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A B S T R A C T   

Head and neck cancers (HNC) are a diverse group of aggressive malignancies with high morbidity and mortality, 
leading to almost half-million deaths annually worldwide. A better understanding of the molecular processes 
governing tumor formation and progression is crucial to improve current diagnostic and prognostic tools as well 
as to develop more personalized treatment strategies. Tumors are highly complex and heterogeneous structures 
in which growth and dissemination is not only governed by the cancer cells intrinsic mechanisms, but also by the 
surrounding tumor microenvironment (TME). Cancer-associated fibroblasts (CAFs) emerge as predominant TME 
components and key players in the generation of permissive conditions that ultimately impact in tumor pro
gression and metastatic dissemination. Although CAFs were initially considered a consequence of tumor 
development, it is now well established that they actively contribute to numerous cancer hallmarks i.e., tumor 
cell growth, migration and invasion, cancer cell stemness, angiogenesis, metabolic reprograming, inflammation, 
and immune system modulation. In this scenario, therapeutic strategies targeting CAF functions could potentially 
have a major impact in cancer therapeutics, providing avenues for new treatment options or for improving ef
ficacy in established approaches. This review is focused on thoroughly dissecting existing evidences supporting 
the contribution of CAFs in HNC biology with an emphasis on current knowledge of the key molecules and 
pathways involved in CAF-tumor crosstalk, and their potential as novel biomarkers and/or therapeutic targets to 
effectively interfere the tumor-stroma crosstalk for HNC patients benefit. involved in CAF-tumor crosstalk, and 
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their potential as novel biomarkers and/or therapeutic targets to effec- tively interfere the tumor-stroma 
crosstalk for HNC patients benefit.   

1. Introduction 

Head and neck cancers (HNC) are a heterogeneous group of diseases 
arising from the mucosal surfaces of the oral and nasal cavity, 
oropharynx, hypopharynx, and larynx, showing also marked differences 
in progression, treatment and prognosis. Overall, HNC harbor multiple 
and very diverse genetic and molecular alterations caused by carcino
genic exposure. Around 95% of HNC are squamous cell carcinomas 
(HNSCC), which represent the sixth leading cancer by incidence 
worldwide, with approximately 887,000 new cases diagnosed each year 
and over 450,000 estimated deaths [1–3]. Currently, the standard 
treatment strategies for HNC patients include surgery, chemotherapy, 
based on cisplatin, and/or radiotherapy. There are only few molecular 
therapeutic strategies approved by the FDA: anti-EGFR antibody 
cetuximab [4] and nivolumab and pembrolizumab (anti-PD-1/PD-L1 
antibodies) for the treatment of patients with recurrent or metastatic 
disease [5]. However, despite advancements in local control and overall 
quality-of-life achieved with the use of different combination treatment 
strategies, the survival rates for HNC patients have only modestly 
improved over the last decades. 

Cancer was originally considered as a disease caused by transformed 
cells that acquire uncontrolled proliferation, limitless replication, and 
invasive potential. Nevertheless, it has now become clear that tumor 
growth is not only supported by the cancer cells themselves but also the 
surrounding microenvironment. Therefore, in-depth understanding of 
the tumor progression process should involve a deeper characterization 
and knowledge of the functional roles of both tumor and stromal cells. 
The tumor stroma is composed of a variety of cell types including cancer- 
associated fibroblasts (CAFs), endothelial cells, mesenchymal stem cells, 
innate and adaptive immune cells and also the extracellular matrix 
(ECM), collectively constituting the so-called tumor microenvironment 
(TME) [6,7]. Normal tissue homeostasis relies on a well-established and 
controlled communication among all cell types; however, in cancer, the 
crosstalk with the environment goes awry with important consequences. 
This crosstalk is bidirectional, since one cellular component influences 
the other and vice versa, in a mutual molecular and metabolic reprog
ramming, affecting tumor cell growth, stemness, epithelial to mesen
chymal transition (EMT), migration and invasion, immune system 
modulation, inflammation and angiogenesis, ultimately having a major 
impact on patient prognosis and disease outcome [8–10]. On this basis, 
TME-based therapies may offer new opportunities for cancer treatment. 

CAFs are the majority TME component, found in aberrantly high 
numbers in HNC, which mainly differ from the normal fibroblasts (NFs) 
by their permanent activated phenotype [11,12]. NFs are mostly active 
during embryonic development, whereas they usually remain quiescent 
in adult normal tissues and only activate in response to inflammation, 
fibrosis or during wound healing [13]. By contrast, CAFs exhibit a 
characteristic activated phenotype, leading to the assumption of tumors 
as “wounds that do not heal” [14,15]. Diverse markers have been re
ported and used to characterize the presence and activation status of 
CAFs, revealing their heterogeneity and functional diversity with a wide 
range of tumor-promoting or suppressing functions [16]. Moreover, the 
presence of CAFs in the TME has been associated with a poor prognosis 
in various types of carcinomas, including HNC [17–21]. According to the 
clinical and biological relevant role of CAFs, commonly shared by HNC 
and other solid cancers with CAF-rich environments, the development of 
CAF-targeted therapies poses a promising strategy to improve patient 
treatment and outcome. To date, there is still rather limited information 
on the specific roles of CAFs in solid tumors, making difficult the 
development and safe implementation of CAF-based cancer treatment 
strategies [22]. 

In this review, we intend to thoroughly examine the existing func
tional and mechanistic evidences supporting the contribution of CAFs to 
major cancer hallmarks and HNC progression. A special emphasis is 
devoted on current knowledge of the key molecules and pathways 
involved in CAF-tumor crosstalk, and their potential as novel CAF-based 
biomarkers and/or therapeutic strategies to improve patient treatment 
and care. 

