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A B S T R A C T   

Squamous cell carcinoma of the head and neck (SCCHN) is among the most prevalent cancer types worldwide. 
Despite multimodal therapeutic approaches that include surgical resection, radiation therapy or concurrent 
chemoradiation, targeted therapy and immunotherapy, SCCHN is still associated with a poor prognosis for pa
tients with locally advanced or recurrent/metastatic (R/M) diseases. Although next-generation sequencing data 
from thousands of SCCHN patients have provided a comprehensive landscape of the somatic genomic alterations 
in this disease, genomic-based precision medicine is not implemented yet in routine clinical use since no satis
factory genetic biomarker has been identified for diagnosis, patient outcome prediction and selection of tailored 
therapeutic options. The lack of significant improvement in SCCHN patient survival over the last decades stresses 
the need for reliable predictive biomarkers and new therapeutic strategies for personalized clinical management 
of SCCHN patients. Targeting the SCCHN-associated microenvironment or the interaction of the latter with 
cancer cells may represent such paradigm shift in the development of new strategies to treat SCCHN patients, as 
exemplified by the recent implementation of immune checkpoint inhibitors to improve clinical outcomes by 
increasing anti-tumor immune responses in SCCHN patients. Several clinical trials are in progress in SCCHN 
patients to evaluate the activity of monoclonal antibodies and small-molecule inhibitors targeting the tumor 
microenvironment (TME) at different treatment settings, including combinations with adjuvant surgery, 
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radiation therapy and chemotherapy. This review describes the current knowledge about the influence of the 
TME on intratumoral heterogeneity and clinical relapse in human SCCHN patients. More precisely, the role of 
hypoxia as well as the presence of non-cancer cells (e.g. cancer-associated fibroblasts and immune cells) on 
therapy response of SCCHN cells is highlighted. We also discuss relevant (pre)clinical models that may help 
integrate the microenvironment-tumor cell interplay in translational research studies for SCCHN. Finally, this 
review explores potential therapeutic strategies that may exploit the crosstalk between TME and SCCHN cells in 
order to implement fundamental changes in the tumor treatment paradigm of patients with locally advanced or 
R/M SCCHN.   

1. Introduction 

Head and neck cancer is the sixth most common form of cancer 
worldwide, with more than 870,000 new cases and 440,000 deaths 
annually, accounting for 4.5 % of cancer deaths (Sung et al., 2021). The 
majority of these cancers are squamous cell carcinomas (SCCHN) that 
originate from epithelial cells lining the mucosal surfaces in the oral 
cavity, larynx, oropharynx and hypopharynx (Leemans et al., 2018). 
Oral squamous cell carcinomas (OSCC) represent the major subtype of 
SCCHN, with about two-thirds of the cases in developing countries. 
Exposure to tobacco-derived carcinogens and excessive alcohol con
sumption are the main risk factors for SCCHN development (about 75 % 
of the cases). Additionally, oropharyngeal squamous cell carcinomas 
(OPSCC) are linked to prior infection with oncogenic strains of human 
papillomavirus (HPV), primarily HPV-16, and, to a lesser extent, 
HPV-18 and other strains. The incidence of HPV-positive OPSCC has 
been exponentially rising in Western countries and these cancers are 
now even more frequent than HPV-driven cervical cancers (Yan et al., 
2020). SCCHN are often diagnosed at late stages, with loco-regionally 
advanced diseases for which treatment remains a clinical challenge. 
Indeed, despite aggressive multimodal therapeutic interventions 
including surgery (often with neck dissection), radiation therapy with or 

without concomitant chemotherapy (exclusive or postoperative), more 
than half of SCCHN patients experience loco-regional or distant relapse 
(Johnson et al., 2020). Before the recent implementation of immuno
therapy with two anti-programmed cell death-1 (PD-1) inhibitors, i.e. 
pembrolizumab and nivolumab (Ferris et al., 2016; Seiwert et al., 2016), 
the standard first-line protocol for R/M SCCHN, consisted of systemic 
chemotherapy associated with cisplatin or carboplatin, 5-fluorouracil 
(5-FU) and cetuximab (anti-epidermal growth factor receptor (EGFR) 
targeted therapy). This therapeutic regimen, known as the EXTREME 
protocol, confers a median overall survival (OS) of about 10 months 
(Vermorken et al., 2008). Today, for patients with R/M SCCHN 
expressing programmed cell death ligand 1 (PD-L1) (about 85 % of the 
population), the first-line standard of care is pembrolizumab with or 
without chemotherapy with a median OS between 13–15 months. 
However, no validated treatment options exist for the patients who 
progress after these treatments (unmet medical need). The lack of sig
nificant improvement in SCCHN patient survival over the last years 
stresses the need for reliable predictive biomarkers and ideally new 
therapeutic strategies for personalized clinical management of SCCHN 
patients. 

The tumor microenvironment (TME) has emerged as an important 
factor that can contribute to disease progression and clinical relapse in 

Fig. 1. Tumor microenvironment heterogeneity during SCCHN progression. The microenvironment of SCCHN evolves during disease progression, with a higher 
complexity of stromal and immune cell components as well as ECM remodeling in late tumor stages. Apart from the influence of CAFs and immune cells, the 
development of gradients for oxygen, pH and nutrients creates metabolic pressure within the TME that contributes to the intratumoral phenotypic heterogeneity, 
thereby supporting invasion/metastasis, immune escape and therapy resistance. CAF, cancer-associated fibroblast; ECM, extracellular matrix; MMP, matrix metal
loproteinase; PD-1, programmed cell death-1; TAM, tumor-associated macrophage. 
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SCCHN patients (Fig. 1). A better understanding of the SCCHN biology, 
in particular the interplay between cancer cells and their surrounding 
TME, may allow the identification of novel biomarkers enabling patient 
stratification for clinical decision-making. This may also contribute to 
the development of innovative therapeutic avenues in order to prevent 
and/or overcome the current treatment failures in R/M SCCHN patients. 
In this review, we describe the current understanding and complexity of 
TME in SCCHN, and the mechanisms by which TME peculiarities 
contribute to intratumoral heterogeneity, therapy resistance and disease 
progression. In addition, we also summarize relevant (pre)clinical 
models that may help integrate the microenvironment-tumor cell 
interplay in translational research studies for SCCHN. Finally, this re
view explores potential therapeutic strategies that may exploit the 
crosstalk between TME and SCCHN cells in order to implement funda
mental changes in the personalized clinical management of patients. 

2. Precision medicine in head and neck cancers: clinical illusion 
or reality? 

Precision medicine is defined as “a form of medicine that uses in
formation about a person’s own genes or proteins and environment to 
prevent, diagnose and treat disease” by the US National Cancer Institute 
(The, 2021; Blau et al., 2016; Bar-Zeev et al., 2017; Assaraf et al., 2019). 
In oncology, clinicians generally aim to exploit patient-specific molec
ular alterations (e.g. gene mutations or amplifications) to identify 
treatments (the so-called targeted therapies) with the greatest proba
bility of clinical benefit. However, despite intensive efforts in basic and 
translational research, SCCHN patients still poorly benefit from preci
sion medicine in routine clinical use since no satisfactory (genetic) 
biomarker has been identified for diagnosis, patient outcome prediction 
and selection of tailored therapeutic options (Ortiz-Cuaran et al., 2021; 
Kaidar-Person et al., 2018; Malone and Siu, 2018). As a result, clinical 
decision-making for SCCHN patients is mostly based on tumor location 
and disease staging rather than specific tumor biology. The impact of 
HPV status on prognosis has been demonstrated, with better clinical 
outcomes in HPV-positive SCCHN (Ang et al., 2010; Lassen et al., 2018), 
thereby leading to a new staging system adopted in 2019 and the rec
ommended use of p16 immunohistochemistry as a surrogate marker for 
HPV-induced OPSCC (Kuhn et al., 2021). Nevertheless, adaptation of the 
clinical management of SCCHN patients on the basis of HPV status has 
not been implemented yet. 

2.1. Intratumoral genetic heterogeneity and molecular classification in 
SCCHN 

Since the seminal work of Slaughter et al., in 1953 and the concept of 
field cancerization, according to which carcinogen-induced early ge
netic changes in the oral stratified squamous epithelium lead to the 
development of multifocal tumors (Slaughter et al., 1953), there has 
been compelling evidence in literature documenting a high degree of 
intratumoral genetic complexity and heterogeneity in SCCHN (Califano 
et al., 1996; Pai and Westra, 2009). Several studies have provided data 
from next-generation sequencing (NGS)–based genetic profiling of 
SCCHN specimens and reported frequent chromosomal instability and 
somatic genomic alterations (e.g. gene amplifications in 1q, 3q, 5p and 
8q regions) that differ with the anatomic site and HPV status of the tu
mors (Agrawal et al., 2011; Cancer Genome Atlas, 2015; Stransky et al., 
2011). Indeed, the most frequent genomic alterations in HPV-negative 
SCCHN are loss-of-function TP53 mutations (84 %) and CDKN2A inac
tivation (58 %), while PIK3CA amplifications or mutations are the most 
common gene changes (56 %) in HPV-positive OPSCC. Earlier studies 
had also demonstrated intratumoral heterogeneity at the molecular level 
in primary SCCHN samples by microsatellite marker testing as well as 
fluorescence in situ hybridization (el-Naggar et al., 1997; Gotte et al., 
2004). Interestingly, such genetic heterogeneity has been correlated 
with clinical outcomes in SCCHN patients by the use of a mutant allele 

tumor heterogeneity (MATH) score that reflects the spatial distribution 
of mutant-allele fractions at tumor-specific mutated loci (Mroz and 
Rocco, 2013). High tumor MATH scores have been associated with poor 
OS as well as adverse treatment outcomes in clinically high-risk SCCHN 
patients (Mroz et al., 2015, 2013). 

