et al., 2021). 
Tumor heterogeneity occurs due to the presence of regions, where cells 
undergo division and where cells exist under hypoxic and necrotic 
conditions(Johnson et al., 2021; Canning et al., 2019). Altogether these 
factors comprise the 3D structure of the tumor (Bruinink and Lugin-
buehl, 2012). The 2D cancer cell method limits the data that can be 
obtained when observing a large variety of cells’ physiological states 
and their interactions in vivo, such as morphology, phenotypic charac-
teristics, differentiation, various tumor markers expression, prolifera-
tion, signaling, and intercellular interactions (Ustyugov et al., 2018). 
Modern 3D technologies available for cell cultivation make it possible to 
more accurately model specific architectures of the tumors, their 
microstructure, and other important parameters including response to 
anticancer drugs (with some limitations) (Zschenker et al., 2012; 
Andersen et al., 2015) (Fig. 1; Table S1, Supplemental materials). 

In order to study the biology of tumor cells, use of a culture system 
that mimics the tumor microenvironment in vivo is required. The use of 
three-dimensional cell culture methods in cancer research makes it 
possible to simulate cells’ behavior within a tumor in vivo, which makes 

them a superior technique in contrast to 2D monolayer systems when it 
comes to modeling of new therapeutic targets in oncological research. 
Therefore, the existing tumor cell culture methods have a number of 
disadvantages that limit their application in modeling tumor growth: 
cells are grown on plastic surfaces, while in vivo tumor growth occurs in 
different conditions with the presence of volume and extracellular ma-
trix; only one culture of transplanted cells is cultivated, whereas during 
an in vivo pathological process tumor cells do not only interact with 
each other but also an interaction with the surrounding cells occurs; in 
vitro cell growth is carried out in static conditions, whereas in vivo 
processes are dynamic (Hoarau-Véchot et al., 2018). 

In vivo xenograft models are the standard practice and the most 
advanced preclinical models of HNSCC ( Clark et al., 2010; Van Es et al., 
1999; Cohen et al., 2015; Panaccione et al., 2017) (Table S2, Supple-
mental materials). Despite the fact that tumor modeling using mice does 
not encounter most of these drawbacks, it is much more difficult on such 
an in vivo model to control the tumor cells’ growth and different in-
teractions between the surroundings and cells, as well as to study the 
direct influence of various bioactive substances on the tumor tissue and 
secretion of various cytokines within the tumor cells. A xenograft model 
is actually a complexly organized heterogeneous tumor tissue grown in 
the mice body with not easily predictable growth dynamics (Schuch 
et al., 2020). The dynamic in vivo system of tissue/organ level is much 
more difficult to control and investigate by instrumental research 
techniques than the in vitro systems of cellular level, where there is a 
more or less confident possibility of direct control of individual cells 
(Sachana and Hargreaves, 2018). On the other hand, the xenograft 
model does not have a complete resemblance to a human tumor. Indeed, 
xenograft models with artificially grafted tumors have significant dif-
ferences in tumor development, immunobiological properties, vascula-
ture structure, a tendency to metastasis, which may result in different 
mechanisms and rates of tumor progression as well as treatment re-
sponses in comparison with human tumors (Méry et al., 2017). Finally, 
the analysis and modeling of the expression of various tumor markers 
are also limited by the aforementioned research methodology (Li et al., 
2017a, 2017b). Moreover, an important advantage of the in vivo 
xenograft model - the ability to reproduce an anatomical origin of 

Fig. 1. Comparison of conducting research in 2D cell cultures (left) compared to 3D systems (right).  
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HNSCC tumor (by isolation of primary cell culture from specific 
anatomical regions (Cohen et al., 2015) or implantation of cancer cells 
to a specific anatomical site in mice (Panaccione et al., 2017) was 
implemented only on ~30%: the anatomical site of HNSCC was identi-
fied (as the tissue of oropharynx, pharynx, oral cavity, lymph node, 
larynx, etc.) only in 19 from total 63 experimental studies of xenograft 
models (Schuch et al., 2020; Bray et al., 2019) (Table S2, Supplemental 
materials). 

It is also noted that human tumor models are obtained from labo-
ratory mice with artificially suppressed immunity or transgenic animals, 
which reduces their experimental and prognostic potential both due to 
species specificity and pathophysiological characteristics of the labora-
tory animals used. For instance, engraftment and propagation can 
initiate the selective maintenance of the most aggressive cancer cells 
(Hidalgo et al., 2015). This is a serious limitation for such a promising 
approach to modeling HNSCC for translational cancer research as 
patient-derived xenografts (Hidalgo et al., 2015). 

This in turn creates demand for new experimental in vitro tumor 
models, which would combine the advantages of existing methods in 
cultivating tumor cells and the in vivo tumor models, while avoiding as 
much as possible the drawbacks of both methodologies - bioengineering 
cancer models (Fig. 2). Such models are an important alternative to 
equally effective xenograft in vivo models, which, nevertheless, allow 
obtaining a huge layer of novel valuable data that cannot be obtained 
using standard models. 

At this moment, developing in vitro bioengineered models of HNSCC 
is of high importance. HNSCC is characterized by early metastasis and 
rapid progression and therefore is classified as an extremely aggressive 
and malignant tumor. Smoking, drinking alcohol, and human papillo-
mavirus (HPV) infection are the three main proven risk factors of 
developing HNSCC. The incidence of HPV-associated cancers is 
increasing (Stein, 2016) and it is expected that their frequency will 

exceed the frequency of HPV-negative carcinomas, the risk of which is 
generally associated with consumption of alcohol and tobacco (Talamini 
et al., 2002). By 2020, the incidence of oropharyngeal carcinoma asso-
ciated with HPV is expected to exceed the number of cervical cancers 
and by 2030 it is expected that half of head and neck cancer cases will be 
associated with HPV (Stein, 2016). These important clinical factors 
should be considered when simulating HNSCC using animal models and 
during in vitro cancer cells’ cultivation studies. However, it should be 
taken into account that HPV-positive HNSCC show significantly better 
survival rates compared to HPV-negative HNSCC regardless of the 
applied therapy method. Moreover, HPV status in HNSCC was included 
in the 8th edition of the TNM classification (AJCC/UICC) to confirm the 
favorable prognosis of HPV-positive HNSCC. HPV vaccination appears 
promising to reduce HPV-positive HNSCC in the future, but the effec-
tiveness of HPV vaccination strategies strongly depends on herd im-
munity (Hoffmann and Quabius, 2021). Neoadjuvant immunotherapy is 
also promising therapeutic approach for HNSCC (Cabezas-Camarero and 
Pérez-Segura, 2022). The effect of tobacco (Clark et al., 2010; Macha 
et al., 2011; Datta et al., 2019) and alcohol (Kornfehl, 1999; Yu et al., 
2016), on HNSCC developing were studied on 2D cell cultures (Masood 
et al., 2013; Wang et al., 2019) and xenograft tumor in vivo models 
(Clark et al., 2010). HNSCC is a specific cancer type with very distinctive 
pathophysiological features, such as anatomical localization (Freier 
et al., 2003), morphological features (Westra, 2012), association with 
human papillomavirus (Stein, 2016), induction by tobacco and alcohol 
consumption (Talamini et al., 2002), aggressive nature of metastasis 
(Howell and Grandis, 2005), bone marrow niche for cancer cells homing 
and metastasis (Küçükgüven and Çelebi-Saltik, 2021), and the possi-
bility of interaction with bacteria of oral microbiota (Gholizadeh et al., 
2016). The increased ability of NHSCC to metastasizing can be associ-
ated with the phenomenon of vascular mimicry, when a neo-
vascularization in the tumor occurs due to generatation a perfusable 