2. CAF involvement in HNC proliferation 

Abnormal and unrestraint proliferation is the most fundamental 
feature of cancer cells. Normal tissues exert a tightly controlled pro
duction and release of molecules that trigger signals to promote cell 
proliferation or cell death, thus ensuring the cell number required for the 
maintenance of normal tissue homeostasis. By contrast, cancer cells 
ignore these control mechanisms and acquire the ability to sustain 
chronic proliferation, cell death resistance and unlimited replicative 
potential. In addition, cancer cells also produce multiple factors that 
regulate the surrounding microenvironment, altering its behavior to 
support cancer cell proliferation. Specifically, CAFs contribute to cancer 
cell proliferation, mainly through the secretion of ECM proteins, growth 
factors, and inflammatory ligands (cytokines and chemokines) that 
mediate interactions between fibroblasts, ECM, and cancer cells, thereby 
playing a key role in HNC development and progression [23]. In this 
regard, CAFs can promote tumor growth by different ways (Fig. 1), for 
instance: i) secreting pro-tumorigenic factors; ii) releasing microRNAs 
into exosomes and ii) modifying the ECM components and density. 

During the last decades, several CAF-secreted molecules have been 
identified, having a great impact on HNC growth and progression. 
Among them, increased IL-6 levels have been associated with a higher 
incidence of second primary tumors, and suggested as a possible pre
dictive biomarker for recurrence and survival in HNC patients [24]. The 
Interleukin IL-1β produced by cancer cells is assimilated by CAFs, 
thereby triggering Interleukin-1 receptor-associated kinase-1 (IRAK) 
phosphorylation and, subsequently, nuclear translocation of NFκBα and 
induction of the IL1β-regulated genes IL-6 and COX-2 [24]. In turn, IL-6 
and COX-2 may directly influence cell proliferation and metastasis by 
decreasing E-cadherin expression in tumor cells [24]. Another study in 
HNC has reported that conditioned media from fibroblasts co-cultured 
with HNC cells enhanced cell proliferation by increasing the fraction 
of cells in S and G2/M phase. Proteomic analysis revealed that tumor 
cells release IL-1, which in turn induces the expression of COX-2 and 
microsomal PGE-synthase-1 (mPGES-1) in fibroblasts leading to the 
release of prostaglandin E2 (PGE2), a recognized inducer of cell prolif
eration [25,26]. 

In addition, CAFs may promote cell proliferation through the 
secretion of hepatic growth factor (HGF) which has the ability to bind to 
the tyrosine kinase c-MET and activate signaling pathways like MAPK, 
RAS, PI3K and STAT3, thereby favoring cell growth and survival 
[27–29]. Brain-derived neurotrophic factor (BDNF) secreted by CAFs 
specifically interacts with tropomyosin-like kinase B receptor (TrkB), 
and drives epithelial-mesenchymal transition (EMT) in tumor cells. 
Notably, inhibition of CAF-derived BDNF decreased tumor growth in 
vivo in models of HNC and other carcinoma types such as pancreas, lung, 
colon and prostate or neuroblastoma and multiple myeloma [30]. 
Currently, other CAF-secreted molecules identified for their role in cell 
proliferation and HNC progression are: Stanniocalcin 2 (STC2), Serpin 
peptidase inhibitor type 1 (SERPINE1), Integrin α6 (that interacts with 
CDKN1A altering cell cycle progression) [31], Activin A [32], Kerati
nocyte growth factor (KGF) [33], Stromal-derived factor 1 (SDF-1) [24, 
34], and Tumor necrosis factor alpha (TNF-α) [24]. 
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Several microRNAs have also been described as important players in 
the tumor-stroma communication in different cancers. Thus, miRNAs 
can be secreted into exosomes and act as paracrine signaling factors to 
control several proliferation pathways. In the HNC context, miR-7 has 
been found upregulated in CAFs compared to NFs. Exogenous expression 
of miR-7 induced the conversion of fibroblasts into CAFs, whereas miR-7 
inhibition caused the opposite effect. Mechanistically, miR-7 over
expression in fibroblasts down-regulated Ras association domain family 
member 2 (RASSF2) and decreased the secretion of PAR-4 (a protein 
that acts as a tumor suppressor and apoptosis inducer) from CAFs, which 
was accompanied by increased growth and migration of cancer cells in 
co-culture experiments [35]. It has also been reported that miR-34a-5p 
binds to AXL and suppresses the proliferation of OSCC cells. miR-34a-5p 
levels are found downregulated in CAFs-derived exosomes compared to 
NFs, thus contributing to OSCC growth and progression [36]. Alike 
miRNAs, long non-coding RNAs (lncRNA) can also be secreted into 
exosomes, among which LOC400221 released from fibroblasts, has been 
reported to induce fibroblast reprogramming to CAF via IL-33 to support 
OSCC growth [37]. Our group reported that miR-196a/b dysregulation 
causes pleiotropic effects in HNC cell lines and CAFs leading to the in
hibition or activation of cell proliferation and migration depending on 
the cellular context. Besides, miR-196a/b have been found to down
regulate specific gene families such as the HOX family involved in the 
regulation of several proliferation-related signaling pathways [38]. On 
the other hand, CAFs also regulate cancer cell proliferation through the 
secretion of different ECM components, such as collagen, among others. 
A high expression of COL11A1 was found to enhance the proliferation, 
migration and invasion of HNC cells and CAFs [39,40]. Besides, 
COL11A1 has been associated with the progression of different carci
nomas [41]. High expression of COL3A1 and COL8A1 by CAFs has been 
associated with proliferative phenotypes and poor prognosis in HNC and 
OSCC, respectively [42,43]. 