Genome-wide expression analyses have allowed the identification of 
four molecular subtypes of SCCHN that exhibit distinct gene expression 
patterns, including deregulation of the KEAP1/Nrf2 oxidative stress 
pathway (atypical), focal amplification of both EGFR and CCDN1 genes 
(basal), differential utilization of the lineage markers SOX2 and TP63 
(classical), and upregulation of epithelial-to-mesenchymal transition 
(EMT)-related genes (mesenchymal) (Cancer Genome Atlas, 2015; 
Chung et al., 2004; Walter et al., 2013) (Fig. 2). In another study, De 
Cecco et al., have reported the existence of six different subtypes based 
on molecular signatures (immunoreactive, inflammatory, HPV-like, 
classical, hypoxia-associated and mesenchymal) (De Cecco et al., 
2015). Interestingly, these different tumor subtypes have been associ
ated with different patterns of sensitivity to oncogene-driven targeted 
therapy and radiotherapy (De Cecco et al., 2015; Foy et al., 2017). 
Single-cell transcriptomic analyses have recently been carried out to 
reveal intratumoral heterogeneity in SCCHN, with the identification of 
distinct cancer cell subpopulations within the tumor bulk that may 
support therapy resistance and metastatic dissemination (Qi et al., 2019; 
Stucky et al., 2017). For example, single-cell RNA sequencing 
(scRNA-seq) profiles of primary tumors from 18 treatment-naive SCCHN 
patients, including matching lymph node metastases from five of these 
patients, have allowed to cluster malignant cells according to the 
expression of gene signatures related to cell cycle, hypoxia, stress and 
epithelial differentiation (Puram et al., 2017). Interestingly, a subset of 
SCCHN cells has been found to harbor a partial EMT (p-EMT) phenotype 
with the expression of classical mesenchymal markers and 
EMT-associated genes (e.g. vimentin, integrin alpha 5, transforming 
growth factor-beta (TGFβ)-induced) while maintaining the expression of 
epithelial markers such as cytokeratin-encoding genes and lacking most 
of the classical EMT-inducing transcription factors (e.g. ZEB1/2, 
TWIST1/2, and SNAIL1). Such p-EMT gene program has been observed 
in cancer cells spatially localized to the leading edge of primary SCCHN 
in close proximity to cancer-associated fibroblasts (CAFs), thereby 
supporting a regulatory cross-talk between these two cell populations 
(Patel et al., 2018) (Fig. 2). Although re-analysis of transcriptomic and 
clinical data from SCCHN specimens in The Cancer Genome Atlas 
(TCGA) has enabled to define p-EMT as a marker of worse clinical 
prognosis (i.e. association with the presence of nodal metastases, lym
phovascular invasion and higher tumor grade), the clinical implication 
of intratumoral genetic heterogeneity is still largely unknown and re
quires further investigation. 

2.2. Genomic testing and the quest for biomarker-driven therapies in 
SCCHN 

Several clinical trials have been launched with the aim to match 
patients with advanced cancers, including SCCHN, with targeted ther
apies according to data from genomic testing (Le Tourneau et al., 2015; 
Massard et al., 2017; Meric-Bernstam et al., 2015; Stockley et al., 2016). 
Although oncogenic mutations have been identified in 30 %–50 % of 
cancer patients, only few of them (about 5–15 %) have received treat
ment that was selected based on genomic analysis. Interestingly, a study 
reporting the implementation of NGS-based genetic tumor profiling in 
the routine clinical care of 213 SCCHN patients has correlated genomic 
alterations with clinical outcomes (Chau et al., 2016). The authors have 
identified that PIK3CA amplification and RAS mutations are associated 
with dismal prognosis and even more strikingly, they have reported that 
among eight patients with advanced, treatment-refractory SCCHN, 
enrolled on clinical trials with a compound that matched tumor profiling 
results, four of them achieved a partial response. Another group per
formed NGS on 53 patients with SCCHN and included 13 patients in 
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molecular guided therapies. Four patients with alterations in PIK3CA or 
PTEN were treated with PI3K inhibitors, one patient with a MAPK1 
mutation with an ERK inhibitor, one patient with a HRAS mutation with 
a farnesyltransferase inhibitor, and one patient with a SMARCB1 dele
tion with an EZH2 histone methyltransferase inhibitor (Morris et al., 
2017). More recently, the European Organization for Research and 
Treatment of Cancer (EORTC) has launched the first international um
brella clinical trial (EORTC 1559 HNCG: UPSTREAM study; 
NCT03088059) in which patients with R/M SCCHN were allocated to 
receive standard of care, targeted therapy, or immunotherapy according 
to a comprehensive sequencing-based molecular tumor characterization 
(Galot et al., 2018). Other recent studies have shown that mutations in 
the HRAS proto-oncogene, found in 4–5 % of patients with R/M SCCHN, 
make tumors more vulnerable for treatment with tipifarnib, a potent and 
highly selective inhibitor of farnesyltransferase (Gilardi et al., 2020; Ho 
et al., 2021). A recent preclinical study has also shown that NOTCH1 
loss-of-function mutations (observed in 10–19 % of SCCHN) are corre
lated with sensitivity to PI3K/mTOR pathway inhibitors (Sambandam 
et al., 2019). Given the high frequency of PIK3CA genomic alterations in 
SCCHN, biomarker-driven assays have also been performed with PI3K 
inhibitors in pre-clinical models of PIK3CA-mutant head and neck tu
mors. Increased sensitivity towards dactolisib (BEZ-235; PI3K/mTOR 
dual inhibitor) and alpelisib (BYL719, specific inhibitor of PI3Kα) has 
been observed in PIK3CA-mutant patient-derived SCCHN xenografts and 
cell lines, respectively (Lui et al., 2013; Keam et al., 2015). Nevertheless, 
results from a clinical trial have been somewhat disappointing, with a 
limited antitumor activity of alpelisib observed in 19 human patients 
with PIK3CA-altered SCCHN (Juric et al., 2018). Importantly, a recent 
preclinical trial using copanlisib, a pan-class I PI3K inhibitor, as mono
therapy or in combination with cetuximab, has also shown increased 
activity in the combination group especially in cetuximab-resistant 
SCCHN. However, the response rate was not related to PIK3CA muta
tion status but instead to PI3K signaling activity as assessed through 
gene expression profiling (Klinghammer et al., 2020). 

Altogether, these observations illustrate the complexity (and 

limitations) associated with genomic-based tumor profiling for the 
identification of clinically actionable mutations or biomarkers for pa
tient stratification and for the development of precision medicine pro
tocols for SCCHN patients (Alsahafi et al., 2019). Integrating and 
exploiting TME conditions and associated (cancer) cell phenotypes may 
help to increase our understanding of non-genetic mechanisms of 
SCCHN progression and identify novel predictive biomarkers or thera
peutic avenues (Schmitz and Machiels, 2016; Curry et al., 2014; Jaga
deeshan et al., 2019). 

3. Roles of stromal and immune compartments in SCCHN 
progression 

There is now growing evidence that cancers, including SCCHN, are 
dynamic ecosystems in which subclonal cancer cell populations undergo 
phenotypic changes in order to adapt to harsh microenvironmental 
conditions and therapy-induced stress (Tabassum and Polyak, 2015). 
SCCHN cells can behave cooperatively or competitively with sur
rounding cells such as CAFs, endothelial cells and infiltrating immune 
cells to support disease progression. 

3.1. Cancer-associated fibroblasts as key components of the TME in 
SCCHN 

Cancer-associated fibroblasts (CAFs) are important players of the 
TME in SCCHN with diverse functions, including matrix deposition and 
remodeling, extensive reciprocal signaling interactions with cancer cells 
and functional interplay with infiltrating immune cells (Custodio et al., 
2020; Erin et al., 2020). Although resident and bone marrow-derived 
mesenchymal stem cells have been identified as precursors of the 
SCCHN stroma (De Boeck et al., 2010), the origin of CAFs is still poorly 
understood, mostly due to the lack of fibroblast-specific markers (Sahai 
et al., 2020). SCCHN are frequently associated with large, 
spindle-shaped stress fiber activated fibroblasts and a desmoplastic 
stroma (Wheeler et al., 2014), so that CAFs generally form the 

Fig. 2. TME-driven intratumoral heterogeneity of SCCHN cells. Single-cell RNA sequencing of SCCHN specimens has allowed the identification of distinct 
molecular subtypes of cancer cells exhibiting specific gene signatures. A partial EMT phenotype has been observed in a subset of SCCHN cells spatially localized to the 
leading edge of primary SCCHN in close proximity to CAFs, while an αSMAlow-expressing CAF subpopulation has been shown to promote cancer cell proliferation. 
CAF, cancer-associated fibroblast; EMT, epithelial-to-mesenchymal transition; HPV, human papillomavirus; SCCHN, squamous cell carcinoma of head and neck; 
scRNA-seq, single-cell RNA sequencing; SMA, smooth muscle actin. 
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predominant non-malignant cell type in the SCCHN microenvironment. 
The ratio of CAFs to SCCHN cells actually increases with the disease 
stage (Bae et al., 2014), sometimes even reducing treatment response by 
increasing associated fibrosis, as observed in a clinical 
window-of-opportunity study with cetuximab (Schmitz et al., 2013, 
2015). High CAF density is indeed correlated with histopathological 
criteria of poor prognosis in SCCHN (Knops et al., 2020). CAFs have also 
been shown to act as the leading cells opening the path for SCCHN cells 
in the extracellular matrix (ECM) (Gaggioli et al., 2007), thereby 
actively participating in the spread and resistance mechanisms of tumor 
cells. Communication between CAFs and tumor cells is supported by 
signaling molecules, secretion of growth factors, interleukins and 
metabolite exchanges (Fig. 3). Several proteins secreted by CAFs (but 
not or barely by normal fibroblasts (NFs)), including MFAP5 (Principe 
et al., 2018), periostin (Qin et al., 2016; Yu et al., 2018), hepatocyte 
growth factor (HGF) (Wheeler et al., 2014; Lewis et al., 2004), 
carboxypeptidase E (Alvarez-Teijeiro et al., 2018) and interleukin-6 
(IL-6) (Qin et al., 2018), have been reported to promote growth, 
migration/invasion and stemness capacities in SCCHN cells in vitro as 
well as metastasis in in vivo preclinical models. Various microRNAs 
(miRNAs), including miR-7, miR-145, miR-196, miR-335 and miR 
382− 5p are also overexpressed in CAFs and contribute to SCCHN pro
gression by either regulating the functional phenotype of CAFs (Shen 
et al., 2017; Melling et al., 2018) or by promoting an aggressive behavior 
in SCCHN cells via exosome-mediated paracrine effects (Sun et al., 2019; 
Qin et al., 2019). On the contrary, expression of miR-3188 and 
miR-34a-5p in CAF-derived exosomes is reduced, thereby leading to 
increased expression levels of the anti-apoptotic protein B-cell lym
phoma 2 and AXL tyrosine kinase receptor, respectively and promotion 
of proliferation and migration capacities in SCCHN cells (Wang et al., 
2019a; Li et al., 2018). Importantly, SCCHN cells can promote CAF 
proliferation and migration by secreting basic fibroblast growth factor 

(bFGF) (Vairaktaris et al., 2006). Preclinical investigations have also 
shown an implication of CAFs in therapy resistance (Erin et al., 2020). 
As such, decreased sensitivity of SCCHN cell lines to cisplatin and 
anti-EGFR therapy (cetuximab) has been described in co-culture models 
with CAFs (Steinbichler et al., 2016, 2018; Johansson et al., 2012; 
Yegodayev et al., 2020a), thereby highlighting the role of a signaling 
crosstalk between CAFs and SCCHN for disease progression. 