Fig. 2. The in vivo xenograft, 2D in vitro cell culture, spheroids, and bioengineering models of tumors: advantages and drawbacks (one cross mark - non-compliance; 
one check mark – moderate compliance, two check marks – good compliance, three check marks – full compliance. The figure is associated with Table S1 in 
Supplemental Materials. 
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vessel-like meshwork from tubules produced by cancer cells (Hujanen 
et al., 2021). Besides the increased expression of a range of tumor 
markers, HNSCC is also characterized by an active process of DNA 
methylation in cancer cells, which can be seen from the overexpression 
of DNA methyltransferases. DNA methylation may contribute to inac-
tivation of a series of tumor suppressor genes that can effect on the 
development, progression, and metastasis of HNSCC (Flausino et al., 
2021). 

HNSCC treatment approaches are being intensively developed. Be-
sides the aforementioned HVP vaccination, the following conventional 
and novel antitumor medicines are used: first line treatment antitumor 
drugs (methotrexate, taxanes, cisplatin, 5-fluorouracil, platinum-based 
medicines, and their combinations), first line targeted drugs 
(epidermal growth factor receptor (EGFR) inhibitors, panitumumab), 
second line treatment antitumor drugs (taxanes, cisplatin, 5-fluoro-
uracil, platinum-based medicines, and their combinations), second line 
targeted drugs (EGFR inhibitors (cetuximab, cixutuxumab, duligotuzu-
mab, gefitinib, afatinib, and their combinations), phosphoinositide 3-ki-
nase (PI3K) inhibitors, vascular endothelial growth factor (VEGF) 
inhibitors), second line immunotherapeutic drugs (programmed cell 

death protein 1 (PD-1) / programmed death-ligand 1 (PD-L1) inhibitors, 
TLR-agonists) (Lau et al., 2020). PD-1/PD-L1 inhibitors may become the 
mainstay of HNSCC treatment in the nearest future (Lau et al., 2020). 
Inhibitors of DNA methylation could be also a novel promising medi-
cines for HNSCC treatment but their adverse effects are not known yet 
and may cause expression of proto-oncogenes and metastatic genes 
(Flausino et al., 2021). It was shown that additive or synergistic effects 
of NSAIDs and EGFR inhibitors revealed in PIK3-mutated HNSCC 
models in vitro and in vivo, which represent a promising therapeutic 
strategy of the addition of NSAIDs to EGFR inhibitors in PIK3-mutated 
cancers (Li et al., 2022). Exotoxin A and the diphtheria exotoxin 
linked to T22 peptide ligand to specifically target chemokine receptor 
4-overexpressing HNSCC cells were demonstrated as novel effective 
targeted drug for HNSCC treatment management. 

All the aforementioned factors make the experimental modeling of 
the disease a rather difficult task. Therefore, the in vitro bioengineering 
models of head and neck tumors are being currently developed and 
investigated. However, there are still a lot of drawbacks and complica-
tions in the present modeling methodologies (Chaturvedi et al., 2011; 
Alfouzan, 2018). 

Fig. 3. The bibliometric analysis of tumor 3D models. (a) Search for articles appearing in PubMed (https://pubmed.ncbi.nlm.nih.gov) over the past 20 years 
(2001–2020) using the MeSH terms of tumor experimental models: “genetic engineering” AND “neoplasms (cancer, tumor)”; “xenograft model antitumor assays” 
AND “neoplasms (cancer, tumor)”; “tumor cells, 2D cultured” AND “neoplasms (cancer, tumor); the sum by MeSH terms for 3D in vitro models* AND ”neoplasms 
(cancer, tumor)”; (b) Search for articles appearing in PubMed over the past 20 years (2001–2020) using the MeSH terms of tumor 3D in vitro models: “spheroids, 
cellular” AND “neoplasms (cancer, tumor)”; “hydrogels” AND “neoplasms (cancer, tumor)”; “organoids” AND “neoplasms (cancer, tumor); “tissue scaffolds” AND 
“neoplasms (cancer, tumor)”; “coculture techniques” AND “neoplasms (cancer, tumor)”; “microfluidics” AND “neoplasms (cancer, tumor)”; (c) the distribution of 
research papers by MeSH terms of all tumor diseases, and (d) tumor 3D in vitro models for HNSCC* * (d) over the past 10 years (2011–2020 ***); *a percentage of 3D 
in vitro tumor models is shown on each column; * **a percentage of HNSCC 3D in vitro models is shown below the pie chart; * **the MeSH term HNSCC was not 
indicated in PubMed before 2009. 
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Using 3D cultivation may involve the following techniques 
(Table S2, Supplemental materials): growing cellular spheroids and 
organoids, using hydrogels, scaffolds, and decellularized tissues, 
microfluidics, "organs-on-chip", and 3D bioprinting (Akeda et al., 2009; 
Hoarau-Véchot et al., 2018). 

As follows from the bibliometric analysis of the number of research 
papers on various topics in the PubMed database (Fig. 3) a number of 
investigations in the area of 3D cancer models in vitro is growing every 
year, but in the last 5 years, it has only constituted about 5% of all 
experimental studies using cancer cell cultures. A number of experi-
mental papers on the development and study of xenograft in vivo models 
and the main types of 3D tumor in vitro models were growing almost 
exponentially: 6.7-fold for spheroids, 53-fold for organoids, 6.4 for 
scaffold-based models, 19,8-fold for hydrogel-based models, 26.5-fold 
for microfluidic-based models in 2016–2020 years compared to 
2001–2005 years. Unfortunately, 3D tumor models in vitro for HNSCC 
are very poorly studied. There are only 316 papers about HNSCC 
xenograft in vivo models and 65 papers for all types of HNSCC 3D in 
vitro models: it is 0.86% of total tumor models and 0.72% of 3D in vitro 
tumor models. However, the distribution of the main types of HNSCC 
models is broadly consistent across all types of cancer. 

The aforementioned approaches can have varied advantages and 
disadvantages depending on the aim, experimental time frame, material 
contents, and many other factors. At the moment the technologies using 
cell spheroids, scaffolds, and hydrogels are the most common methods 
for creating three-dimensional cell systems due to their simplicity, low 
cost, ease of scaling, and the possibility to perform high-throughput 
analysis, which is especially important in drug testing (Fang and 
Eglen, 2017). 

2. Spheroids 

There are a number of ways of developing the experimental 3D 
tumor models in vitro. The most common is the method of spheroid 
formation from cancer cells. This method is widely used in fundamental 
studies concerning different cancer cell cultures’ growth (viability, 
proliferation, differentiation, apoptosis, etc.) and effects of various cy-
tokines and growth factors, anticancer therapeutic substances, as well as 
a screening of diagnostic substances. The key advantage of this model is 

linked to the loss of unnatural flat morphology of cells which is likely for 
cells cultured on plastic. This forces cancer cells growing in spheroids to 
obtain a number of similarities with the cells of an in vivo tumor, which 
is characterized by the presence of cell-cell interactions, differentiation, 
gene expression, growth dynamics (slower rate), and cell metabolism. 