Overall, the TME and specifically CAFs have a profound impact on 
HNC growth by providing additional sources of proliferative signals in 
the form of soluble factors, ECM components and metabolites. 
Currently, chemotherapy and radiotherapy remain the major treatment 

options for HNC patients, which are based on targeting high- 
proliferating cancer cells. However, these therapies also have impor
tant side-effects in normal tissues with high proliferative rates. Ac
cording to the herein presented evidences, CAFs sustain tumor cell 
proliferation by multiple different mechanisms, as such CAF-based 
therapeutic strategies could potentially be useful to control tumor 
outgrowth and to improve the effectiveness and tolerability of current 
treatments while reducing their side-effects. Based on the existing 
literature, strategies aimed at targeting some CAF-secreted factors, such 
as IL-6 or IL-1 could be effective to block tumor growth supportive 
signals driven by CAFs. Conventional chemotherapy and radiotherapy 
are based on targeting hyper-proliferative features of cancer cells, hence 
their combination with CAF-based therapies could enhance tumor 
sensitivity and treatment efficacy using lower and better tolerable doses 
with minimal side-effects. 

3. CAFs contribution to HNC migration and invasion 

One of the crucial steps in tumor progression is the ability of cancer 
cells to invade, firstly the surrounding tissues, and thereafter to 
disseminate to distant organs. In this regard, HNC is primarily a loco- 
regional disease commonly characterized by frequent cervical lymph 
node metastases (considered the worst prognostic factor), detected in 
over 50% of patients at diagnosis. Distant metastases remain relatively 
low compared to other cancers (around 20%); however, they profoundly 
aggravate patient prognosis [44]. 

Carcinogenesis is a complex process that evolves through several 
changes not only restricted to epithelial cells, but also affecting the 
surrounding stroma. This phenomenon, so-called stromagenesis, ap
pears to occur coupled to the tumorigenesis process generating subsets 
of pro-tumorigenic fibroblasts [45]. In this sense, cancer cells modulate 
stroma behavior to create a permissive microenvironment that enables 
tumor progression and invasion [46]. It is becoming increasingly clear 
that TME plays a very important role in the regulation of cancer cell 
migration and invasion, participating at various different levels either in 
the promotion or inhibition of tumor progression and metastatic 

Fig. 1. Representative scheme of the main proliferation signaling pathways induced by CAFs in HNC. Molecules interconnected in the same pathways are depicted 
using same colors (black excluded). Further details of the crosstalk between CAFs and HNC cells are summarized in Table 1. 
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spreading (Fig. 2). 

3.1. Paracrine modulation 

CAFs may regulate tumor invasion through the secretion of a large 
variety of molecules such as chemokines, cytokines, growth factors, 
ECM components and matrix-metalloproteinases (MMPs) to modulate 
the invasive potential of tumor cells. Nowadays, several molecules 
involved in CAF-HNC crosstalk have been identified. In co-culture ex
periments, CCL7 secretion by CAFs has been reported to stimulate the 
migration and invasion of OSCC cells, which was neutralized by using a 
CCL7 antibody [47]. In addition, CCL11 secretion by CAFs also promote 
invasive and migration abilities of HNC cells as well as EMT induction 
[48]. The crosstalk between CAFs and OSCC cells also led to elevated 
CXCL1 in the TME, enhancing the migration and invasion potential of 
cancer cells [49]. Besides, IL-1β secretion by CAFs into the HNC TME 
induced CCL22 expression by NF-κB activation, thereby enhancing cell 
proliferation, migration and invasion [50]. IL-33 has also been reported 
as a critical mediator of CAF-induced invasiveness in HNC models, 
which increased cell migration and invasion through EMT induction 
[51]. Likewise, stromal transforming growth factor-β1 (TGF-β1) has also 
been reported to activate podoplanin expression in tumor cells, leading 
to more invasive phenotypes [52]. Moreover, CAF-secreted IL-6 has 
been described as a major upstream molecule triggering osteopontin 
overexpression in HNC, which caused increased growth, migration and 
invasion of cancer cells in vitro, and it was correlated with poor prog
nosis in HNC patients [53]. These data evidence that CAFs may exert an 
important regulatory role in tumor invasion and dissemination through 
a plethora of secreted factors. 

3.2. ECM remodeling 

The ECM is another TME component that can regulate cancer inva
sion. Changes in ECM composition and density alter its stiffness, 
consequently modifying tumor behavior. CAFs play a key role regulating 
ECM stiffness by synthetizing or degrading various principal compo
nents such as collagens, fibronectin or proteoglycans. They also 
contribute to matrix stiffening through the mechanical contraction of 
actomyosin [54]. Fibronectin is produced by CAFs around carcinomas, 
presumably in response to soluble factors released by tumor cells to the 

TME, and its expression has been inversely correlated with the tumor 
grading and invasive potential [55]. Furthermore, a study conducted by 
Gopal and co-workers showed that fibronectin released by CAFs is an 
independent predictor of unfavorable prognosis in HNC [56]. It has also 
been demonstrated both in vitro and in vivo that collagen expression by 
CAFs is increased compared with NFs, and able to enhance the migration 
and invasion of HNC cells [39,43]. Syndecan-1, a member of the pro
teoglycans family that binds several ECM components, is highly 
expressed during keratinocyte differentiation while markedly dimin
ished in squamous cell carcinomas development, and proposed as a 
prognostic tool in HNC [57]. Thus, ECM components are important 
factors that affect the invasive behavior of HNC cells. 