3.2. Intratumoral heterogeneity of immune microenvironment in SCCHN 

SCCHN is among the most inflamed, immune-infiltrated cancers, 
especially with CD8+ tumor-infiltrating lymphocytes and natural killer 
(NK) cells (Mandal et al., 2016). Even though anti-PD-1 antibodies 
(pembrolizumab and nivolumab) have recently been approved in the 
clinical management of R/M SCCHN, only a small fraction of patients 
(18 %) benefits from immunotherapy (Burtness et al., 2019). Chen et al., 
have recently proposed a novel stratification of SCCHN patients based 
on the immune cell composition and expression of inflammatory 
markers (Chen et al., 2019). More precisely, they have observed that 40 
% of SCCHN show enriched inflammatory response, enhanced cytolytic 
activity, and active interferon-γ signaling and they have identified two 
distinct subgroups, namely “Exhausted Immune Class” and “Active Im
mune Class”, characterized by the expression of markers of exhausted or 
active immune response, respectively. By using scRNA-seq in mouse and 
human melanoma and head and neck cancers, Davidson et al., have 
identified three temporally distinct stromal populations, namely “im
mune”, “desmoplastic” and “contractile” subsets, each displaying 
unique functional signatures and supporting disease progression 
(Davidson et al., 2020) (Fig. 4). While “immune” and “desmoplastic” 
cells are predominant in early tumors, “contractile” cells are mostly 
observed at later stages. Importantly, the complement component C3 is 
specifically expressed in “immune” cells and its cleavage product C3a 

Fig. 3. Functional crosstalk between tumor cells and CAFs in the SCCHN microenvironment. The interplay between SCCHN cells and CAFs is supported by a 
bidirectional exchange of cytokines, signaling molecules and growth factors (A), by a metabolic symbiosis (B), and miRNA transfer (C) that modulate the phenotype 
of both cell populations and contribute to disease progression. CAF-derived ECM also induces phenotypic changes in SCCHN cells by mechanotransduction, and forms 
tracks that promote SCCHN cell migration and invasion (D). αvβ3, alpha v beta 3 integrin; Asp, aspartate; bFGF, basic fibroblast growth factor; CAF, cancer-associated 
fibroblast; EGF, epidermal growth factor; EMT, epithelial-to-mesenchymal transition; ECM, extracellular matrix; FAK, focal adhesion kinase; GF, growth factor; GLS1, 
glutaminase 1; Glu, Glutamate; GLUT, glucose transporter; GSK3β, glycogen synthase 3 kinase beta; HGF, hepatocyte growth factor; HIF-1α, hypoxia-inducible factor 
1 alpha; IL-6, interleukin 6; MCT, monocarboxylate transporter; MMP, matrix metalloproteinase; OPN, osteopontin; OXPHOS, oxidative phosphorylation; PAR-4, 
protease-activated receptor 4; Pyr, pyruvate; RASSF2, Ras association domain family member 2; TCA, tricarboxylic acid cycle; TGF-β, transforming growth factor 
beta;; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor. 
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has been found to support the recruitment of C3aR-positive macro
phages, thereby highlighting important immune-stromal interactions 
that promote immune infiltration and tumor growth. Such heterogeneity 
for the immune cell type composition has also been revealed by tran
scriptomic profiling of about 6000 single cells from 21 SCCHN and 
further application of two newly developed deconvolution algorithms 
(CIBERSORTx and MuSiC) to bulk RNA-seq data from more than 500 
SCCHN samples available in TCGA (Qi et al., 2021). Different T cell 
subpopulations have been identified in SCCHN, with the presence of 
regulatory T cells (Treg) being correlated with improved survival. Tumor 
necrosis factor receptor superfamily member 4 has been found to be 
differentially expressed in the core Treg subpopulation and it is corre
lated with greater survival, thereby suggesting that this receptor may 
play a key functional role to support Treg-associated outcomes in SCCHN 
patients. In a TCGA study, gene expression profiling of 1368 patients 
with squamous cell carcinomas, including SCCHN, has identified six 
robust immune subtypes, with different patterns in tumor genetic al
terations, tumor-infiltrating immune cell composition and function (i.e. 
promoting or suppressing immune response) and clinical outcomes (Li 
et al., 2019) (Fig. 4). Cillo et al., have also determined the gene 
expression profiles of >130,000 single cells from peripheral and intra
tumoral immune populations from patients with HPV-negative, 
HPV-positive SCCHN and healthy donors (Cillo et al., 2020). They 
report that the transcriptional signature of immune cells within SCCHN 
differs according to the HPV infection status, as reported in earlier 
studies (Partlova et al., 2015; Gameiro et al., 2018). Indeed, while CD8+

T cells and CD4+ Treg cells are relatively similar, helper CD4+ T cells and 

B cells are quite divergent in either carcinogen- or virus-mediated 
SCCHN. Interestingly, this study shows that a gene expression signa
ture specific for CD4+ T follicular helper cells correlates with longer 
progression-free survival (PFS) in SCCHN patients. These analyses 
highlight the differences in immune lineages present in the TME of 
HPV-negative and -positive SCCHN and the need to implement such 
transcriptomic profiling for the design of immunotherapy in these pa
tients. Still, the association of different tumor immune landscapes with 
(non-)response to immunotherapy is unclear and needs further investi
gation to be translated towards clinical use. 

Recently, spatial transcriptomics/proteomics approaches have been 
used to enable simultaneous capture of the distribution and localization 
of the different components of the TME and thus to better understand its 
interaction in response to treatment. Indeed, by using quantitative 
single-cell spatial proteomics analyses in the tumor immune microen
vironment (TiME) of nine matched primary and recurrent HPV-negative 
SCCHN, Blise et al., have demonstrated that a low mixing score in tumor 
regions (i.e. high spatial compartmentalization of malignant and im
mune cell populations) is correlated with longer PFS (Blise et al., 2021). 
This study also revealed distinct spatial immune landscapes, associated 
with clinical outcomes, at the neighborhood of mesenchymal cells 
expressing alpha smooth muscle actin (αSMA). Finally, they also re
ported that samples from the same patient are more similar to each other 
than samples from different patients (with same anatomic site), thereby 
highlighting inter-patient heterogeneity for SCCHN and the potential 
prognostic value of TiME cellular heterogeneity and spatial organization 
in those cancers (de Ruiter et al., 2017). 

Fig. 4. Intratumoral heterogeneity of stromal and immune cells in SCCHN. Single-cell RNA sequencing of SCCHN specimens has identified distinct subtypes of 
immune cells and CAFs based on the expression of specific markers, and exhibiting different functional features. Three temporally distinct stromal populations have 
been reported, with “immune” and “desmoplastic” cells being predominant in early-stage tumors while “contractile” cells are mostly observed at later stages, thereby 
inducing a shift from an inflammatory to immunosuppressive TME in SCCHN. αSMA, α smooth muscle actin; C3, complement 3; CAF, cancer-associated fibroblast; 
CSF1, colony stimulating factor 1; CXCL12, C-X-C motif chemokine ligand 12; FAP, fibroblast activation protein; iCAF, immune CAF; IFN-γ, interferon-γ; IS, immune 
subtype; MCAM, melanoma cell adhesion molecule; myCAF, myofibroblastic CAF; NK, natural killer; PDGFRA, platelet-derived growth factor receptor A; PDPN, 
podoplanin; TAM, tumor-associated macrophage; TGFβ, transforming growth factor β; TIL, tumor-infiltrating lymphocyte. 
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3.3. Roles of CAFs on immune cell function in SCCHN microenvironment 

Compelling evidence in literature describe functional interactions 
between stromal and immune cells within the SCCHN microenviron
ment and supports the existence of immunosuppressive roles for CAFs, 
thereby hampering the clinical response to immunotherapy. A recent 
study by Kieffer et al., has aimed to address the heterogeneity and 
specific roles of the immunosuppressive subpopulation of CAF-S1 (i.e. 
fibroblast activation protein (FAP)high, CD29med− high, αSMAhigh) in pri
mary resistance to immunotherapy in cancer patients (Kieffer et al., 
2020). By using scRNA-seq on more than 19,000 single CAF-S1 from 
breast cancer, the authors have identified eight different CAF-S1 clusters 
among which three subsets display an inflammatory (“iCAF”) phenotype 
and five clusters correspond to the myofibroblastic (“myCAF”) sub
population previously reported in pancreatic cancers (Fig. 4). Impor
tantly, existence of the five most abundant CAF-S1 clusters has been 
validated by flow cytometry in other cancer types, including SCCHN, 
thereby highlighting their biological relevance. Myofibroblasts, char
acterized by high expression of genes encoding either ECM proteins or 
proteins involved in the TGF-β signaling pathway, showed to be indic
ative for primary resistance to immunotherapies. Abundance of these 
two specific CAF-S1 clusters correlated with an immunosuppressive 
environment. Mechanistically, CAF-S1 with high expression of genes 
coding ECM proteins increase the fraction of FOXP3high T cells and 
stimulate both PD-1 and cytotoxic T lymphocyte antigen 4 (CTLA-4) 
protein levels at the surface of CD4+ CD25+ T lymphocytes, which in 
turn promote the TGF-β signaling pathway in CAF-S1. Takahashi et al., 
have also investigated the impact of CAFs on tumor-associated macro
phages (TAMs) in OSCC models. They have shown that CD14+ mono
cytes overexpress TAM markers when co-cultured with the supernatant 
of OSCC-derived CAFs. Furthermore, such CAF-educated monocytes 
exhibit increased expression levels for ARG1, IL10, and TGFB1 genes and 
hamper T cell proliferation. In clinical samples of patients with OSCC, 
infiltration of CAFs has been associated with the presence of CD68+ and 
CD163+ macrophages and correlates with lymphovascular invasion, 
lymph node involvement, and tumor stage (Takahashi et al., 2017). 
CAF-induced immunosuppressive properties are also favored by 
dysfunction of cytotoxic T cells (Kato et al., 2018; Takahashi et al., 2015) 
and recruitment of Treg (Kieffer et al., 2020; Kato et al., 2018). In 
SCCHN, it has been shown that αSMA+ FAP+ CAFs inhibit the prolifer
ation of CD8+ T cells and promote the recruitment of CD4+ CD25+ T 
cells by secreting TGF-β and IL-6 (Takahashi et al., 2015). Furthermore, 
when comparing the effects of SCCHN-derived CAFs and NFs on the 
functions of T cells, proliferation of the latter is more suppressed by CAFs 
or their supernatants than by NFs and expression levels of cytokine 
genes, including those for IL-6, CXCL8, TNF, TGF-β1, and VEGFA, are 
higher in CAFs. Altogether, these studies highlight the intricate interplay 
between stromal and immune cells within SCCHN TME and how it 
evolves in space and time along tumor progression. 