To develop spheroids from HNSCC cells the following 3D cell 
culturing techniques can be used: low attachment or non-adhesive sur-
face usage (Ustyugov et al., 2018; Hoarau-Véchot et al., 2018), the 
hanging drop method (Mehta et al., 2018), cultivation of suspension cell 
cultures in bioreactors with constant stirring (Guiro and Arinzeh, 2015; 
Hoarau-Véchot et al., 2018; Fang and Eglen, 2017), usage of nano- and 
microstructured surfaces, magnetic culture technique (Hoarau-Véchot 
et al., 2018; Fang and Eglen, 2017), and 3D bioprinting (Hoarau-Véchot 
et al., 2018; Fang and Eglen, 2017) (Fig. 4). A description of each of 
these cell culturing methods is given in the Supplementary Materials 
(Table S3, Supplemental materials). 

On the other hand, the spheroid formation method has a number of 
disadvantages, especially when it comes to modeling the growth of 
actively metastasizing cancer cell cultures: this method does not provide 
the ability to control the size, shape, and homogeneity of spheroids and 
is not suitable for long-term cultivation. However, the main problem 
arises when starting from a certain size (more than 500 µm) the spheroid 
acquires a multilayer cellular structure. The structure can be described 
as follows: in its central part (nucleus) a necrotic zone appears, which is 
the area, where the cells die due to lack of oxygen and nutrients; the 
nucleus is surrounded by living cells in a resting state, around which 
there is a relatively thin layer of actively dividing tumor cells. Even 
though such a structure is typical for the inner regions of some solid 
tumors with poor vascularization, in most cases, actively developing 
tumors (and therefore their most dangerous forms) are being penetrated 
by capillaries, arterioles, and venules. The vascularization of the tumor 
is stimulated by the targeted excretion of cytokines and cancer cells 
growth factors. The growth of cancer cells in a specific microenviron-
ment - extracellular matrix, also makes a large difference. The main 
reason for the formation of the previously necrotic region within the 
nucleus inside the spheroid structures, apart from lack of vasculariza-
tion, is the cell cultivation in absence of extracellular matrix or its an-
alogs (Weiswald et al., 2015). Therefore, this experimental model is 
recommended to be used in combination with other methods of 

Fig. 4. Four different methods of cell spheroid method: the use of a low-adhesive curved surface (a), the hanging drop method (b), the use of micro-structured 
substrates (c), magnetic levitation using magnetic culture (d), bioprinting (e), cultivation of suspension cultures in stirred bioreactors (f) and in spinner flacks 
(g). The figure is associated with Table S3 in Supplemental Materials. 
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modeling HNSCC (Ayuso et al., 2019, 2014) (Table S2, Supplemental 
materials). One of the examples of such a combination is combining the 
method with the HNSCC xenograft model in nude mice (Iannelli et al., 
2020). 

Spheroids from primary cancer cells are of particular interest. They 
exhibit rare tumor properties: they are expressed at a higher rate and 
may even retain the individual characteristics of the patient, where they 
were obtained from: phenotypic properties and genetic markers of the 
cancerous tissue that they were derived from (Driehuis et al., 2019a, 
2019b), suitability for modeling HPV-positive HNSCC, either through 
culturing of an HPV-positive tumor specimen (Tanaka et al., 2019), 
migration and invasion characteristics (Choi et al., 2020), susceptibility 
to cancer-associated fibroblasts (Magan et al., 2020). Nevertheless, it is 
difficult to work with primary cells as primary cells have a division limit 
and require a more careful selection of cultivation conditions. Thus, 
implementing a standard medium (DMEM or RPMI-1640-medium sup-
plemented with 10% serum and antibiotics) is not suitable for culturing 
primary HNSCC cells, since it prevents the development of cells with 
increased epithelial morphology and also prevents maintenance of 
phenotypically undifferentiated cell populations in cultures (Table S2, 
Supplemental materials) (Ayuso et al., 2019; Oppel et al., 2019). A 
technique of floating spheroids growing from primary cancer cells and 
cancer stem cells (including primary HNSCC cells (Balló et al., 1999) 
derived from dissociated tumor tissue in serum-free cultural medium 
(called also tumor-derived spheroids) (Ishiguro et al., 2017) is very close 
to the technique of organoid development, which will be discussed 
below (see Section 3). 

It should be noted that existing scientific literature sources are 
mostly aimed at investigating drugs’ cytotoxicity in monolayer cultures 
and cell spheroids. Thus, Baek et al. assessed the cytotoxicity of cisplatin 
in 5 different cancer cell lines (Baek et al., 2016). The semi-effective 
concentration (IC50) of inhibition of cell proliferation was significantly 
higher (that means the lower sensitivity to anticancer drugs) and the 
variability of the antitumor effect was greatly expanded in cases of 
testing the cell spheroids compared with testing the monolayers (Seo 
et al., 2017; Baek et al., 2016), which better matches the effect of 
anticancer drugs on the tumor in vivo (Edmondson et al., 2014). It once 
again points out the need for use of three-dimensional cell systems due 
to improved cell-cell interactions, cell-extracellular matrix interactions, 
and cell populations and structures that resemble better in vivo archi-
tecture (Edmondson et al., 2014). 

For this purpose, the experimental HNSCC models in spheroids were 
also used, which were compared with monolayer cultures (mono-
cultures and co-cultures) using the Cetuximab (EGFR monoclonal anti-
body) and AZD8055 (mammalian target of rapamycin (mTOR) 
inhibitor) resistance analyses (Ayuso et al., 2019). It was shown that 
HNSCC culturing cells using the spheroid model demonstrated a sig-
nificant increase in drug resistance. Moreover, this resistance was not a 
result of a barrier effect (nuclear cells are less susceptible to drug in-
fluences), but has occurred due to mechanistic changes in target path-
ways when cells were cultured in spheroid systems (Oppel et al., 2019), 
(Hirschhaeuser et al., 2009; Sacks et al., 1989; Choi et al., 2019; Liao 
et al., 2019; Herrmann et al., 2018), (Table S2, Supplemental materials). 

Thus, the spheroid model is the simplest after the conventional 2D 
monolayer cultures. It allows purposeful study of the characteristics of 
3D tumor growth: viability, apoptosis, necrosis of cancer cells, change in 
cancer cell phenotype, and test diagnostic and drug candidates, which 
analyze or affect, respectively, these processes. But it often does not 
mimic properly intratumoral heterogeneity, the biomechanical and 
biochemical cues provided by surrounding tissues, because of the lack of 
other supporting cell types and the extracellular matrix that contribute 
to the tumor microenvironment. 