Besides, CAFs are the main producers of MMPs in the TME and hence 
play a crucial role in ECM degradation and remodeling, helping the 
tumor to create paths and a more permissive ECM that favors local in
vasion. Co-cultures of HNC cells and CAFs showed that CAF-derived 
MMPs resulted in a more active ECM degradation, whereas individu
ally each cell type failed to produce this effect. Also, the specific 
involvement of CAF-MMPs in matrix degradation, and subsequently in 
tumor invasion, was evidenced using the MMP inducer EMMPRIN [58]. 
Increased expression of hyaluronan synthase 2 (HAS2) has been detec
ted in CAFs compared to paired NFs, and significantly correlated with 
advanced clinical stages and cervical lymph node metastasis. Moreover, 
HAS2 overexpression has been linked to high MMP-1 and low TIMP1 
levels, and enhanced invasiveness of OSCC cells [59]. CAF-secreted 
MMP-2 reduced keratinocyte cohesion and concomitantly increased 
epithelial invasion into collagen gels in a TGF-β-dependent manner, 
promoting more aggressive oral cancer phenotypes [60]. Furthermore, 
MMP-2 has also been revealed as a key player in HNC metastasis. It is 
secreted by CAFs in its inactive form, and cancer cells generate the active 
MMP-2 form through membrane type 1-matrix metalloproteinase 
(MT1-MMP) [61]. Co-culture experiments showed that direct contact 
between CAFs and HNC cells activates MMP-2 and MMP-9 secretion and 
modulates HNC invasive behavior by the CXCL12/CXCR4 pathway [62]. 
MMP-3 expression in co-cultured HNC cells and CAFs has also been 
involved in ECM remodeling and cancer cell invasion [63]. MMP-13, 
expressed by tumor cells and CAFs in squamous cell carcinomas, has 
been correlated with high invasive capacity of cancer cells both in vitro 
and in vivo [64]. These data reflect the great impact of CAFs on the 
regulation of MMP production and activity in the HNC TME. 

Fig. 2. Schematic overview of the main migration and invasion pathways induced by CAFs in HNC. Molecules interconnected in the same pathways are depicted 
using same colors (black excluded). Further details of the crosstalk between CAFs and HNC cells are summarized in Table 1. 
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Interestingly, Gaggioli et al. demonstrated that CAFs support local 
cancer cell invasion generating tracks in the ECM that are used by 
squamous cell carcinoma (SCC) cells, thus uncovering CAFs as the 
leading cells driving SCC invasion [65]. Later studies further contributed 
to delineate several mechanisms involved in this process, such as the 
heterotypic physical interaction between N-cadherin on CAF membrane 
and E-cadherin on cancer cell membrane, enabling cell adhesion, 
migration and invasion [66]. 

Anti-invasive cancer therapies were classically designed and aimed 
to only affect cancer cells, based on targeting major invasion-related 
signaling pathways altered in cancers. In the last decades, several anti- 
metastatic drugs targeting/blocking the activity of proteins involved 
in cancer cell migration or invasion have been developed and tested in 
preclinical and clinical HNC settings. Dasatinib (BMS-354825) and 
saracatinib (AZD0530) were developed to broadly inhibit Src family 
kinases (SFK) signaling, due to its critical role in cancer cell motility and 
invadopodia formation [67]. Initial in vitro studies demonstrated the 
promising effects of these SFK inhibitors, potently impairing invasive
ness of HNC cell lines [68]. Nevertheless, a subsequent phase II trial 
evidenced no clinical benefit of saracatinib or dasatinib as single agents 
in patients with advanced HNC [69,70]. Beyond, our group uncovered 
striking deleterious effects of dasatinib and saracatinib acting as stem
ness promoters in HNC models [71]. Similarly, the Abl family inhibitor 
imatinib also failed to demonstrate a clinical benefit for HNC patients 
[72], and a phase II clinical trial with the anti-EGFR monoclonal anti
body cetuximab only showed partial response in a small subset of HNC 
patients [73,74]. Interestingly, recent results from our group have un
veiled that HNC-secreted factors drive exacerbated invasion of stromal 
fibroblasts in both CAFs and NFs to a similar extent, showing their high 
plasticity to be corrupted by the tumor [75]. In-depth mechanistic 
characterization using phosphoproteomics revealed 11 targetable ki
nases (MKK7, MKK4, ASK1, RAF1, BRAF, ARAF, COT, PDK1, RSK2 and 
AKT1) potentially involved in HNC-driven fibroblast invasion. Further 
functional validation using pharmacologic inhibitors demonstrated that 
RAF/B-Raf inhibition with sorafenib was the most effective drug to 
block tumor-promoted invasion of CAFs and NFs. These data unprece
dentedly uncover sorafenib as a promising drug to effectively target 
exacerbated invasive properties of CAFs and to prevent HNC invasion 
and dissemination. This should be of great importance since tumor re
currences and distant metastasis are major causes of mortality in HNC. 

On the other hand, results from clinical trials such as dasatinib that 
showed no clinical benefit are somehow relevant to highlight that pre
clinical HNC models based only on tumor cells fail to resemble tumor 
complexity and clinical behavior. Given the prominent role of CAFs as 
drivers of tumor invasion and aggressive phenotypes in HNC, they 
emerge as critical players within the TME that should be considered to 
develop better HNC models and disease-relevant platforms for testing 
drugs or novel combination treatments aimed at targeting/blocking 
tumor invasion and spreading, and ultimately improving HNC patient’s 
life expectancy. 

4. CAF modulation of HNC stemness 

Tumors are complex structures where not all malignant cells are 
functionally equivalent but hierarchically organized. Tumor heteroge
neity lies in intrinsic features, including genetic, epigenetic and bio
logical properties of cancer cells, and extrinsic features affected by TME 
characteristics that jointly contribute to tumor progression [9]. In this 
sense, the role of cancer stem cells (CSCs) is of paramount importance, as 
these subpopulations of cancer cells are considered to drive tumor 
initiation and to maintain tumor heterogeneity by their self-renewal and 
differentiation capacities [9]. CSCs are also characterized by their ca
pacity to develop innate resistance to therapy, due to the low replica
tion, expression of drug export systems, induction of angiogenesis, EMT, 
hypoxia resistance and immune escape. Consequently, they are also 
closely linked to relapse and metastatic spread [76]. 

Nowadays, it is well-accepted that CAFs are a key cellular component 
to maintain the CSC niche. CAFs co-evolve with the tumor and promote 
CSC features through paracrine crosstalk. As such, CAFs play an active 
role in cancer progression, by regulating CSC properties in various ways 
(Fig. 3): i) acting directly on CSC subpopulations to promote self- 
renewal; ii) re-inducing a stem cell phenotype in more differentiated 
tumor cells (reprogramming); and iii) inducing autocrine signaling loops 
in tumor cells to sustain their stem cell-like potential [77]. 