3.4. Roles of tumor-associated macrophages on therapy response in 
SCCHN 

As main components of the innate immunity, TAMs reside in the TME 
and have major roles in tumor growth and response to therapy, by 
orchestrating the adaptive immune response. They can switch between 
two very distinct phenotypes, classically designated as M1 and M2. The 
first one is regarded as pro-inflammatory and exerts anti-tumoral effects, 
while the latter confers anti-inflammatory tumor-promoting properties. 
Several studies have investigated the prognostic value of TAM markers, 
namely CD68 and CD163, in SCCHN patients. While infiltration of 
CD68+ TAMs has been associated with poor prognosis and radio
resistance in HPV-negative SCCHN (Yoshimura et al., 2021; Ai et al., 
2021), other studies have shown that the M2-like marker CD163 could 
better predict poor prognosis in SCCHN patients (He et al., 2014; 
Troiano et al., 2019). Fu et al., have analyzed the specific content of 

TAMs in 52 SCCHN clinical samples and have found a significantly 
higher proportion of CD163+ (M2) TAMs compared to iNOS+ (M1) 
TAMs in HPV-negative tumors, unlike HPV-positive tumors which had 
less CD163+ cells (Fu et al., 2020). CD163+ macrophages secreted more 
heparin binding-EGF that conferred resistance to radiation therapy by 
activating DNA damage response in the HPV-negative SCCHN cell line 
Cal27. Tomita et al., have accumulated in vitro evidence for an 
exosome-based communication between TAMs and OSCC cells respon
sible for decreased sensitivity to 5-FU and cisplatin (Tomita et al., 2020). 
Another study has identified an increased proportion of the CD163+

CD206+ (M2) TAMs, as well as an enhanced gene expression of 
M2-related cytokines IL-4, IL-5 and TGF-β1, together with a decrease in 
CD8+ T cells in lymph node biopsies of 15 patients with SCCHN after 2 
weeks of radiation therapy (Moreira et al., 2021). The authors have 
reported a rescue of immune response and radiotherapy efficacy by 
targeting STAT3, thereby preventing M2 macrophage activation. 
Furthermore, recent studies in SCCHN have shown a positive correlation 
between PD-1/PD-L1 expression and CD163+ TAMs (Takahashi et al., 
2015; Troiano et al., 2019), which is predictive of poor prognosis. 
Several groups have reported a role of TAMs in the modulation of im
mune response in SCCHN via the production of immune suppressive 
molecules, such as IL-10 and PD-L1 (Jiang et al., 2017; Lyford-Pike et al., 
2013; Kubota et al., 2017). Altogether, these observations identify TAMs 
as potential therapeutic targets to enhance treatment efficacy in SCCHN 
patients (Ai et al., 2021; Li et al., 2020). 

4. TME-mediated hypoxic and metabolic pressures in SCCHN 
microenvironment 

Along tumor progression, SCCHN cells constantly face 
microenvironment-driven phenotypic pressures (e.g. limited access to 
nutrients and/or oxygen, local accumulation of protons and the presence 
of tumor-associated stroma cells) forcing them to adapt and optimize 
their fitness to maintain their survival and growth capacities. It is 
tempting to speculate that local niches within the TME may influence 
the phenotype of clonal populations and confer survival benefit to (pre- 
existing) residual cells when therapy is applied, in particular via the 
supply of SCCHN cells with specific growth factors (e.g. HGF, EGF, TGF- 
β) and the acquisition of stemness-related traits (e.g. slow-proliferating 
state, p-EMT) that will collectively allow the selection of the fittest 
clone(s) with tumor-initiating potential. 

4.1. Hypoxia as TME selection barrier during SCCHN progression 

Together with cervical and lung cancer, SCCHN is among the most 
hypoxic tumor types (Bhandari et al., 2019), with median tumor oxygen 
tension (pO2) levels below 14 mmHg, as detected by Eppendorf his
tography (Becker et al., 2002) or polarography (Nordsmark and Over
gaard, 2004) in SCCHN patients. Of note, pO2 levels have been detected 
at approximately similar levels in HPV-positive and -negative tumors of 
the same stage (Bhandari et al., 2019; Sorensen et al., 2013). High levels 
of hypoxia in SCCHN correlate with poor prognosis and resistance to 
treatments, including radiation therapy (Brizel et al., 1997; Linge et al., 
2016; Nordsmark et al., 2005; Brizel et al., 1999) and chemotherapy 
(Zandberg et al., 2021). In the context of anti-EGFR targeted therapy, 
high levels of hypoxia-associated factors have been correlated with 
higher risk of relapse, and co-localization of EGFR and hypoxia markers 
has been associated with poor outcome (Byers et al., 2010; Hoogsteen 
et al., 2012). However, most studies on EGFR-targeting agents support a 
markedly increased antitumor potency of both anti-EGFR monoclonal 
antibodies and tyrosine kinase inhibitors under hypoxic conditions 
(Riesterer et al., 2009; Cerniglia et al., 2009; Wouters et al., 2013a; 
Boeckx et al., 2015). Together with the demonstrated antiproliferative 
and proapoptotic effects, the antiangiogenic activity of cetuximab and 
its antibody-dependent cellular cytotoxicity are now believed to 
contribute to its overall antitumor activity (Wouters et al., 2013b; Baysal 
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et al., 2020). 
Hypoxia induces the expression of hypoxia-inducible factor 1α (HIF- 

1α), a subunit of the transcription factor HIF, which drives expression of 
a range of genes encoding proteins that play pivotal roles in cell pro
liferation, energy metabolism, angiogenesis, survival, cell cycle arrest, 
pH regulation, cell migration as well as chemoresistance (Rapisarda and 
Melillo, 2009; Li Petri et al., 2020; Raz et al., 2014; Icard et al., 2018; 
Rohwer and Cramer, 2011; Kopecka et al., 2021). There is a growing 
body of evidence that HIF-1α is overexpressed in the vast majority of 
SCCHN patients, with reported rates varying from 30 % to 75 % (Beasley 
et al., 2002; Koukourakis et al., 2002; Liang et al., 2008). Several 
research groups have examined the correlation between HIF-1α 
expression and outcome of SCCHN patients and have concluded that in 
SCCHN, HIF-1α overexpression is directly correlated with worse 
tumor-node-metastasis classification, poor patient prognosis, and resis
tance to radiation therapy (Aebersold et al., 2001; Sasabe et al., 2007). 
Moreover, it has been demonstrated that dysregulated expression of 
HIF-1α contributes to locally aggressive behavior, enhanced invasive 
potential, intensification of angiogenesis and lymph node metastasis 
(Koukourakis et al., 2002; Cohen et al., 2004; Zheng et al., 2013). 
Overexpression of HIF-1α in SCCHN cells is related to resistance to 
carboplatin treatment (Koukourakis et al., 2002). This was confirmed in 
a clinical study, showing that high HIF-1α expression was a predictor of 
poor clinical response for locally advanced SCCHN patients treated with 
cisplatin plus radiotherapy (Patel et al., 2020). Likewise, it has been 
shown that increased levels and nuclear translocation of the cellular 
oxygen sensor prolyl hydroxylase PHD2 (which under normoxia marks 
HIF-1α for degradation) are associated with less differentiated and 
highly proliferative SCCHN (Jokilehto et al., 2006). 

4.2. TME-mediated intratumoral metabolic heterogeneity during SCCHN 
progression 

Tumor metabolism perfectly illustrates the influence of TME pecu
liarities on cancer cell phenotypes. Metabolic needs and preferences 
evolve along tumor progression and cancer cells exhibit high capacities 
of metabolic reprogramming to maintain production of biosynthetic 
precursors, ATP and reduced cofactors (NADH, NADPH) (Faubert et al., 
2020; McGuirk et al., 2020; Vander Linden and Corbet, 2020). Like most 
aggressive tumors, SCCHN exhibits a high rate of glycolysis to meet their 
metabolic demands (Richtsmeier et al., 1987; Sandulache et al., 2011). 
The outcome of increased glycolysis in tumors can be visualized by 
18F-fluoro-2-deoxy-D-glucose (FDG) positron emission tomography 
(PET)/computed tomography (CT) (FDG-PET/CT) (Abgral et al., 2016; 
Han et al., 2015; Robin et al., 2015). Molecular imaging studies using 
FDG-PET/CT have demonstrated a high glucose uptake and an increased 
glycolysis in SCCHN (Huebbers et al., 2015; Paidpally et al., 2012). 
Importantly, Walenta et al., have also shown that elevated levels of 
tumor-derived lactate in primary SCCHN are associated with a high risk 
of metastatic spread (Walenta et al., 1997). As a consequence of the 
exacerbated glycolysis in tumor cells and the disorganized vasculature 
within the TME, acidosis is now considered a hallmark of the microen
vironment in solid tumors, including SCCHN, with mean values of 
extracellular pH ranging from 6.2 to 6.8 (Taylor et al., 2015). Acidosis is 
not only a metabolic collateral effect of uncontrolled cell proliferation 
but indeed, when established in the TME, acidosis can act as a driving 
force to shape tumor cell (metabolic) phenotypes (Vander Linden and 
Corbet, 2019). Under chronic acidic conditions, a dramatic shift from 
the preferential use of glucose towards glutamine and fatty acid (FA) 
metabolism is observed in tumor cells, including SCCHN cells (Corbet 
et al., 2014). In particular, the unexpected concomitance of 
glutamine-derived FA synthesis (FAS) and FA oxidation (FAO) has been 
reported in acidosis-exposed cancer cells. The simultaneous activation of 
FAS and FAO is rendered possible by a sirtuin-mediated histone deace
tylation and consecutive downregulation of acetyl-CoA carboxylase 2, 
making mitochondrial fatty acyl-CoA degradation compatible with 

cytosolic lipogenesis (Corbet et al., 2016). Acidosis-driven FA metabolic 
dysregulation in cancer cells is associated with disease progression 
(Corbet et al., 2020). Indeed, acidic pH promotes autocrine TGF-β2 
signaling, which in turn favors the formation of lipid droplets that 
represent energy stores readily available to support anoikis resistance 
and cancer cell invasiveness in vitro as well as metastasis in vivo. We have 
found that n-3, but also remarkably n-6 polyunsaturated FA (PUFA), 
selectively induced ferroptosis in cancer cells, including SCCHN cells, 
under ambient acidosis (Dierge et al., 2021). We have also reported that 
a n-3 long-chain PUFA-rich diet significantly delayed mouse tumor 
growth when compared with a monounsaturated FA-rich diet, an effect 
further accentuated by administration of diacylglycerol acyltransferase 
inhibitors or ferroptosis inducers (Dierge et al., 2021). These data sug
gest dietary PUFA as a selective adjuvant antitumor modality that may 
efficiently complement pharmacological approaches to target 
acidosis-driven tumor cell phenotypes. Imaging of tumor acidosis is a 
promising strategy to improve SCCHN detection, surveillance and 
staging. ONM-100, a nanoparticle-based fluorescent reporter of acidosis, 
has recently been described as a useful clinical tool for 
fluorescence-guided surgery to assess tumor margins in human patients 
with head and neck, colorectal and breast cancers (Voskuil et al., 2020). 
Importantly, ONM-100 allowed the detection of five occult lesions, 
including one SCCHN, otherwise missed by the standard-of-care surgery 
or pathological analysis (Voskuil et al., 2020). Similarly, two other 
studies have revealed the great potential of acidosis-based imaging 
strategies to improve cancer detection. Huang et al., have shown that 
occult nodules (10–20 mm3) in orthotopic HN5 and FaDu SCCHN xe
nografts could be detected by using PET imaging with pH-sensitive 
64Cu-labelled polymers (Huang et al., 2020), while Zhao et al., have 
reported real-time tumor-acidosis guided detection and surgery of occult 
nodules (<1 mm3) in SCCHN-bearing mice, via the use of a 
transistor-like pH-activatable fluorescent nanoprobe (Zhao et al., 2016). 