3. Organoids and hydrogel-based models 

Extracellular matrix (ECM) plays an essential role in regular living 

tissues, as well as in developing tumor structures as it provides vital 
structural support to living cells (Hynes, 2009). Despite the fact that 
spheroids are capable of forming similar elements to some compounds 
found in the extracellular matrix (e.g. collagen fibers) during their 
developmental phase (Nederman et al., 1984), cancer cells initially grow 
in the extracellular matrix of the corresponding tissue, e.g. of the 
mucosal epithelium in tongue, oral cavity or pharynx (Johnson et al., 
2021). Therefore, the extracellular matrix regulates intercellular in-
teractions of cancer cells, which can induce dramatic differences in the 
dynamics and nature of the development of an in vivo tumor and its in 
vitro spheroid model. In this regard, a number of studies report the use 
of polymer hydrogels upon creating tumor models. They mainly con-
sisted of collagen, elastin, fibrin, and hyaluronic acid. One of the ex-
amples of this kind of hydrogels is the matrix component Matrigel - a 
solubilized basement membrane preparation extracted from the 
Engelbreth-Holm-Swarm mouse sarcoma, containing laminin (as a 
major component), collagen IV, heparan sulfate proteoglycans, entac-
tin/nidogen, and a number of growth factors. Laminin-rich basement 
membrane extracts (BME) of other sources are also used as hydrogels 
mimicking ECM (Nederman et al., 1984). 

Organoids are considered superior experimental 3D tumor models in 
vitro compared to spheroid models. Organoid models are closely asso-
ciated with precision medicine as it involves the use of primary cells 
isolated from patient tissue biopsies with a patient-derived set of bio-
markers and mimic the complex microenvironment of patient-derived 
tumors (Lee et al., 2020). Organoids from tumor cells are also called 
tumorspheres. Organoids require ECM analogs as a source of the basal 
lamina to form structures through developmental processes, e.g. the 
growth, migration, and differentiation of cells from patient-derived 
HNSCC tumor tissue in Matrigel and the formation as a result of the 
mature tumorspheres (Tanaka et al., 2019). Besides primary cancer cells 
organoids can be cultured from embryonic stem cells, induced pluripo-
tent stem cells (PSC), and adult stem cells (ASC). Organoid culturing 
requires a cocktail of growth factors, which promote epithelial-directed 
differentiation of stem cells, support the growth of the epithelial cells, 
and provide mitogenic stimuli. The organoid outgrowth of most 
epithelial cells requires Wnt activators (Wnt3a and R-spondin), receptor 
tyrosine kinase ligands (epidermal and fibroblast growth factors), bone 
morphogenic protein inhibitor noggin, and TGF-β inhibitor. To grow 
organoids some spheroid-cultivating methods are used, e.g. bioreactors 
(Fig. 4c,d; Table S3, Supplemental materials) (Zanoni et al., 2020). 
Spheroids grown from primary cancer cells using synthetic ECM (e.g. 
basement membrane extract, Matrigel) and bioactive substances (e.g. 
growth factors) can be identified as organoids. Such features of orga-
noids as self-organization involving differentiation of cells and better 
mimicking of tumor structure and properties can be inherent in 
complex-organized spheroids: multicellular tumor-derived spheroids 
and heterotypic spheroids. Depending on the source of cells and other 
models described in our review (e.g. scaffold-based and hydrogel-based 
models), can be defined as organoids. Only a limited number of HNSCC 
organoids were developed and studied last 10 years. All of them were 
demonstrated to reflect the genetic and phenotypic features of tumor 
epithelium such as heterogeneity, 3D spatial organization, and expres-
sion of HNSCC markers (Farnebo et a, 2015; Tanaka et al., 2019; Drie-
huis et al., 2019; Facompre et al., 2020; Tanaka et al., 2019; Facompre 
et al., 2020; Zhao et al., 2020) (Table S2, Supplemental materials). 
However, the complex technique of organoid cultivation, their cellular 
multicomponent structure, the use of a large number of biologically 
active substances greatly complicates the standardization of the repro-
ducibility of this experimental model. 

Another promising approach is the use of a synthetic extracellular 
matrix with properties that mimic the properties of the extracellular 
matrix in vivo. Such synthetic matrices are made from natural (alginate, 
chitosan, pectins) or chemically synthesized (polyethylene glycol, 
polyvinyl alcohol) polymers. The main requirements for such hydrogels 
are biocompatibility and appropriate physicochemical properties. 
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Moreover, the properties (in particular, density and mechanical prop-
erties, including stiffness, viscoelasticity, and plasticity) of such an 
artificial matrix can be regulated and controlled by the design of 
chemical or biotechnological synthesis, which makes it possible to 
simulate the properties of the natural microenvironment of tumor cells 
more accurately in comparison to using the natural matrix, which was 
isolated from an animal or from the cell culture. Hydrogel mechanical 
properties have an effect on proliferation, migration, and cell function 
formation of tumor cells through the cell-surface adhesion proteins, 
linker proteins, and cytoskeleton network to stimulate signal trans-
duction for the development of spheroids and organoids (Hirota et al., 
2021). Thus, the ability to regulate the properties allows to specifically 
set and select specific types of tumor cultures with different morphol-
ogies (dense structures or cystic structures, different morphologies for 
tumoroids derived from different patients) and cell behaviors (metas-
tasis, tumorogenesis in nude mice, tumor biomarkers expression, drug 
sensitivity) (Liaw et al., 2018; Kolb and Bussard, 2019; Hirota et al., 
2021), in particular, for HNSCC (Ahn et al., 2014; Krishnamurthy and 
Nör, 2014; Li et al., 2014; Schiff and Shugar, 1984; Wang et al., 2019) 
(Table S2, Supplemental materials). Thus, the hydrogel-based model can 
be used for testing anticancer drugs in terms of their penetration to 
tumor cells through the extracellular matrix, e.g. anticancer enzymes, 
monoclonal antibodies, antibody-drug conjugates, and other biologics. 

4. Co-culture models with stem cells 

The primary site of HNSCC metastasis is lymph nodes (Chaturvedi 
et al., 2011; Alfouzan, 2018; Johnson et al., 2021). Some experimental 
models of HNSCC cell growth in vitro took into account metastasis po-
tential of HNSCC, e.g. the models with co-cultivation of HNSCC cells 
with lymphocytes and cancer-associated fibroblasts (Hirschhaeuser 
et al., 2009; Choi et al., 2019), isolation of primary cell cultures from 
blood (Liao et al., 2019) and lymph nodes of patients (Schuch et al., 
2020) (Table S2, Supplemental materials). 

However, it was recently shown that the bone marrow also serves as 
a niche and a site for metastasis for the HNSCCs (Andersen et al., 2015). 
Bone marrow serves as a niche for a range of cancer types, such as 
prostate cancer, breast cancer, and multiple myeloma (Marturano-kruik 
et al., 2017; Sowder and Johnson, 2018; Xu et al., 2019; McGrath et al., 
2019). For instance, in certain environments, some cancer cell lines (in a 
rather mechanically rigid matrix) begin to mimic the phenotype and 
physiological activity of bone cells - osteoblasts (Xu et al., 2019). This is 
of crucial importance in light of the actively developing direction on the 
study of cancer stem-like cells (CSCs) and the effect of mesenchymal 
stromal cells (MSCs) on processes of cancer cell metastasis and homing. 
The population of CSCs plays a significant role in the formation, growth, 
and metastasis of a tumor since these cells are prone to an uncontrolled 
division and differentiation. MSCs play a special role in the growth and 
maintenance of the CSC population within the bone marrow, but the 
mechanism of their impact on cancer cells is still not fully understood to 
this day. It is known that they can actively migrate to the area of 
inflammation to repair damaged tissues, however, MSCs can trigger 
tumor aggressiveness and also promote angiogenesis (Hass et al., 2019). 