Specifically, several publications have demonstrated CAF contribu
tion to sustain CSC properties in HNC. A recent paper reported that 
periostin released by CAFs promoted stemness through PTK7–Wnt/ 
β–Catenin pathway, as well as tumor initiation and progression in vivo 
[78]. It has also been described that CAFs enhanced CSC properties in 
OSCC, as reflected by increased expression of the pluripotency tran
scription factors Sox2, Oct4 and Nanog and the membrane proteins 
CD44 and CD105, leading to increased proliferation, reduced apoptosis, 
enhanced cell motility and chemotherapy resistance [79]. Le and 
co-workers described a paracrine signaling loop between cancer cells 
and CAFs involving Wnt pathway (a well-known CSC promoter), capable 
of regulating CSC characteristics, tumorsphere formation and invasive
ness in vitro. Furthermore, the Wnt inhibitors OMP-18R5 and 
OMP-54F28 reduced tumor growth of HNC patient-derived xenografts 
[80]. In addition, CAF-secreted IL-6 has been shown to enhance survival 
and self-renewal of CSC populations [81]. 

CAFs have also been involved in triggering mechanisms responsible 
for switching HNC cells from a non-CSC to a CSC state. Our group 
investigated the paracrine crosstalk between CAFs and HNC CSCs. For 
that purpose, the effect of conditioned media (CM) from CAFs or NFs 
was studied on CSC properties, analyzing tumorsphere formation, 
anchorage-independent growth and the expression of CSC markers [82]. 
Results revealed that CM from CAFs alone (without serum or any sup
plement) greatly enhanced tumorsphere formation in HNC cell lines, 
whereas NF-CM was much more inefficient. This was concomitantly 
accompanied by increased expression of CSC markers (specially, 
NANOG, ABCG2, CD44 and SOX2), which were also more robustly 
induced by CAF-CM. In addition, MS/MS analysis of CAF/NF secretomes 
was accomplished to identify the repertoire of CAF-secreted proteins 
and related signaling transduction programs responsible for sustaining 
the HNC CSC phenotype [82]. Among the most highly up-regulated 
proteins identified were Carboxypeptidase E (CBPE), platelet-derived 
growth factor D (PDGFD), EGF-containing fibulin-like extracellular 
matrix protein-1 (FBLN3), insulin-like growth factor binding protein-5 
(IGFBP5) and insulin-like growth factor binding protein-7 (IGFBP7). 
Noteworthy, pharmacological targeting of the related signaling path
ways to the growth factors EGF, IGF and PDGF dramatically reduced 
tumorsphere-forming capability and anchorage-independent growth 
[82]. According to these findings, new drugs targeting these proteins or 
downstream signaling pathways may emerge as a good strategy for 
designing more efficacious treatments that eradicate the HNC CSC 
niche. 

Similarly, other studies have described a CSC-promoting role of CAFs 
in other cancer types, thus reflecting that this is a common characteristic 
in different cancers. Donnarumma and colleagues reported that CAFs 
promoted breast cancer progression by enhancing stemness, EMT 
phenotype, and anchorage-independent growth [83]. Mechanistically, 
CAFs were found to secret ADAM10-rich exosomes to promote cell 
motility and activate RhoA and Notch signaling in several cancer cell 
lines [84]. In addition, primary colon CAFs released HGF that induced 
nuclear translocation of ß-catenin in tumor cells and a stem cell-like 
transcription profile [85]. In prostate cancer, tumor cells released IL-6 
leading to fibroblast activation and MMP secretion, which in turn eli
cited an EMT phenotype in cancer cells, as well as increased tumor 
growth and development of spontaneous metastases. CAF-induced EMT 
in prostate carcinoma cells was accompanied by increased expression of 
CSC markers, and enhanced tumorsphere formation and self-renewal 
[86]. Therefore, the TME, and specifically CAFs, play an essential role 
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in CSC promotion and maintenance, acting through various key 
signaling pathways related to stemness, such as Wnt, Notch, NFκB, 
SOX2, NANOG, CXCL12/CXCR4 and VEGF/VEGFR pathways among 
others [77,87]. 

Altogether, these findings reflect the high plasticity of cancer cell 
subpopulations to switch between CSC and non-CSC phenotypes, 
showing that epithelial cells may dedifferentiate, thus entering back into 
the stem cell pool. For all these reasons, therapies aimed at targeting 
CSCs within the tumor will not be curative if the CSCs pool can be 
continuously regenerated from plastic non-CSCs, capable of dediffer
entiating and re-entering the CSC state. The identification of key mol
ecules/signals responsible for mediating this conversion is indispensable 
to select the most appropriate drugs, or combinations of them, to effi
ciently eliminate CSC populations or attenuate their ability to survive 
conventional cytotoxic therapies, and to ultimately reduce the risk of 
metastatic outgrowth and tumor relapse. Therefore, understanding the 
precise role of the TME components and more specifically CAFs in sus
taining the CSC niche will certainly allow the design and development of 
drugs to effectively eliminate the CSC pool, and to improve clinical 
outcomes in HNC patients. In this regard, we highlight that drugs, spe
cifically targeting EGF, IGF and PDGF signaling pathways, emerge as 
excellent strategies to block functionally CAF-enhanced stemness and 
tumorsphere forming ability, to consequently reduce the CSC pool in 
HNC. 

5. CAF involvement in HNC cell metabolism 

In the last two decades, reprogrammed cancer metabolism has 
attracted enormous interest as a topic for drug discovery, emerging as a 
next generation cancer hallmark [88]. However, metabolic-targeted 
therapies are as of yet not clinically available for HNC patients. Mito
chondrial respiration via oxidative phosphorylation (oxphos) and 
glycolysis are the main pathways that cells use to produce ATP. In order 
to satisfy energetic and anabolic demands derived from continuous 
tumor proliferation and growth, malignant cells must increase nutrient 

uptake and energy production. Consequently, the cellular metabolic 
program is altered, shifting from an oxygen-based towards a glycolytic 
metabolism, even in the presence of sufficient oxygen supply [88]. This 
phenotype switch to an anaerobic metabolism is called the “Warburg 
effect”. 