Intratumoral metabolic heterogeneity in SCCHN also involves a 
functional crosstalk between CAFs and tumor cells. CAF-secreted HGF 
has been documented to promote lactate production by SCCHN cells via 
upregulation of glycolysis, while SCCHN-secreted bFGF increased 
mitochondrial oxidative phosphorylation (OXPHOS) in CAFs (Kumar 
et al., 2018a). When considering stroma, the model describes how, 
within a tumor, lactate released by glycolytic cancer cells can be 
captured by more oxidative CAFs to be used as a fuel (Kumar et al., 
2018a; Chandel and Kumar, 2021). A metabolic reprogramming of NFs 
through caveolin-1 downregulation, elevation of monocarboxylate 
transporter (MCT)-4, enhanced lactate production and oxidative stress 
has been described in a co-culture model with OSCC cells (Zhang et al., 
2020). From scRNA-seq studies, OXPHOS heterogeneity in head and 
neck cancers has been validated. Like in other cancer types, the authors 
have been able to distinguish two CAF subpopulations, FAPhigh and 
melanoma cell adhesion molecule (MCAM)high, similar to CAF-S1 and 
CAF-S4, respectively. They reported that FAPhigh CAFs exhibit enhanced 
glycolysis, as well as enriched arachidonic and linoleic acid metabolism, 
while MCAMhigh CAFs rely on OXPHOS and tricarboxylic acid cycle 
(Xiao et al., 2019). As mentioned earlier, CAFs also have an impact on 
cancer progression by inducing fibrosis and ECM stiffness. Bertero et al., 
found that CAFs induce activation of mechanotransduction, relocalize 
Yes-associated protein 1 (YAP) and transcriptional coactivator with 
PDZ-binding motif (TAZ) to the nucleus, and activate the transcription 
of glutaminase 1, lactate dehydrogenase A, aspartate/glutamate trans
porter SLC1A3, along with known YAP-dependent genes such as con
nective tissue growth factor and cysteine-rich angiogenic protein 61, 
both implicated in the composition of the ECM (Bertero et al., 2019). In 
this way, they have shown that ECM stiffening mechanoactivates 
glycolysis and glutamine metabolism and thus coordinates non-essential 
amino acid flux within the tumor niche. Specifically, CAF-derived 
aspartate sustains cancer cell proliferation, while cancer cell-derived 
glutamate balances the redox state of CAFs to promote ECM remodel
ing. Park et al., have also demonstrated that glycolysis responds to 
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architectural features of the actomyosin cytoskeleton through the 
TRIM21-modulated degradation of phosphofructokinase, thus coupling 
cell metabolism to the mechanical properties of the surrounding tissue 
(Park et al., 2020). 

5. Preclinical SCCHN models to integrate TME in precision 
medicine approaches 

Relevant preclinical models, which reflect the disease at the genetic, 
histological, and functional levels, are needed to recapitulate the 
intratumoral heterogeneity and explore the intimate relationship be
tween TME, cancer cell phenotypes and response to therapy in SCCHN. 
About 300 SCCHN cell lines have been described in the literature, with 
the majority being HPV-negative (Lin et al., 2007). Many of these cell 
lines have been established at early passage and therefore adequately 
represent common gene mutations observed in clinical SCCHN speci
mens (Cheng et al., 2018; Lepikhova et al., 2018; Li et al., 2014). 
Large-scale drug screens and pharmacogenomics profiling of cell line 
panels, such as the Cancer Cell Line Encyclopedia, have addressed 
compound sensitivity in SCCHN cells to identify mechanisms of growth 
inhibition and to guide the selection of preclinical models for trans
lational research (Garnett et al., 2012; Barretina et al., 2012). However, 
for cell lines, culture conditions are usually far from those existing in vivo 
and when TME is part of the equation, all cancer cells usually undergo 
exposure to the same microenvironmental tumor peculiarities in 2D 
culture conditions (i.e. cancer cell monolayers), still making these 
models poorly representative of tumor heterogeneity and clinical 
response. For instance, SCCHN cell lines cultured in 2D or 3D conditions, 
with or without CAFs, have been shown to display distinct responses to 
anti-EGFR therapy (Ayuso et al., 2019), thereby highlighting the need 
for accurate drug screening models to better reflect the physiology of the 

tissue of origin and improve drug efficacy prediction for SCCHN pa
tients. In this setting, patient-derived tumor xenograft (PDTX) and 
organoid (PDTO) models of SCCHN have been recently developed and 
used as surrogate models in preclinical studies to predict clinical 
response to therapy (Fig. 5) (Bleijs et al., 2019). 

5.1. Patient-derived tumor xenograft models of SCCHN 

PDTX models of SCCHN are generated through the direct implanta
tion of a small, minimally processed patient-derived tumor fragment 
into immunodeficient mice either subcutaneously or into an orthotopic 
site such as the tongue or the floor of the mouth. Advantages of 
orthoxenografts include the possibility to assess the local invasion of 
primary tumors and the development of patient-like distant metastases, 
and to study tumor-host interactions in their anatomical context, as well 
as the site-specific effect on therapy response (Hoffman, 2015). Several 
studies have reported the establishment of SCCHN PDTX models, with 
an engraftment success rate around 60 % in most cases (Table 1). This 
rate is frequently higher for models derived from patients exhibiting 
perineural invasion (Facompre et al., 2017) and lymph node metastases 
(Kang et al., 2020; Karamboulas et al., 2018; Peng et al., 2013) and it 
correlates with worse patient outcomes. Of note, while athymic nude 
mice have been typically used as initial hosts for SCCHN PDTX models, 
more highly immunogenic mouse strains, such as NOD scid gamma 
(NSG) have shown higher engraftment efficiencies (Li et al., 2016). 
PDTX models retain important molecular and histological characteris
tics of SCCHN, as extensively reviewed elsewhere (Lee et al., 2020; 
Schuch et al., 2020). Besides a high concordance in gene expression 
levels and genetic alterations with the matched primary tumors (Woo 
et al., 2021), PDTX models also recapitulate the heterogeneous and 
complex TME including stromal and vascular architecture (Kang et al., 

Fig. 5. Patient-derived models of SCCHN for precision medicine. Xenograft and organoid models are derived from clinical specimens (surgical resection or 
biopsy) freshly obtained from SCCHN patients. Adequate protocols for tissue processing allow the initiation and expansion of organoid models, isolation of tumor- 
derived stromal and/or immune cells, and tumor engraftment in immunodeficient mice for xenograft models. If generated in a clinically relevant time frame, data 
from multi-omics analysis and drug screening may be correlated with clinical data in order to identify assay-guided treatments for personalized medicine of SCCHN 
patients. BMA, basement membrane extract; CAFs, cancer-associated fibroblasts; ctDNA, circulating tumor DNA; PBMC, peripheral blood mononuclear cells; PDTO, 
patient-derived tumor organoids; SCCHN, squamous cell carcinoma of head and neck. 
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2020; Karamboulas et al., 2018; Peng et al., 2013). 
Several studies have shown that the response rates in PDTX models 

correlate with those observed in clinics, both for targeted agents and 
chemotherapeutic drugs. For instance, Kang et al., have reported that 
the response to the pan-HER2 inhibitor afatinib in two PDTX models 
mirrored the one in the donor patients (Kang et al., 2020). An additional 
model exhibited resistance to the pan-PI3K inhibitor buparlisib, as 
observed in the donor patient (Kang et al., 2020). Another study has 
shown that a woman with heavily pre-treated SCCHN was unresponsive 
to afatinib and metformin and that the matching PDTX model was also 
insensitive to these treatments (Lilja-Fischer et al., 2019). Campbell 
et al., have also reported a PDTX model of SCCHN, with an EGFR gene 
amplification, that exhibits disease progression under treatment with 
the MEK inhibitor trametinib, after an initial response, as observed in 
the donor patient (Campbell et al., 2018). Chia et al., have described the 
generation of a living biobank of patient-derived primary cultures for 
primary, metastatic or recurrent SCCHN obtained from human patients 
(Chia et al., 2017). A large-scale screening of anti-cancer therapeutics in 
these cell cultures and matched PDTX models identified unexpected 
treatment strategies that could be then translated to the clinics for two 
different patients, thereby supporting the idea that such patient-derived 
models may serve for clinical decision-making in SCCHN patients. 

However, the use of PDTX models often lacks the desired effect on 
management as they may not be available in a clinically relevant time 
frame (Byrne et al., 2017). Apart from being more expensive, 
pre-clinical models agree with those in 2D, the absence of many com
ponents of the immune system in these mice, and the loss of endogenous 
human immune cells upon propagation of the tumor over multiple 
passages, limit the utility of such models to explore the role of the im
mune system in tumor progression and to test novel immune-based 
therapies. Moreover, a progressive loss of human stroma in PDTX 
models is observed over passages (Peng et al., 2013; Lilja-Fischer et al., 
2019). Another caveat for the use of PDTX models is that intratumoral 
evolution can occur during engraftment and passaging, thereby poten
tially altering the response to treatments. Finally, the utility of such 
PDTX models is also severely limited by the fact that they cannot be 
easily used to interrogate therapeutics or genetic vulnerabilities in 
high-throughput screen format, thereby highlighting the need for other 
preclinical models of SCCHN useful for precision medicine. 

5.2. Patient-derived tumor organoid models of SCCHN 

Patient-derived 3D culture models of SCCHN represent relevant ap
proaches to recapitulate the complex cell-cell interactions under the 
influence of TME conditions, while minimizing the cost, time and ethical 
issues associated with PDTX animal models. Several studies have re
ported the development of tumor-derived spheroids upon in vitro 
expansion of cancer stem cells from dissociated primary SCCHN in 
serum-free culture conditions (Lim et al., 2011; Pozzi et al., 2015; Chiou 
et al., 2008). In the last decade, major advances in 3D culture technology 
have led to the development of PDTO that can be described as minia
turized avatars of a patient’s tumor in culture (Fig. 5) (Lo et al., 2020). 
PDTO have been established for a variety of cancers, including SCCHN 
(Zhao et al., 2019; Tanaka et al., 2018; Driehuis et al., 2019a, b; Pauli 
et al., 2017; Kijima et al., 2019; Karakasheva et al., 2020) (Table 2) and 
they have been shown to recapitulate histological and genetic features, 
as well as drug response, of the original tumor. They have been validated 
as relevant ex vivo models for HPV-driven mucosal pathology, either 
through culturing of an HPV-positive tumor specimen (Tanaka et al., 
2018) or upon HPV infection of oral mucosa organoids (Driehuis et al., 
2019b). SCCHN organoid models reveal differential responses to stan
dard of care therapies, including chemotherapeutic agents (e.g. 
cisplatin, carboplatin, 5-FU and docetaxel), anti-EGFR targeted therapy 
(cetuximab) and radiotherapy (Tanaka et al., 2018; Driehuis et al., 
2019b; Kijima et al., 2019), thereby mirroring the inter-patient differ
ences observed in clinics. Importantly, the clinical response of seven 
patients treated with radiotherapy correlated with the treatment 
outcome in the corresponding organoids (Driehuis et al., 2019b). 
Additionally, drug screens on SCCHN organoids revealed a sensitivity to 
experimental therapies, such as EGFR-targeted photodynamic therapy 
(Driehuis et al., 2019a), but also to targeted agents (e.g. BRAF inhibitor 
vemurafenib or mTOR inhibitor everolimus) already clinically approved 
for other cancer types. These observations may inspire the use of PDTO 
models as a personalized approach for the clinical management of 
SCCHN patients. However, further validation is required on larger pro
spective cohorts of patients and matched organoid models to confirm the 
ability of the latter to predict clinical response. In this perspective, a 
validation observational study (ONCODE-P2018− 0003) has been 
launched in the Netherlands to assess the response to standard first-line 
therapies in about 80 SCCHN organoid models and to compare it with 
the clinical outcome in the corresponding patients. 