MSCs are promising components of the formation of spheroids in a 
co-culture of cancer cells. These types of cells not only have prospects for 
application in the field of burn therapy, but they also have potential to 
be used in the repair of other types of skin lesions (Payushina et al., 
2018; Bernardo et al., 2015). Upon co-cultivation of MSCs and cancer 
cells in a spheroid, it becomes possible to conduct a deeper study of the 
dormant state of the cancer cells, where MSCs are actively involved 
(Bartosh et al., 2016). There is also potential in finding new possibilities 
for preventing recurrence of head and neck cancer using the afore-
mentioned co-culture because it leads to altered cancer cell phenotype, 
suppressed tumor formation, and supported tumor dormancy (Bartosh 
et al., 2016). Upon analysis of such a model in anticancer drug research, 
there is a possibility to assess the degree of influence of the drug on 

tumor cells and also on the MSCs. Understanding the impact of drugs 
used in chemotherapy on the cells within the tumor microenvironment 
is highly important. This applies especially to MSCs, the cells with the 
ability to regenerate damaged areas via differentiation into neighboring 
cells and releasing certain cytokines and chemokines involved in the 
regeneration processes (Bartosh et al., 2016). A similar type of 
co-spheroids has already been used multiple times. One of the examples 
is the study of interactions between MSCs and colon carcinoma cells. It 
has been shown that such 3D models show smaller sensitivity to drug 
treatment and that they also promote development and self-organization 
of the stromal tissue surrounding the tumor (Devarasetty et al., 2017). 
The study of the interaction between pancreatic cancer cells, fibroblasts, 
endothelial cells, and MSCs in co-culture 3D spheroids demonstrated 
increased activity of MSCs in the maintenance of tumor angiogenesis 
followed by the MSC migration to the spheroid: MSCs induce sprouting 
of endothelial cells by VEGF expression but do not differentiate into 
endothelial cells. In the pancreatic xenograft model, the introduced 
MSCs also attach to vessel endothelium in tumors and induce angio-
genesis (Beckermann et al., 2008). The aforementioned studies 
demonstrate that the development of the latest 3D models of MSCs and 
squamous carcinoma cancer cells (in particular, the bone-tumor niche 
models (Marturano-kruik et al., 2016; Almela et al., 2018) is highly 
useful, which can provide a deeper understanding of the physiological 
and molecular processes occurring within head and neck cancer cells 
and can potentially drug testing and transplantation material testing 
(Table S2, Supplemental materials). A technique of spheroids growing 
from co-culturing cancer cells, stem cells (CSCs, MSCs), fibroblasts, and 
immune cells (called also heterotypic spheroids) to study tumor cells 
and non-malignant cells communication mechanisms (Herter et al., 
2017) is very close to the technique of organoids development, which 
was mentioned above (see Section 3). 

Thus, the bone-tumor niche HNSCC model (Almela et al., 2018) al-
lows for the study of the interaction of cancer cells with stem cells (in 
particular, MSCs) in the natural environment for the latter and their 
effect on tumor growth: metastasis, homing, dormant state of cancer 
cells, cancer stem cells to cancer cells transition (by detection of their 
phenotypic markers), anticancer drug toxicity, and their negative effect 
on stem cells. 

5. Microfluidics-based models 

Another technique that was actively developing during the last 
decade is microfluidic technology. Microfluidic technology provides an 
ability to operate the smallest amounts of liquid and to control the 
concentration of nutrients in relation to space and time. This is achieved 
by the use of micro-channels (1–1000 µm in cross-section), where the 
liquid flow is exclusively laminar. In addition, another advantage of 
microfluidics is the ability to work with small volumes of experimental 
samples and reagents. Thus, a two-level co-culture system (of the pros-
tate cancer cell line, C4–2B, and bone stromal cells, MC3T3-E1) with 
microfluidics technology was used to study a prostate cancer with a 
microenvironment similar to bone tissue (collagen I hydrogel coating 
with incorporated osteopontin), which was necessary to simulate 
metastasis (Bischel et al., 2014). In such a system, it was possible to 
simultaneously investigate the pathological process itself and to conduct 
the anticancer drugs’ efficiency testing. Microfluidic technology is 
especially often used in the study of oncological diseases because the 
correlation between the migration of cancer cells and the gradient of 
various chemokines concentration is a subject of interest. Notable recent 
developments in microfluidics include a 3D microfluidic chip and a 
microfluidic device that allows managing chemotactic migration of 
HNSCC cells, which greatly simplifies the use of this method, as well as 
gives room for a more detailed study concerning various processes 
involved in carcinogenesis and metastasis. Furthermore, it is easier to 
use and it allows research of HNSCC that is closer to human physiology 
than animal testing (Xu et al. (2015); (Ayuso et al., 2015) (Table S2, 
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Supplemental materials). Thus, the microfluidics-based model can 
mimic tumor microvasculature in vivo, and provide the control of tumor 
microenvironment properties, which allows testing, for example, di-
agnostics that detect tumor-associated cytokines/growth factors and 
anticancer nanomedicines with stimuli-sensitive (e.g. pH-sensitive) drug 
delivery. 

6. Scaffold-based models 

The use of spheroid modeling and 3D cultivation of cancer cells in 
hydrogels as an alternative to the standard method of cancer cells 
cultivation on the adhesive culture surface led to another problem: the 
non-standard experimental models do not take into account the impor-
tance of the interaction of tumor cells with a solid structured surface. 
Despite the fact that the interaction of cancer cells with the structured 
polymer surface was shown to play an important role in their prolifer-
ating activity, viability, migration, phenotype, and expression of specific 
markers and cytokines (Rijal and Li, 2016), changing the topography of 
the polymer surface made it possible to regulate growth, migration, and 
phenotype of tumor cells (Nikkhah et al., 2009; Chaudhuri et al., 2016; 
Rijal and Li, 2016; Li et al., 2016; Tan et al., 2017). This arises from the 
fact that regulation of the physiological state of tumor cells (the main 
example is the aggressively developing and metastasizing HNSCCs) is 
closely related to the molecular function in the intercellular interaction 
and recognition, integrins, and the signaling pathways associated with 
them (Rijal and Li, 2016). 

Scaffolds are three-dimensional structures of various origins with a 
variety of parameters, such as porosity, mechanical and surface chemi-
cal properties. Scaffolds are designed to mimic extracellular matrix by 
providing cells with structural support, promoting adhesion, prolifera-
tion, and differentiation. Natural materials such as alginate, chitosan, 
collagen, fibronectin, and hyaluronic acid have an advantage over 
synthetic materials because they show a better resemblance to the 
human body. Usage of naturally derived materials that are fully or 
partially present within the extracellular matrix results in a better ability 
to mimic the matrix. This in turn enhances cell adhesion and provides 
more efficient regulation of cell proliferation in comparison to synthetic 
polymers. In contrast, the use of synthetic polymers (e.g. poly-ε-capro-
lactone, polyethylene glycol, polyvinyl alcohol, and poly [D,L-lactic 
glycolic acid]) in the manufacture of scaffolds provides better mechan-
ical strength, better processability, and more controlled degradation 
rates. Scaffolds of natural and synthetic origin are often used to create 
biomimetic tumors that are then also used for the subsequent anticancer 
drug testing. Thus, it can be proposed that the use of polylactide scaf-
folds may help to mimic the tumor microenvironment (Rijal et al., 
2017). 