Even though cancer metabolism traditionally was focused on an 
homogeneous glycolytic metabolism of malignant cells without 
considering the surrounding stroma crosstalk, the growing importance 
of TME, and particularly CAFs, prompted to recognize their role sup
porting and even promoting the classic cancer hallmarks via the pro
duction of metabolites [89]. This concept was termed “reverse Warburg 
effect” and involves how the tumors cells force stromal cells to undergo 
glycolysis, and to produce and release metabolites, such as pyruvate and 
lactate, as energy suppliers that cancer cells will use as fuel source [90, 
91]. This phenomenon is normally characterized by the upregulation of 
monocarboxylate transporters (MCT; MCT4 in lactate exporting cells 
and MCT1 in receiver cells) and the loss of caveolin-1 (Cav-1) expression 
in CAFs that impairs mitochondrial function, and therefore triggers 
aerobic glycolysis [92]. Despite growing evidence of the metabolic 
crosstalk between cancer cells and CAFs and its impact on the progres
sion of different cancers, the role of CAF metabolism is still poorly un
derstood in HNC. Considering that HNC tumors are dysplastic with up to 
80% fibroblasts [93], to deepen understanding of the metabolic role of 
CAFs in this tumor type could be crucial to improve current HNC 
treatments and patients’ survival. 

There is increasing literature describing the importance of the 
crosstalk between cancer cells and normal fibroblasts in the metabolic 
reprogramming that drives CAFs development (Fig. 4). It has been re
ported a metabolic rewiring of normal surrounding fibroblasts driven by 
OSCC cells in co-cultured cells, where normal fibroblasts exhibited 
downregulation of caveolin 1 (Cav-1), overexpression of lactate exporter 
MCT-4 and enhanced aerobic glycolysis, thereby leading to increased 
release of L-lactate, hypoxia-induced oxidative stress and mitophagy, 
and hence displaying a CAF phenotype. These metabolically corrupted 
fibroblasts establish direct and indirect contact with the OSCC cells to 

Fig. 3. Representative illustration of the main molecules and signaling pathways involved in CAF-enhanced CSC features in HNC. Molecules interconnected in the 
same pathways are depicted using same colors (black excluded). Further details of the crosstalk between CAFs and HNC cells are summarized in Table 1. 
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export mitochondria towards OSCC cells, indicating that the TME can be 
reprogrammed for the benefit of cancer cells [94]. Likewise, normal fi
broblasts undergo metabolic reprogramming towards a CAF phenotype, 
when incubated in the presence of tumor microvesicles (TMVs) [95]. 
TMVs function as glycometabolic reprogramming mediators inducing 
the degradation of stromal Cav-1 through ERK1/2 pathway activation, 
thereby driving a switch from mitochondrial oxidation to aerobic 
glycolysis in primary fibroblasts that ultimately induce glucose ab
sorption and lactate production [95]. In addition, it has also been re
ported that the metabolic switch driven by CAFs in OSCC is mediated by 
upregulation of integrin beta 2 (ITGB2) [91]. ITGB2 expression by CAFs 
enhanced PI3K/AKT/mTOR-mediated glycolysis and lactate release that 
OSCC cells absorb and metabolize, boosting mitochondria activity and 
therefore promoting tumor proliferation. Interestingly, this proliferative 
boost mediated by ITGB2 was effectively inhibited by targeting the 
OXPHOS system using metformin (mitochondrial complex I inhibitor) 
[91]. IL-1β has also been demonstrated to regulate the stromal-epithelial 
lactate shuttle in HNC. Accordingly, IL-1β plays a key role in the 
reciprocal metabolic reprogramming between stroma and epithelium, 
revealing that an enhanced expression of this cytokine in tumor cells 
leads to upregulated glycolysis and lactate release by CAFs, accelerating 
cancer cell proliferation [96]. 

On the other hand, Curry and co-workers have proposed a metabolic 
compartmentalization model for HNC, which was divided into three 
different metabolic compartments: 1) highly proliferative, 
mitochondrial-rich and oxphos-dependent population of epithelial cells, 
2) non-proliferative and mitochondrial-poor well-differentiated carci
noma cells, and 3) non-proliferative and mitochondrial-poor MCT4- 
positive CAFs, which present high oxidative stress and produce and 
release high lactate and ketone body amounts that fuel proliferative 
carcinoma cells, and also HNC aggressiveness [97]. Furthermore, Kumar 
and co-workers described that the metabolic symbiosis between HNC 
malignant cells and CAFs triggers a mutual and reciprocal feeding be
tween both cell types to boost cell proliferation, migration and tumor 
progression. Notably, this can be reversed inhibiting the c-Met/FGFR 

signaling using the inhibitors PF-02341066 (c-Met inhibitor) and 
AZD-4547 (FGFR inhibitor) [93]. 

Besides, cancer cells can also adapt their metabolism according to the 
mechanical signals coming from ECM, promoting tumor invasion and 
survival pathways. In this sense, tumors niche stiffness plays an 
important role in the metabolic crosstalk between CAFs and HNC cells, 
since matrix stiffening is able to mechano-activate the glucose and 
glutamine metabolism in both HNC cells and CAFs, coordinating non- 
essential amino acid flux in the tumor niche to sustain tumors growth 
and malignancy [98]. 