One of the current limitations for the widespread use of PDTO in 

Table 1 
Characteristics of patient-derived tumor xenograft models of SCCHN. NI, not indicated.  

HPV-negative HPV-positive Unknown HPV status Anatomical site of SCCHN Mouse strain Reference 

No of 
models 

Success 
rate 

No of 
models 

Success 
rate 

No of 
models 

Success 
rate    

11 56 % 9 24%   Oropharynx NSG (Facompre et al., 2017) 
50 45% 2 14%   Oral cavity NSG (Campbell et al., 2018) 
16 59% 5 45%   Larynx, pharynx, tonsil, floor of mouth, 

lip 
Nu/Nu (Keysar et al., 2013) 

10 59% 1 100%   Tongue, oropharynx, maxilla, buccal 
mucosa 

NSG and 
NOD scid 

(Harms et al., 2019) (Jamieson 
et al., 2018) 

5 50 % 7 29%   Tongue, tonsil, larynx NSG (Facompre et al., 2020)     
5 17% NI Nu/Nu (Peng et al., 2013) 

19 79 % 8 80%   Oral cavity hypopharynx, tongue, tonsil NSG (Izumchenko et al., 2017) ( 
Kimple et al., 2013) 

3  3  17 60 % Tongue, tonsil gingiva, floor of mouth, 
glottis 

C.B-17 scid (Seshadri et al., 2009) (Folaron 
et al., 2019) 

12 28% 3 16%   Tongue, oropharynx, hypopharynx, 
glottis and parotid gland 

Nu/Nu, NOG, 
NSG 

(Kang et al., 2020) 

54 82% 4 80% 3 60 % Oropharynx, pharynx, oral cavity, 
larynx 

NSG (Li et al., 2016) 

161 66%     NI NSG (Karamboulas et al., 2018)     
24 58 % NI NSG (Hernandez et al., 2019)     
63 43% Oral cavity, tongue, floor of mouth NSG (Chia et al., 2017)     
36 68% Oropharynx NSG (Lilja-Fischer et al., 2019)  
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precision medicine is the lack of stromal and immune cells. As empha
sized above, CAFs and immune cell populations are major components 
of SCCHN microenvironment and have a strong impact on the response 
to therapies and the progression of the disease. As an alternative model, 
the air-liquid-interface method has been shown to preserve “en bloc” 
cancer cells with tumor stroma, including CAFs and functional native 
immune cells (T and B cells, myeloid cells, macrophages and NK cells) 
(Neal et al., 2018). Direct co-cultures of tumor organoids with autolo
gous CAFs or peripheral blood lymphocytes have also been reported 
(Seino et al., 2018; Cattaneo et al., 2020; Yuki et al., 2020; Zhao et al., 
2021; Dijkstra et al., 2018) and may represent amenable and useful tools 
to better predict clinical response and to recapitulate functional T cell 
activation and tumor-killing responses to immunotherapies (Fig. 5). 

6. Implementing TME profiling for clinical decision-making in 
SCCHN patients 

6.1. TME-related biomarkers in SCCHN 

Currently, TME-related biomarkers are not used in clinical routine 
except one which is used to select first-line therapy with anti-PD-1 tar
geted agents in R/M SCCHN patients. Nivolumab was the first anti-PD-1 
agent to improve OS in R/M SCCHN after first-line platinum-based 
therapy in the CheckMate 141 trial (7.7 months vs 5.1 months with 
chemotherapy) (Ferris et al., 2016, 2018). Clinical benefit was even 
greater in patients with a PD-L1 tumor proportion score (TPS) ≥1%. 
Benefits have also been documented with pembrolizumab in R/M 
SCCHN, as a second-line treatment in the KEYNOTE-040 trial (Cohen 
et al., 2019) and later as a first-line therapy in the KEYNOTE-048 trial 
(Burtness et al., 2019). Both studies showed, in their sub-analysis, an 
increased activity depending on PD-L1 status. The KEYNOTE-048 trial 
was able to demonstrate superiority of pembrolizumab monotherapy to 
the previously used EXTREME standard of care protocol for a PD-L1 
combined positive score (CPS) (i.e. PD-L1 positivity on tumor and im
mune cells) ≥1 (12.3 vs 10.4 months) and ≥20 (14.7 vs 11 months). The 
medication was approved by the European Medicines Agency (EMA) 
alone or in combination with platinum and 5-FU in all patients with a 
CPS score ≥1% while the Food and Drug Administration (FDA) 
approved it regardless of the PD-L1 score. However, several studies have 
reported an intratumoral heterogeneity of PD-L1 expression, making the 
utility of such a biomarker rather challenging (Rasmussen et al., 2019; 
Hirshoren et al., 2021). Regarding efficacy of immunotherapy in 
SCCHN, the total mutational load, using a cut-off of ≥102 mutations per 
exome, was evaluated in the KEYNOTE-012 trial and demonstrated a 
positive correlation with immunotherapy response (Cristescu et al., 
2018). This has also been described in a clinical study including patients 
with SCCHN in which higher tumor mutational burden (TMB) and CD8 
+ T cell infiltration predicted anti-PD-1/L1 therapy benefit among 
HPV-negative SCCHN. Jiang et al., investigated the TMB and immune 
cell infiltration in 546 SCCHN patients obtained from TCGA indepen
dently of HPV status and observed worse survival outcomes in patients 
with high TMB (Jiang et al., 2021). They identified that macrophages, 
CD8+ cytotoxic and CD4+ memory T cells were the most commonly 
infiltrated subtypes of immune cells regardless of TMB status. Finally, in 
the KEYNOTE-012 trial, an interferon-γ (IFN-γ)-related six-gene signa
ture (including IDO1, CXCL10, CXCL9, HLA-DRA, STAT1 and IFNG 
genes) was also investigated as potential biomarker. The study has 
shown that this gene signature has a high negative predictive value and 
may facilitate patient selection (Seiwert et al., 2016). However, TMB 
and IFN-γ gene signature are not used as biomarkers of immunotherapy 
response. 

Hypoxia-related markers including PET tracers, perfusion-based 
methods such as CT and dynamic contrast-enhanced magnetic reso
nance imaging (MRI) (Horsman et al., 2012; Welz et al., 2017) or spe
cific gene signatures have been investigated in different trials. Two 
interesting PET tracers are 18F-fluoromisonidazole (FMISO) and Ta
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18F-fluoroazomycin arabinoside (FAZA). FMISO-PET has validated re
sidual tumor hypoxia in SCCHN, upon radiochemotherapy, as a major 
driver of therapy resistance (Lock et al., 2017). Another study has shown 
that repeated FMISO-PET-CT allows longitudinal assessment of SCCHN 
tumor characteristics, and is a prognostic tool after radiochemotherapy, 
distinguishing tumors leading to either earlier or later disease progres
sion (Carles et al., 2021). Moreover, long-term follow-up from 2009 to 
2011 (Danish Head and Neck Cancer Group (DAHANCA) 24 trial, 
NCT01017224) recently confirmed that SCCHN tumors with a high 
uptake of the hypoxia-specific tracer FAZA had a significantly higher 
risk of locoregional failure (Sakso et al., 2020a). In addition to the 
studies focusing on hypoxia imaging, lower locoregional control was 
also shown to be correlated with the presence of a hypoxic gene 
expression profile in biopsies from SCCHN patients taken prior to 
cisplatin-based radiochemotherapy (Linge et al., 2016). 
Hypoxia-induced radioresistance can be reduced in SCCHN by the use of 
the hypoxic modifier nimorazole, as shown in the DAHANCA 5 trial. A 
15-gene hypoxia classifier has been validated as a prognostic signature 
in retrospective series (Toustrup et al., 2016). The clinical relevance of 
this signature is highlighted by the decision to conduct a double-blind 
randomized multicenter phase III study (EORT
C-1219-ROG-HNCG/DAHANCA-29 trial; NCT01880359). This study is 
designed to prospectively evaluate if nimorazole, a radiosensitizer, can 
improve the effect of accelerated concomitant chemo-radiotherapy with 
cisplatin on the locoregional control rate in patients with newly diag
nosed HPV-negative stage III-IV carcinomas of the larynx, oropharynx or 
hypopharynx. Patients are stratified according to the 15-gene signature 
in order to determine if the treatment benefit is larger in patients who 
exhibit a hypoxia-related gene profile. 

TME-driven metabolic preferences are also exploited for SCCHN 
tumor imaging. A prospective study on SCCHN patients over 15 years 
has shown that high lactate levels in tumor tissues, assessed by meta
bolic bioluminescence imaging, might serve as a predictive marker for 
overall and recurrence-free survival (Blatt et al., 2016). By using PDTX 
models of SCCHN, Mignion et al., have reported that changes in 
18FDG-PET and diffusion-weighted MRI could predict early response to 
cetuximab, whereas choline spectroscopy could not (Mignion et al., 
2018). In a follow-up study, the authors have also shown that metabolic 
imaging with hyperpolarized 13C-pyruvate can serve as a predictive 
marker of response or resistance to anti-EGFR therapy in SCCHN 
(Mignion et al., 2020). By using nuclear magnetic resonance spectros
copy to profile metabolic changes in SCCHN cells, sensitive or resistant 
to anti-EGFR tyrosine kinase inhibitor, another group has observed 
elevated levels of glycerophosphocholine in drug-resistant SCCHN cells 
cultured in 2D and 3D conditions as well as in mouse xenografts 
(Beloueche-Babari et al., 2015). Longitudinal studies assessing the 
metabolic characteristics of SCCHN and correlating them with patient 
outcome are now needed to evaluate the utility of such metabolic bio
markers for patient follow-up. 