The developments within the scaffold’s scientific field are moving 
towards the implementation of hybrid scaffolds, i.e. in terms of study the 
correlation between the mechanical and surface chemical properties, on 
the one hand, and the cellular response, on another hand. For example, 
hybrid scaffolds made of alginate and chitosan (each having different 
hardness) were used to characterize the phenotypes of prostate cancer 
lines (Xu et al., 2019). The cells showed different expression profiles of 
cytokeratin and other factors in response to the changes in the rigidity of 
hybrid matrices. In addition to cancer research, these materials can 
potentially be used in transplant medicine. For example, it was sug-
gested to use scaffolds made of poly(L-lactide-co-ε-caprolactone) func-
tionalized with nanodiamonds in a material used for reconstruction of 
bone defects in patients with HNSCC: the scaffolds were able to decrease 
the tumorigenic potential of early neoplastic dysplastic oral keratinocyte 
in the 3D organotypic spheroid model (Suliman et al., 2016). However, 
there is a need to further understand the way that cancer cells interact 
with the scaffold in order to exclude the possibility of a scaffold-induced 
carcinogenic effect, so some materials used for the manufacture of 
scaffolds may be carcinogenic (Mcgregor et al., 2000). Furthermore, by 
understanding these interactions, maximum biocompatibility, high cell 

proliferation, and differentiation upon implantation of the material into 
the damaged area can be achieved. Further development and improve-
ment of such scaffold-based HNSCC models (taking into account key 
parameters, e.g. material cytotoxicity, carcinogenic potential, etc.) will 
not only make it possible to use them in studies of various oncological 
processes but can also help to further suggest similar materials for use 
(such as poly(L-lactide-co-ε-caprolactone)) as grafts for serious cancer 
lesions (Xu et al., 2019). HNSCC was studied on models using various 
scaffolds: sandwich-like collagen scaffold (Colella et al., 2018; Chen 
et al., 2017), microtiter plates (Chen et al., 2017; Kochanek et al., 2019), 
decellularized tongue extracellular matrix (Yao et al., 2018), poly 
(L-lactide-co-ε-caprolactone) scaffolds (Suliman et al., 2016), 
3D-printed scaffold based on β-tricalcium phosphate (Almela et al., 
2017, 2018b) (Table S2, Supplemental materials). 

The influence of surface curvature, which is an important charac-
teristic of cultivation substrates, has been underestimated for a long 
time. However, its importance is becoming more and more evident. 
Nowadays cells are not only able to "distinguish" a smooth surface from a 
structured one, but they can also react differently to a concave and 
convex surface. When interacting with convex or concave surfaces, 
various signaling pathways are triggered in the cell, which ultimately 
leads to a response curvature and adaptation of the membrane to the 
surface. It is not possible to determine a uniform limit of sensitivity for 
all cells since all cells have a different microenvironment. However, it 
was found that the maximum radius of the surface curvature, which can 
have an effect on the cell growth and behavior, was comparable to the 
size of the cell itself (>30 µm) and this effect was not significant enough. 
Thus, artificially created substrates should have a structure at milli-, 
micro-, or even smaller scales (Baptista et al., 2019). 

Currently, there are many ways to create the aforementioned sub-
strates: stereolithography (the layer-by-layer substrate fabrication with 
desired surface topography using photochemical polymerization of 
monomers of photosensitive polymers) (Creff et al., 2019), electro-
spinning (the fiber production method from polymer solutions using 
electric force to fabricate non-woven scaffolds with random, aligned and 
patterned surface topography) (Denchai et al., 2018), micro-
thermoforming (shaping of heated and therefore softened thermoplastic 
polymers to micropatterned polymer films using molds) (Truckenmüller 
et al., 2011), laser ablation (the process of substrate surface micro-
patterning by irradiating it with a laser beam) (Abagnale et al., 2015), 
and many more (Baptista et al., 2019). 

Cancer cells were cultivated on porous scaffolds based on the 
decellularized bone matrix, collagen, and a composite of alginate with 
chitosan. The use of such scaffolds also allows co-cultivation of various 
types of cancer and normal body (fibroblasts, endothelial cells, immune 
cells) cells. Such scaffolds enable the cultivation of cancer cells under 
dynamic conditions, for example, under flow via bioreactors (Martur-
ano-kruik et al., 2017; Xu et al., 2019; McGrath et al., 2019). The use of 
such bioengineering approaches makes it possible to design complex 
chimeric structures for experimental tumor modeling (Marturano-kruik 
et al., 2017). However, one should not forget that standardization of this 
kind of approach plays a crucial role in drug testing and diagnostics and 
that it is also a difficult task to achieve. In this case, an alternative and a 
more technically simple approach is required, for example, the use of 
polymer microspheres as spacers. 

In tissue engineering, polymer microspheres are used as carriers for 
cultured cells. Cells attach and grow on their surface. Such microspheres 
that are used for the growth of cancer cells can be used in free form. The 
cell growth will depend then on the concentration of the microspheres’ 
carriers within the culture medium (Marturano-kruik et al., 2017; Kim 
and Hwang, 2016; Chou et al., 2013; Badenes et al., 2016). Microspheres 
were also used to simulate tumor growth, but in this case tumor cells 
were encapsulated inside the microspheres (allows the 3D cell growth as 
in hydrogel or porous scaffold), as opposed to being used as a substrate 
for cell growth on their surface (allows cell growth with intermediate 
characteristics between 2D and 3D depending on the microsphere 
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diameter, i.e. substrate surface curvature, and their concentration) 
(Kang and Bae, 2009; Xu et al., 2013; Kuriakose et al., 2019) (Fig. 1, 
Table S1, Supplemental materials). A large polymer surface inside a 
microsphere with high porosity (more than 90%) promotes a number of 
factors, i.e. adsorption of proteins from the solution, their retention in 
the microsphere, and a prolonged release (Freiberg and Zhu, 2004). This 
property can be used to immobilize and expose a number of components, 
such as tumor cells cultivated on the surface of the porous microspheres, 
various biomacromolecules, key substances involved in the pathogen-
esis of HNSCC, DNA fragments or proteins of the human papillomavirus 
(for instance, the Gardasil vaccine), epidermal growth factors, and to-
bacco tar (cigarette tar). Some of such microspheres-based 3D models 
containing growth factors were already developed, e.g. 3D model of 
aggregates of cancer-associated fibroblasts with gelatin hydrogel mi-
crospheres containing transforming growth factor-β1 to study cancer 
invasion (Nii et al., 2020) and 3D model of gelatin microspheres loaded 
with platelet-derived growth factor-BB (PDGF-BB) with attached corneal 
fibroblasts to study cell chemotaxis (Kabak et al., 2020) but not yet for 
HNSCC. A great advantage of using microspheres for tumor growth 
simulation is the ability to combine microspheres with anticancer drugs. 
An example of such an approach would be the use of paclitaxel, doxo-
rubicin, and etoposide, which is then followed by prolonged adminis-
tration of the drug at a given rate directly from the inside of an emerging 
tumor prototype, which consequentially simulates penetration of anti-
tumor drugs into tissues during prolonged chemotherapy ( Bonartsev 
et al., 2017). 