Another important regulator of cancer metabolism is hypoxia, since 
the oxygen levels in the tumors have a profound impact in the metabolic 
response of cells. To adapt to the lack of oxygen, cancer cells activate the 
hypoxia-inducible factor isoforms: HIF-1α, mainly during an acute 
hypoxia, and HIF-2α, being the dominant isoform during chronic hyp
oxia [99]. HIF-1α activation regulates the transcription of many glyco
lytic genes that lead cells towards Warburg effect [100]. Specifically, the 
multifaceted oncogene metadherin (MTDH) plays an important role in 
the regulation of HNC metastasis, and glycolysis under hypoxic condi
tions via an HIF-1α-MTDH loop [101]. In addition, hypoxia has a great 
participation in the crosstalk between CAFs and cancer cells, as HIF-1α 
triggers the shift to glycolytic-based metabolism in both cell types, while 
HIF-2α plays a part in the oxphos-dependent metabolism in cancer cells 
[102]. 

Notably, evidences have been reported in breast cancer to demon
strate striking side-effects of conventional chemotherapy treatment on 
normal fibroblasts promoting metabolic and phenotypic conversion into 
CAFs This leads to a highly glycolytic, autophagic and pro-inflammatory 
microenvironment that activates stemness (Sonic hedgehog/GLI 
signaling), antioxidant response and interferon-mediated signaling in 
adjacent breast cancer cells. These effects could also extend to adjacent 
normal epithelial cells triggering tumorigenesis. These findings merit to 
be investigated in HNC [103]. 

In summary, metabolism is a crucial mechanism involved in HNC 
pathogenesis, and it also plays an important role in the communication 

Fig. 4. Representation of the main molecules and pathways involved in the metabolic crosstalk between CAFs and HNC cells. Molecules interconnected in the same 
pathways are depicted using same colors (black excluded). Further details of the crosstalk between CAFs and HNC cells are summarized in Table 1. 
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between cancer cells and the surrounding TME. Nevertheless, cancer 
metabolism is a complex and dynamic process, where slight changes 
may have a great impact, disrupting the desired equilibrium. On this 
matter, a good approach to develop new drugs and to address the current 
challenges could be to target the molecules/receptors that trigger the 
metabolic wiring in CAFs, such as IL-1β, to halt CAFs conversion and the 
supportive feeding of cancer cells. Nevertheless, as of yet there are no 
available therapies aimed at disrupting cancer metabolism or the tumor- 
stroma crosstalk, it is necessary to further investigate this process to be 
able to introduce new therapies to treat HNC patients, minimizing/ 
avoiding negative side effects. 

6. Immunomodulatory role of CAFs 

The main function of immune system is the protection of the body 
against illness and infections, and it also plays a crucial role in the 
surveillance and control of emerging tumors, since some cells of the 
immune system can recognize cancer cells as abnormal and kill them. 
Unfortunately, tumors are capable of evading the immune system’s 
response [104]. CAFs have also emerged as essential factors in the 
modulation of immune system, supporting cancer progression through 
the generation of an immunosuppressive environment [105] (Fig. 5). 
Nonetheless, the specific immune modulatory functions of CAFs are still 
poorly understood. There are studies showing that a high abundance of 
CAFs correlates with immune exclusion and immunotherapy failure 
[106], while others reported that the absence of CAFs is associated with 
a lower immune infiltration [107]. One explanation for the different 
observations in CAFs behavior could be due to differences in their 
activation status, the presence of distinct CAF subpopulations coexisting 
in the TME as well as their interaction with the rest of the tumor-stroma 
components. During recent years, several reports have already described 
that different subpopulations of CAFs coexist in HNC [108]. In addition, 

Obradovic and co-workers reported the existence of different CAF sub
populations and demonstrated their functional importance modulating 
the immunoregulatory milieu of HNC. Beyond, they identified some 
CAFs subtypes as useful biomarkers to predict resistance to nivolumab 
[109]. 

Specifically, several mechanisms have been described demonstrating 
the immunomodulatory role of CAFs in HNC. One of them is related to 
the generation of fibrosis, characterized by a strong cross-linked ECM 
acting as a physical barrier, which impairs immune cell infiltration 
thereby facilitating immune escape [110]. This has been associated with 
more aggressive phenotypes in lung cancer [111], melanoma [112], 
breast cancer [113] or pancreatic cancer [114]. In the context of HNC, 
Derakhshandeh et al. showed that Semaphorin 4D produced by tumor 
cells promotes collagen formation in CAFs, which results in a more 
fibrotic environment hence making immune cell infiltration more 
difficult [115]. Taking this into account, the ECM stiffness could be 
considered a potential therapeutic target in order to increase tissue 
permeability, and to consequently improve immune cell penetration, 
ultimately leading to cancer cell death. 

Another way for CAFs to contribute to the generation of an immu
nosuppressive environment is through the education of tumor- 
associated macrophages (TAMs). A study by Takahashi and co-workers 
showed that the infiltration of CAFs in OSCC samples is associated 
with the presence of TAMs, which also correlated with lymph node 
involvement, lymphatic invasion and vascular invasion. These authors 
also demonstrated that TAM stimulation by CAFs, ultimately leads to the 
suppression of T cell proliferation [116]. In addition, CAF-secreted IL-6 
induces monocyte differentiation into macrophages instead of antigen 
presenting dendritic cells, hence controlling the antigen-presenting cell 
development [117]. 

It has also been reported that CAFs modify the activity of regulatory 
T cells (Tregs), which are negative regulators of the immune response, 

Fig. 5. Schematic illustration showing the main immunomodulatory pathways induced by CAFs in HNC. Molecules interconnected in the same pathways are 
depicted using same colors (black excluded). Further details of CAF-HNC cell crosstalk are summarized in Table 1. 
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and thus Tregs activation has been linked to immunosuppression in 
cancers [118]. Accordingly, it has been found a correlation between 
CAFs and Treg activation. Schipmann et al. demonstrated that the per
centage of FOXP3+ cells (a well-known Treg marker) increased from 
75% to nearly 100% when SCC cells were co-cultured with fibroblasts 
[119]. Tregs are recruited to the tumor site by tumor cells expressing 
CCL22, and its expression is promoted by CAF-secreted IL-1β, demon
strating that crosstalk between both cell types generates an immuno
suppressive environment. CCL22 activation by CAFs can be blocked with 
a NF-κB inhibitor, indicating the involvement of NF-κB in this process 
[50]. Furthermore, CAFs are able to modify Treg activation themselves, 
as observed in co-cultures of peripheral blood mononuclear cells (which 
are immune cell precursors) with supernatants from CAFs or NFs, 
showing a higher presence of Tregs using CAFs [120]. Besides, CAFs 
secretomes also have a deleterious effect on T cells increasing their 
apoptosis compared to NF supernatants [120]. 