Liquid biopsies have been explored as potential biomarkers in 
SCCHN either by investigating circulating tumor cells (CTC), circulating 
tumor DNA (ctDNA) or exosomes. The impact of CTC as biomarkers 
remains debated and has to be further elucidated. Only a few studies on 
generally small cohorts and different methodologies have been pub
lished with variable results. Nevertheless, changes in CTC levels have 
been reported to be highly correlative to treatment response (Wang 
et al., 2019b) and progression of disease (Kulasinghe et al., 2018) in 
SCCHN patients. Besides this, PD-L1, PD-L2 and CD47 expression levels 
have been assessed in CTC derived from patients with R/M SCCHN. Even 
though PD-L1 expression in the tumor tissue did not correspond 
completely with that in the CTC, this approach looks promising and 
could be integrated in future clinical applications (Chikamatsu et al., 
2019). The concept of ctDNA has been investigated in head and neck 
cancer studies as diagnostic and prognostic tool. High levels of 
circulating-free DNA (cfDNA) have been detected in 200 patients with 
SCCHN especially in patients with oropharynx carcinoma, stage IV 

disease and advanced nodal disease (Mazurek et al., 2016). Further
more, HPV-related oropharyngeal cancers are characterized by cfDNA of 
HPV (Ahn et al., 2014; Siravegna et al., 2021) in plasma and saliva 
which is useful for screening of disease and early recurrence or response 
to therapy in combination with conventional imaging-based examina
tions (Rutkowski et al., 2020). Finally, exosomes are extracellular ves
icles, released by cells and implicated in intercellular communication 
through the transport of proteins, miRNA, mRNA, and DNA. In the 
context of immunotherapy, levels of PD-L1 carried by exosomes have 
been measured and have shown a correlation with tumor stage and 
lymph node status in a study including 40 patients with SCCHN (The
odoraki et al., 2018). Exosomes have also been explored in 18 patients 
with SCCHN enrolled in a phase I trial with cetuximab, ipilumumab and 
radiation therapy to determine whether tumor-derived and/or T-cell 
derived exosomes can predict outcome. The authors showed that 
tumor-derived exosomes and T cell-derived circulating exosomes, 
instead of immune cells, were useful to monitor patient response to 
anticancer therapy. This opens the way for including exosomes as a 
non-invasive tumor and immune cell biomarker in SCCHN (Theodoraki 
et al., 2019). 

6.2. TME-targeting therapeutic strategies in SCCHN 

As our understanding of the TME increased over the last decades, 
significant efforts have been made to identify, develop and test novel 
agents which interfere with the TME. In the next sections, we will 
discuss four different therapeutic strategies that primarily target the 
TME (Fig. 6). 

6.2.1. Targeting the hypoxic TME in SCCHN 
Over the past decades, a number of hypoxia-modifying strategies 

have been examined, with little to moderate success, including the use of 
hyperbaric oxygen therapy or carbogen breathing (i.e. 95 % oxygen plus 
5% carbon dioxide), which increases blood oxygen levels. Janssens 
et al., assessed the effects of accelerated radiotherapy with carbogen and 
nicotinamide (ARCON), which increases the vascular perfusion in a 
large, randomized phase III trial of ARCON versus accelerated radio
therapy alone in 345 patients with locally advanced SCC of the larynx. 
However, the 5-year local control rates were identical in both treatment 
arms (79 % vs. 78 %), whereas locoregional control was in favor of 
ARCON (Janssens et al., 2012). As the ARCON regimen is technically 
complicated to deliver and proper patient selection is difficult, based on 
the inconclusive results from the phase III trial, this strategy is not yet in 
routine clinical use. 

In addition, two hypoxic cell radiosensitizers, misonidazole and 
nimorazole, have been reported. These compounds mimic the effects of 
oxygen due to their electron affinity, resulting in increased DNA damage 
and restoration of radiosensitivity. Whereas the clinical use of misoni
dazole was limited because it caused significant peripheral neuropathy 
in 26 % of the SCCHN patients (Overgaard et al., 1989), nimorazole in 
combination with accelerated fractionation radiotherapy and concomi
tant chemoradiotherapy with weekly cisplatin has become standard for 
most SCCHN patients in Denmark (Bentzen et al., 2015). Currently, 
further studies of the DAHANCA assess the value of using hypoxia im
aging for optimal patient selection (Sakso et al., 2020b). Moreover, two 
ongoing phase III trials (NCT01950689 and NCT01880359) are evalu
ating hypoxic gene expression scores as classifiers for nimorazole radi
osensitization of SCCHN; the results of which might have an important 
impact on the future of the hypoxic cell radiosensitizers approach. 

Another promising strategy to exploit tumor hypoxia is the use of 
hypoxia-activated cytotoxic prodrugs, such as tirapazamine. However, 
despite compelling results both in vitro and in vivo (Brown and Siim, 
1996), a clinical study including patients with advanced SCCHN could 
not provide evidence that the addition of tirapazamine to chemo
radiotherapy improves OS (Rischin et al., 2010). Therefore, interest is 
growing in developing novel hypoxia-specific cytotoxins with more 
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potent antitumor activity and one of the most recent and revolutionary 
strategies encompasses nanoparticles containing these 
hypoxia-activated prodrugs (Guo et al., 2020). 

Finally, targeting HIF activity could prove useful for the disruption 
and reversal of adverse hypoxia-induced effects (Codony and Tavassoli, 
2021). For example, BAY 87–2243, a novel small molecule inhibitor of 
mitochondrial complex I and hypoxia-induced HIF-1 activity, has been 
shown to reduce tumor hypoxia in head and neck cancer xenografts 
(Helbig et al., 2014). When administered prior to radiotherapy, this 
compound improves local tumor control due to radiosensitization, thus 
opening the door for new upcoming clinical trials in head and neck 
cancer patients. Importantly, the need for predictive biomarkers (espe
cially those assessing pretreatment hypoxia) to guide clinical develop
ment of hypoxia-targeting agents is paramount in order to maximally 
explore elimination and/or exploitation of tumor hypoxia (Singleton 
et al., 2021). 

6.2.2. Targeting the tumor immune microenvironment in SCCHN 
As mentioned above, immunotherapy shows selective effects on R/M 

SCCHN patients. Indeed, in the curative setting, the addition of immu
notherapy to standard therapies has yet to improve outcomes for pa
tients with locally advanced SCCHN (Saddawi-Konefka et al., 2021). A 
phase Ib study evaluating the safety and efficacy of pembrolizumab 
addition to cisplatin-based chemoradiotherapy, showed encouraging OS 
and PFS outcomes (Powell et al., 2020). Nevertheless, these promising 
efficacy results have not been confirmed by the more recently reported 
phase III trial, JAVELIN Head and Neck 100, examining the 
PD-L1-blocking monoclonal antibody avelumab plus chemoradiation in 
patients with locally advanced SCCHN (Lee et al., 2021); this trial was 
closed early after it was found that PFS would not be improved in the 
experimental avelumab arm. In this light, optimal dose sequencing and 
timing of drug combinations is of utmost importance to affect the 

magnitude and duration of immune-mediated antitumor activity. 
Several studies aiming to test immunotherapy in combination with other 
treatment strategies for different stages of the disease are still under 
investigation (Miyauchi et al., 2019). To gain insights in the biological 
activity of PD-1 inhibitors and to identify predictive biomarkers, several 
neoadjuvant studies administrating the drug before curative surgery 
have been performed and translational research is ongoing (Ferrarotto 
et al., 2020; Xiong et al., 2020; Schoenfeld et al., 2020; Merlino et al., 
2020). Furthermore, other immune checkpoint molecules are being 
explored, including CTLA-4, T-cell immunoglobulin mucin protein 3 
(TIM-3), lymphocyte activation gene 3 (LAG-3), T cell immunoglobin 
and immunoreceptor tyrosine based inhibitory motif (TIGIT), 
glucocorticoid-induced tumor necrosis factor receptor (GITR) and 
V-domain Ig suppressor of T cell activation (VISTA) (Mei et al., 2020). 

Apart from the huge efforts to activate T cells, it is interesting to note 
that in comparison to other immune-infiltrated tumor types, both HPV- 
positive and HPV-negative SCCHN are marked by the highest levels of 
NK cell infiltration. Moreover, increased infiltration of NK cells, more 
specifically CD56dim NK cells, is associated with improved disease-free 
survival and OS, independently of HPV status (Mandal et al., 2016; 
Wagner et al., 2016). We and others recently reviewed NK cell char
tering immunotherapeutic strategies in SCCHN (Baysal et al., 2021; 
Charap et al., 2020), including: (i) targeting of negative immune 
checkpoint molecules (such as the PD-1/PD-L1 axis, the TIGIT pathway, 
the C-Type Lectin NK Cell Group 2 (NKG2) subfamily pathway and the 
killer-cell immunoglobulin-like receptor (KIR) pathway) in order to 
prevent immune escape; (ii) targeting of immune agonists (such as 
CD137 and toll-like receptors) in order to allow positive immune 
checkpoint therapy; (iii) cytokine-based immune potentiation using e.g. 
IL-2, IL-12, IL-15 or IL-21; and (iv) combinations with immunomodu
latory drugs such as PARP inhibitors and thalidomide derivatives. In 
addition, several clinical trials are underway investigating adoptive NK 

Fig. 6. Therapeutic strategies to target the TME in SCCHN. Several therapeutic agents, including monoclonal antibodies (mAb) and small-molecule inhibitors, 
have been tested in preclinical and clinical studies to target diverse components of the SCCHN TME. The molecules approved in clinics are indicated in red. Molecules 
indicated in green, blue and orange are currently being investigated in phase 1, phase 2 and phase 3 clinical trials, respectively. ATR kinase, ataxia-telangiectasia and 
Rad3-related protein kinase; CAF, cancer-associated fibroblast; CTLA4, cytotoxic T lymphocyte antigen 4; CXCL, C-X-C motif chemokine; CXCR, CXCL receptor; 
DDR2, discoidin domain-containing receptor 2; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; FAP, fibroblast activation protein; HGF, he
patocyte growth factor; Hsp90, heat shock protein 90; iCAF, immune CAF; IL-2R, interleukin 2 receptor; mTOR, mammalian target of rapamycin; myCAF, myofi
broblastic CAF; NK, natural killer; PARP, poly-adenosine diphosphate-ribose polymerase; PD-1, programmed cell death 1; PD-L1, PD ligand 1; PI3K, 
phosphatidylinositol-3-kinases; SCCHN, squamous cell carcinoma of the head and neck; TAM, tumor-associated macrophage TKI, tyrosine kinase inhibitor; TLR8, 
Toll-like receptor 8; TNF-R, tumor necrosis factor receptor; VEGFR, vascular endothelial growth factor receptor. 
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cell transfer for the treatment of solid tumors, including SCCHN 
(NCT03319459). A recent and promising approach for adoptive NK cell 
therapy is the genetic engineering of NK cells using transduction of 
chimeric antigen receptors (CAR-NK), which has shown promise in 
lymphoid tumors (Liu et al., 2020), and which is now being investigated 
in solid tumors, including SCCHN (NCT03415100). 