Thus, scaffold-based models take into account extracellular matrix 
physicochemical properties (like the hydrogel-based model), the effect 
of microstructure/topography/curvature on the tumor 3D-growth, and 
provide co-culture with various types of cells. For instance, these models 
can be focused on testing diagnostics that detect cell adhesion- 
associated cancer markers (e.g. integrins (Charalabopoulos et al., 
2005)) and cytoskeleton-targeted chemotherapeutic drugs (Bulysheva 
et al., 2013). 

7. Co-culture with bacteria 

There is an understudied factor that plays an important role in 
HNSCC pathogenesis and its therapy: regular microbiota of the oral 
cavity, pharynx, throat, and pathogenic bacteria (Wang and Ganly, 
2014; Gholizadeh et al., 2016). It is known that a number of infectious 
bacteria and fungi that can cause such chronic diseases as periodontitis 
are also able to induce HNSCC (Wang and Ganly, 2014; Gholizadeh 
et al., 2016). It was shown that the following bacteria are related to 
HNSCC and that they could also serve as diagnostic indicators of cancer: 
Fusobacterium nucleatum, Porphyromonas gingivalis, Fusobacterium nucle-
atum, Prevotella gingivalis, Prevotella intermedia, Prevotella melaninogen-
ica, Streptococcus mitis, Gemella haemolysans, Gemella morbillorum, 
Johnsonella ignava, and Capnocytophaga gingivalis (Wang and Ganly, 
2014; Gholizadeh et al., 2016). When it comes to the significant role of 
the bacteria in the oral cavity that are involved in the pathogenesis of 
HNSCC, a cocultivation model of HNSCC cells along with infectious and 
probiotic bacteria could be an experimental approach to study the 
progression and treatment of cancer. 

Unfortunately, there is a lack of research concerning the co- 
cultivation of HNSCC cells and bacteria. For instance, it was shown 
that chronic periodontitis-inducing bacteria Porphyromonas gingivalis 
and Fusobacterium nucleatum stimulated proliferation of oral squamous 
cell carcinomas (OSCC) cells (SCC-25 and CAL 27 lines) and induced 
expression of tumorigenesis marker interleukin-6 that was inhibited by 
specific anti-Toll-like receptor neutralizing antibodies. At the 4-nitroqui-
noline-1-oxide-induced HNSCC mice in vivo model, it was shown that 
infection with these oral pathogenic bacteria stimulated tumorigenesis 
via direct interaction of the bacteria with oral epithelial cells through 
Toll-like receptors (Gallimidi et al., 2015). In another study infection of 
human HNSCC BHY cells with P. gingivalis led to an increase in cell 

proliferation, whereas another oral pathogenic bacteria Aggregatibacter 
actinomycetemcomitans caused enhanced cell death. Both opposite effects 
on cell proliferation were associated with modifying expression levels of 
oncogenic relevant α-defensin genes (Hoppe et al., 2016). It was shown 
also that infection of primary oral epithelial cells with P. gingivalis 
caused expression and activation of a series of 
epithelial-mesenchymal-transition mediators: glycogen synthase 
kinase-3 beta, transcription factors, Slug, Snail, and Zeb1, vimentin, 
which can lead to HNSCC development. Moreover, expression of adhe-
sive molecules E-cadherin and β-catenin were decreased with a loss of 
their membrane localization, and metalloproteinases were overex-
pressed, which was observed during HPV-infection and indicated met-
astatic potential in tumors. Co-infection of oral epithelial cells with 
P. gingivalis and another oral opportunistic pathogenic bacteria 
F. nucleatum caused rounded dispersed cell morphology and promoted 
cell migration, which is indicative of an invasive cancer-like cell 
phenotype (J. Lee et al., 2017). Thus, this model can be used for focused 
testing of diagnostics that detect bacteria-associated cancer markers as 
well as anticancer antibiotics and alkaloids. 

8. Genetic engineering 

Although there are a number of HNSCC cell lines that endogenously 
express HPV: UD-SCC-2, UM-SCC-47, UM-SCC-104, UPCI:SCC090, UPCI: 
SCC152, UPCI:SCC154, 93VU147T (Olthof et al., 2017), taking into ac-
count the huge role of HPV in the pathogenesis of HNSCC and also in the 
experimental modeling of this type of cancer, it is necessary to apply 
genetic engineering of cancer cells. Unfortunately at the moment genetic 
engineering is not very well adapted for 3D modeling of HNSCC 
(Table S2 of Supplemental materials shows examples of standard culti-
vation on plastic cultures). In these studies, P16 is the main target for 
genetic engineering manipulations as a main marker of HPV. The crucial 
role of P16 in cancer cells’ radiotherapy responsiveness was demon-
strated. In order to investigate it further, the HPV/p16-positive and 
HPV/p16-negative HNSCC cells and xenografts were implemented via 
P16-overexpression and small hairpin RNA (shRNA) knockdown, 
respectively. The obtained data showed that P16 overexpression 
induced the downregulation of TRIP12, which in turn led to increased 
RNF168 levels, repressed DNA damage repair, increased 53BP1 foci, and 
enhanced radiotherapy responsiveness (Wang et al., 2016). Inhibition of 
TRIP12 expression further led to radiosensitization. Overexpression of 
TRIP12 was associated with poor survival in patients with HPV-positive 
HNSCC (Wang et al., 2016). The role of the SET and MYND domain 
containing protein 2 (SMYD2) as a possible oncogene and a prognostic 
indicator of HPV-unrelated, multiple and non-multiple HNSCC was 
studied. It was shown that the proliferation of UM-SCC-17B 
HPV-unrelated HNSCC cell line was inhibited by the knockdown of 
SMYD2 gene expression. These findings show that SMYD2 can cause 
tumor progression and be a useful marker of HPV-unrelated and 
non-multiple HNSCC (Ohtomo-oda et al., 2015). It was also shown that 
HPV was associated with loss of tumor growth factor beta (TGFb) 
signaling within the HNSCC cells that demonstrated an increased 
response to radiation or cisplatin using various in vitro gene-engineering 
models (Liu et al., 2018). TGFb suppressed miR-182, which led to in-
hibition of both BRCA1 that is highly involved in homologous recom-
bination repair (HRR) and FOXO3, which are required for ATM kinase 
activity. The blockade of TGFb signaling by HPV induced miR182 
stimulation, followed by a decreased HRR and increased response to 
poly(ADP-ribose) polymerase (PARP) inhibition. Antagonizing miR-182 
counteracted the HRR deficit in HPV-positive cells (Liu et al., 2018). The 
role of HPV in signaling mediated through EGFR was also studied using 
the experimental model of the transduction with DNAs encoding HPV16 
oncogenes E6 and E7 on HNSCC cells. It was shown that the endogenous 
HPV status or the expression of HPV oncogenes had no significant 
impact on the suppression of EGFR signaling and proliferation in vitro 
(Pogorzelski et al., 2014) (Table S2, Supplemental materials). 
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9. HNSCC computer simulating 

Bioengineering, as a technological-engineering discipline, is closely 
associated with information technology. Information technologies, first 
of all, the rapidly developing technologies of neural networks and ma-
chine learning, play an increasing role in the processing of HNSCC data, 
as well as in modeling this tumor. The following HNSCC data were used: 
a) images of tumor lesions by computed tomography (Kawahara et al., 
2021; Pan et al., 2020), optical coherence tomography (James et al., 
2021), [18F]fluorodeoxyglucose - positron emission tomography 
((FDG)-PET) (Cheng et al., 2021), magnetic resonance imaging (MRI), 
histology (Yuan et al., 2021); b) gene and miRNA expression data of 
tumor tissues (RNA sequencing data (Pratama et al., 2021), miRNAs 
expression profiles (Kumar et al., 2020); c) demographical and clinical 
data (Damiani et al., 2020). 