6.2.3. Targeting CAFs in SCCHN 
As previously discussed, CAFs are key components of the TME in 

SCCHN that secrete various growth factors and other proteins, which 
promote tumor cell proliferation and stemness as well as metastasis. 
Therefore, therapies targeting these CAFs are promising, although it 
remains challenging to identify CAFs, and CAF-directed therapies for 
that matter, due to the lack of CAF-specific markers (Nurmik et al., 
2020). Different approaches to target CAFs directly or indirectly have 
been studied preclinically, including inhibition of CAF differentiation, 
activation and interruption of the signaling crosstalk between CAFs and 
tumor cells. 

Regarding the inhibition of CAF differentiation and activation, 
Hanley et al., demonstrated that NOX4 regulates the differentiation of 
fibroblasts to myCAFs in SCCHN and multiple other tumor types. 
Remarkably, pharmacological inhibition of NOX4 in CAFs with 
GKT137831 suppressed the tumor-promoting functions of myCAFs and 
reversed the CAF phenotype into a more fibroblast-like phenotype 
(Hanley et al., 2018). Co-cultures of fibroblasts and SCCHN cells, which 
were treated with the fibroblast growth factor receptor (FGFR) inhibitor 
D173074 demonstrated reduced cell proliferation compared to un
treated co-cultures. In addition, FGFR inhibition in SCCHN xenografts 
resulted in significantly reduced tumor growth and stromal compart
ment compared to untreated controls (Sweeny et al., 2012). Moreover, it 
has been shown that c-Met is activated by CAF-secreted HGF and the 
treatment of the c-Met inhibitor PF-02341066 combined with the FGFR 
inhibitor AZD-4547, reduced CAF-induced SCCHN tumor proliferation 
both in vitro and in vivo (Kumar et al., 2018b). Inhibition of CAF acti
vation by targeting FAP with FAP5-DM1 also reduced tumor growth and 
induced complete regression in xenografts from different tumor types, 
including SCCHN (Ostermann et al., 2008). Interestingly, activated CAFs 
are also known to be involved in resistance to anti-EGFR therapies. For 
example, Yegodayev et al., showed that the TGF-β pathway was upre
gulated in CAFs originating from cetuximab-resistant PDTX of SCCHN, 
whereas the opposite applied for CAFs from cetuximab-sensitive xeno
grafts. Inhibition of these TGF-β-activated CAFs by the SMAD3 inhibitor 
SIS3, sensitized resistant xenografts to treatment with cetuximab 
(Yegodayev et al., 2020b). 

Another approach to target the TME is to interrupt the crosstalk 
between tumor cells and CAFs. In this regard, IL-6 secretion by CAFs was 
identified as an important mediator of the crosstalk, and blocking the IL- 
6 receptor with tocilizumab resulted in tumor growth inhibition and 
modified gene expression levels of STAT3 and ERK1/2 in a SCCHN 
patient-derived xenograft model (Karakasheva et al., 2018). Similarly, 
tocilizumab in combination with cisplatin efficiently reduced tumor 
growth in mice injected with SCCHN cell lines that were co-implanted 
with human endothelial cells (Nazari et al., 2020). As it has been 
shown in co-culture experiments that the expression of MCTs, which are 
responsible for the transport of lactate, is upregulated in both SCCHN 
cells and CAFs, and MCTs are important players in the signaling cross
talk between CAFs and tumor cells, targeting MCTs might also be a 
promising therapeutic strategy for SCCHN treatment (Chandel and 
Kumar, 2021). In this context, inhibition of MCT1 with AZD3965 led to a 
small reduction in tumor volume in SCCHN xenografts, but combined 
treatment with AZD3965 and simvastatin significantly reduced tumor 
growth compared to either treatment alone (Mehibel et al., 2018). 
Alternatively, combination treatment of matrix metalloproteinase ac
tivity with cetuximab has been reported to reduce CAF-mediated pro
tective effects in a preclinical model of SCCHN (Johansson et al., 2012). 
Finally, Kumar et al., demonstrated that treatment with the 

HGF-neutralizing antibody ficlatuzumab significantly diminished 
SCCHN cell proliferation by neutralizing CAF-secreted HGF (Kumar 
et al., 2015), hereby also interfering, at least in part, with the crosstalk 
between CAFs and SCCHN cells. 

Although an increasing interest has grown towards the role of CAFs 
in SCCHN and multiple preclinical studies have focused on CAFs as a 
therapeutic target, multiple questions remain to be answered before 
these studies can be translated to the clinical setting (Custódio et al., 
2020). However, we believe that there is a future for CAF-targeted 
therapies, once our understanding of the different CAF phenotypes 
further develops. 

6.2.4. Targeting the abnormal ECM network of the TME in SCCHN 
The ECM consists of various macromolecules, such as collagens, fi

bronectins, glycoproteins, laminins and glycoproteins, and forms a 
highly structured 3D network that provides support to surrounding cells. 
The ECM is also involved in cell-to-cell communication. It can influence 
a wide range of cell signaling pathways via binding to receptors (e.g. 
integrins) or via growth factors that are immobilized in the ECM (Plzák 
et al., 2019; Henke et al., 2020). Although tumor cells also synthesize 
products for the ECM, CAFs are the main source of ECM components 
(Naba et al., 2012). Even small changes in the composition of the ECM 
can have a marked impact on cellular processes, potentially leading to 
sustained cell growth, therapy resistance, angiogenesis, and metastasis 
(Plzák et al., 2019; Henke et al., 2020). Therefore, targeting the ECM to 
improve the therapeutic outcome of patients might be interesting and 
has gained more attention. Unfortunately, like CAF targeting, it also 
remains challenging to target the ECM. For example, the clinical eval
uation of an anti-microtubule agent coupled to an antibody against the 
cell surface adhesion receptor CD44, which is involved in cell-matrix 
interactions by hyaluronan, was terminated due to a lack of tumor 
selectivity, which led to severe adverse events (Riechelmann et al., 
2008). Nevertheless, efforts are still being made to efficiently target an 
abnormal ECM. It has recently been shown that knockdown of lysyl 
hydroxylase 2, which is involved in the formation of stable cross-links 
between collagen in the ECM, resulted in a significantly decreased 
invasiveness in preclinical models of SCCHN (Sato et al., 2021). 

However, the majority of studies in SCCHN that aimed to alter the 
tumor ECM have focused on disrupting the interactions between the 
ECM and tumor cells (e.g. using laminin and integrin inhibitors) and 
downstream signaling [e.g. focal adhesion kinase (FAK) inhibitors], 
rather than targeting the ECM components themselves. Preclinical re
sults for integrin inhibitors are promising, as illustrated by the study of 
Eke et al., who showed that targeting β1 integrins with different anti
bodies increased the sensitivity to radiotherapy of 8 SCCHN cell lines 
grown in a 3D laminin-rich ECM–based cell culture model. In addition, 
β1 integrin targeting resulted in significant growth inhibition of SCCHN 
cells in vivo (Eke et al., 2012). As α integrin subunits interact with β1 
integrin, targeting α integrins might give similar results. Indeed, genetic 
knockdown of α3 integrin radiosensitized SCCHN cells and reduced cell 
survival in the same 3D culture model as mentioned above. Interest
ingly, dual α3 and β1 integrin targeted therapy showed to be superior 
compared to α3 integrin inhibition alone (Steglich et al., 2015). Other 
combination strategies with β1 integrin have also been studied, 
including the combination of a β1 integrin inhibitor, cetuximab and 
irradiation, which resulted in increased cytotoxicity and radiosensitivity 
compared to either treatment alone (Eke et al., 2015). 

Regarding the downstream signaling of ECM-cell interactions, mul
tiple studies demonstrated that inhibition of FAK, with or without co- 
targeting of EGFR, is also a promising therapeutic strategy in SCCHN 
(Hehlgans et al., 2009, 2012; Eke and Cordes, 2011). In addition, 
complete knockdown of discoidin domain receptor 1 (DDR1, a 
collagen-activated receptor tyrosine kinase) in SCCHN cell lines grown 
in the presence of collagen resulted in a significantly reduced migratory 
and invasive potential, suggesting a promising role of specific DDR1 
inhibitors for the SCCHN treatment (Lai et al., 2019). Lastly, microRNAs 

V. Van den bossche et al.                                                                                                                                                                                                                     



Drug Resistance Updates 60 (2022) 100806

15

have also been studied for their usage as therapeutic agents, since 
various microRNAs are aberrantly expressed and known to be involved 
in the intercellular communication between tumor cells and the SCCHN 
TME (Plzák et al., 2019). In this regard, Kinoshita et al., have demon
strated that the frequently downregulated tumor suppressor 
microRNA-29 is involved in the regulation of laminin-integrin signaling 
and silencing of its target genes laminin γ2 and α6 integrin results in a 
significant inhibition of SCCHN cell migration and invasiveness 
(Kinoshita et al., 2013). 

7. Concluding remarks and perspectives 

Despite an increasing arsenal of therapies, the clinical outcome for 
SCCHN patients is still dismal, particularly in advanced stages and in the 
recurrent or metastatic setting. The lack of reliable genetic biomarkers 
in SCCHN has dampened the enthusiasm of the oncology community for 
the implementation of NGS-based precision medicine in the clinical 
management of R/M SCCHN patients. In line with the recent imple
mentation of immunotherapy, integrating and exploiting TME pecu
liarities may help break with the current treatment paradigm in order to 
provide SCCHN patients with a new mode of personalized medicine. 
Main challenges in the identification of new reliable prognostic bio
markers and effective therapeutic agents for SCCHN reside in the high 
intratumoral heterogeneity and the capacity of malignant cells to 
develop mechanisms of resistance over time. As discussed in this review, 
several agents targeting hypoxia, ECM network, as well as immune and 
stromal cells, have been developed and are under current preclinical 
investigation in SCCHN. Further studies are now needed to identify 
combinatorial or sequential therapeutic strategies with the greatest 
potential to circumvent escape mechanisms or at least delay the devel
opment of resistance. Patient-derived models of SCCHN, such as xeno
grafts and organoids, will help determine the therapeutic avenues likely 
to benefit the most to patients. The contribution of the oral microbiota in 
SCCHN progression is also being increasingly recognized and will 
deserve more attention in future studies to fully recapitulate the bio- 
ecological niche along the upper aerodigestive tract and to address 
how microbiota-targeting strategies might be implemented for precision 
medicine in SCCHN patients. As the rate of HPV-related SCCHN is 
increasing and the most common oncogenic HPVs, HPV-16 and -18, are 
covered by FDA-approved HPV vaccines, clinicians are struggling to 
answer whether or not HPV-positive SCCHN could be prevented by 
vaccination campaigns worldwide. Finally, the identification of TME- 
related biomarkers for clinical decision-making in SCCHN patients will 
also undoubtedly benefit from the recent development of machine 
learning methods, including artificial intelligence-based predictive 
analysis, to analyze large-scale multi-omics datasets. We are thus 
convinced that all these new insights and novel technologies will help to 
better understand the SCCHN microenvironment biology and will pave 
the way for the implementation of new personalized modalities for 
disease detection, surveillance and treatment so that improving outcome 
and quality of life of SCCHN patients. 
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