To analyze these data, the following machine-learning algorithms 
were used: the least absolute shrinkage and selection operator (LASSO) 
logistic regression (Kawahara et al., 2021; Yuan et al., 2021), convolu-
tional neural network (CNN) models (Cheng et al., 2021; Pratama et al., 
2021), random forest (RF), support vector machine (SVM), Adaptive 
Boost (AdaBoost) (Yuan et al., 2021), (Kumar et al., 2020), naïve Bayes 
(NB) (Yuan et al., 2021), averaged Neural Network (avNNet), Gradient 
Boosting Machine (GBM) (Damiani et al., 2020), back propagation (BP), 
Genetic Algorithm-Back Propagation (GA-BP), and Probabilistic Genetic 
Algorithm-Back Propagation (PGA-BP) neural networks (Pan et al., 
2020), 22-layer fully-convolutional U-Net architecture (Mavuduru, 
2020), 4th generation artificial neural networks (Damiani et al., 2020). 

There are a series of computer simulating models of HNSCC tumor 
growth (Marcu, 2014; Marcu and Marcu, 2016; Forster et al., 2017), 
angiogenesis, oxygenation (Forster et al., 2017), cancer invasion, 
mesenchymal-epithelial transition (Franssen et al., 2021), radiotherapy 
treatment (Marcu and Marcu, 2016), chemotherapy treatment Marcu 
and Marcu (2016); Marcu (2014)) using different methods: Monte Carlo 
method (Marcu, 2014; Marcu and Marcu, 2016; Forster et al., 2017), 
hybrid atomistic-continuum model (Franssen et al., 2021), linear 
quadratic model (Marcu and Marcu, 2016). 

10. Summary and concluding remarks 

Modern methods of culturing cancer cells make it possible to better 
study various physiological and molecular features of HNSCC. It has also 
shown that there are a number of limitations to be overcome. The 
rational choice of the HNSCC research method includes not only such 
general issues as financial capabilities, complexity, and labor intensity 
of the method but also more specific aspects. The animal model 
approach shows a significant superiority towards both 2D cultivation 
and some of the latest 3D modeling technologies when it comes to 
simulating in vivo conditions of carcinogenesis, metastasis, and other 
processes. However, animal testing does not allow us to freely manip-
ulate the conditions, as easily obtain results and quantify them. The 
obtained results are also more dependent on the animal model chosen 
and its pathophysiological properties, which is not the case in cultiva-
tion methods. 

The creation of in vitro bioengineering models makes it possible to 
develop the appropriate approaches towards assessing the pathophysi-
ological features of the HNSCC in vivo. This involves the cultivation of 
spheroids, the use of scaffolds of various origins, the production of 
chimeric structures via bioprinting, microfluidics, and other methods. 
All the methods mentioned above can be more complex than the stan-
dard tumor cell cultivation techniques (i.e. cell cultivation on plastic 
surface and animal testing) and can be more expensive, however, the 
ability to model the in vivo conditions of the HNSCC can outweigh these 
drawbacks. This can be possible thanks to the latest approaches in 
developing the natural conditions for the in vitro cancer cells’ cultiva-
tion (production of scaffolds of various origins and structures, e.g. bio-
reactors, bone niches, the use of 3D printing, etc.), as well as the use of a 

combination of these bioengineering methods and the development of 
unique data processing methods that take into the account the pecu-
liarities of the analyzed cell type. 

However, it should be taken into account that at the current level of 
development of biomedical sciences, it is almost impossible to create an 
ideal experimental model of HNSCC. Such an ideal model that satisfies 
all the needs of medicine and pharmacology is the tumor of a particular 
patient and this is the subject of clinical oncology. Therefore, the 
currently accepted system of research on anticancer drugs, e.g. drugs for 
HNSCC treatment in the world consists of stages of different levels: 
studies on cancer cell lines in vitro, studies on animal models of tumors 
in vivo, and a series of phases of clinical trials (Hay et al., 2014; Méry 
et al., 2017; Li et al., 2017; Marcazzan et al., 2018). However it is not 
clear in a practical aspect, for example, how to model the influence of 
the nervous system, epigenetic factors, and other concomitant diseases 
(infectious, autoimmune, endocrine) on the HNSCC development. The 
abundance of new data on the incredible heterogeneity and variability 
of tumors of various types has led to an increased interest in precision 
oncology and personalized cancer treatment (Hidalgo et al., 2015; Bray 
et al., 2019; Schuch et al., 2020). Creating such an ideal model requires a 
breakthrough in fundamental knowledge about the pathogenesis of 
HNSCC and other types of neoplastic diseases. For example, the role of 
infectious fungi in the development of HNSCC is not clear (Sankari et al., 
2020), and even the characteristic phenotypic profile of HNSCC of 
various types has not yet been clearly identified (Jou and Hess, 2017). 
Therefore, the best strategy for experimental modeling of tumor growth 
is to create not a certain ideal model, but a number of specific tumor 
models designed to simulate one or another of their properties. An 
organized set of these models can constitute a system of HNSCC exper-
imental modeling. For experimental HNSCC modeling, it is necessary to 
use several models of this system simultaneously. Depending on the 
tumor characteristics required for the study, individual tracks for use of 
the different models can be laid. The design of such a track depends on 
the specific research problem definition & hypothesis formulation 
related to HNSCC, for example: What role does F-actin play in the 
development of HNSCC? (Nederman et al., 1984; Kelley et al., 2008; 
Herrmann et al., 2018; Zhao et al., 2020). A comprehensive analysis of 
the modeling data by synthesizing the data obtained on different 
experimental models and comparing them with clinical cases will allow 
the learning system through such cycles. The source of main theoretical 
ideas for the development of this system of tumor experimental models 
can be the theory of functional systems of P.K.Anokhin (Sudakov, 1997) 
taking into account the scientific method (Gower, 1996). Accordingly, 
with this approach, the key task becomes the development of a number 
of various tumor experimental models, their validation, and standardi-
zation. However, the development of the system of HNSCC experimental 
modeling will result in the massive acquisition of a great amount of data 
that needs to be processed. Bioinformatics approaches (including ma-
chine learning & artificial neural networks (Gower, 1996; Ghazani and 
Saghafian, 2021) to study HNSCC are necessary for analyzing large 
amounts of data, i.e. HNSCC clinical data (Chen et al., 2017; Alabi et al., 
2021), as well as the experimental database obtained by using the 
HNSCC bioengineering models (Stewart et al., 2000; Costa et al., 2016; 
Agrawal et al., 2021). The computer simulation can be applied to use the 
system of HNSCC experimental modeling to get closer for creating the 
desired ideal model of HNSCC and any other type of tumor disease 
(Fig. 5). 

The active development of 3D cell culture models of HNSCC using 
bioengineering approaches gives potential for the emergence of the 
newest approaches in the diagnosis, prevention, and treatment of 
HNSCC. 
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