During the last decade, there has been an exponential increase in the 
publications showing the importance of cell-surface inhibitory mole
cules present on tumor-infiltrating lymphocytes in cancer, leading to 
revolutionary advances in immunotherapy. This has definitively 
changed cancer treatment landscape with the incorporation of new 
molecules and antibodies targeting these inhibitory receptors. Although 
many of them have been approved by the FDA in several types of cancer, 
unfortunately, only 15–20% of HNC patients benefit from immuno
therapies anti-PD-1/PD-L1 with nivolumab and pembrolizumab [121]. 
In summary, the evidences presented in this section emphasize the 
crucial role of CAFs generating an immunosuppressive environment in 
HNC. Taking into consideration that solid tumors evolve in 

fibroblast-rich environments, CAF-based therapies pose as a promising 
strategy to counteract immunosuppression and reach successful 
anti-tumor immunity. These immunomodulatory properties of CAFs 
seem to be a common feature in HNC and other cancers, pinpointing 
them as a possible immunotherapeutic tool to develop combinatory 
strategies aimed at improving the clinical efficacy of current 
anti-PD1/PD-L1 immunotherapies, which is still rather limited in HNC 
patients treated with nivolumab and pembrolizumab. Moreover, the 
relationship between CAFs presence and the activation status of mac
rophages is becoming more evident. Accordingly, novel therapies aimed 
to modulate their interaction to enhance the immune response in the 
tumor microenvironment could bring great benefits for HNC patients. 

7. Role of CAFs in angiogenesis 

Angiogenesis consists in the formation of new vessels from the pre- 
existent vasculature. It is active during morphogenesis and develop
mental processes, but absent in adulthood under physiological condi
tions, except during wound healing. Tumors, like normal tissues, require 
a constant supply of nutrients and oxygen, as well as to eliminate carbon 
dioxide and metabolic waste. To this purpose, tumors promote angio
genesis, thereby causing that the normally quiescent vasculature may 
continually sprout new vessels to sustain tumor outgrowth [88]. 

The role of fibroblasts in angiogenesis has been well-studied during 
wound healing processes, in which fibroblasts are activated and 
contribute to blood vessel formation and tissue repair. However, in 
pathological conditions such as cancer, aberrant wound repair leads to 
fibrosis and desmoplasia [122]. Specifically, CAFs can stimulate 

Fig. 6. Schematic overview of the main angiogenesis pathways induced by CAFs in HNC. Molecules interconnected in the same pathways are depicted using same 
colors (black excluded). Further details of CAF-HNC cells crosstalk are summarized in Table 1. 
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proangiogenic mechanisms by secreting a wide range of molecules such 
as periostin (POSTN), osteopontin (OPN), prostaglandin E2 (PGE2), 
hepatocyte growth factor (HGF), stromal cell-derived factor 1 (SDF-1), 
bone morphogenetic protein 4 (BMP-4), platelet-derived growth factor 
(PDGF), vascular endothelial growth factor (VEGF), fibroblast growth 
factor (FGF2), and transforming growth factor β (TGF-β) [11,31]. 
Moreover, CAFs may indirectly promote tumor angiogenesis by modu
lating ECM composition and biomechanical properties, and also by 
secreting proteases that can release the above-mentioned proangiogenic 
factors present in the ECM [123,124] (Fig. 6). 

In OSCC, it has been reported that cancer cells stimulate CAFs to 
induce the expression of Notch Receptor 3 (NOTCH3), being 
NOTCH3 + CAFs able to induce in vitro tube formation in human um
bilical vein endothelial cells (HUVECs), and to subsequently increase 
blood vessel density. In addition, OSCC samples harboring 
NOTCH3 + CAFs display a higher blood vessel density than the negative 
subgroup [125]. In addition, periostin (POSTN) secreted by CAFs has 
emerged as a protein involved in cellular adhesion, EMT and angio
genesis by activating αVβ3/FAK pathway, which resulted in VEGFR2 
upregulation in endothelial cells. This protein has been detected over
expressed in several malignancies including HNC, where periostin was 
also found to promote lymphangiogenesis [126,127]. Interestingly, Qin 
et al. demonstrated that CAFs were the main source of POSTN in HNC 
tumors, which suggests that CAFs could paracrinally induce angiogen
esis in HNC via POSTN secretion [128]. Moreover, OSCC patients 
harboring POSTN-positive tumors exhibited a higher blood vessel den
sity than negative cases, and also POSTN enhanced capillary formation 
in vitro [129]. 

Osteopontin (OPN) is another protein involved in the regulation of 
various angiogenic molecules, found to be upregulated in both tumor 
tissue samples and plasma from HNC patients, as well as HNC-derived 
cell lines [53]. CAF-secreted IL-6 enhanced OPN expression in HNC 
cells, thereby promoting tumors growth through integrin αVβ3 and 
NF-kB activation in a mouse xenograft model. Moreover, OPN has been 
detected overexpressed in HNC cells, and CAFs showed higher expres
sion levels than NFs. Interestingly, OPN expression was induced in NF by 
co-culture with tumors cells [53]. The interaction between HNC cells 
and fibroblasts induced PGE2 biosynthesis, which was accompanied by 
increased expression of mPGES-1 and COX2 in fibroblasts. Thus, 
conditioned media (CM) from fibroblasts, previously treated with CM 
from cancer cells, induced the formation of capillary-like structures in 
HUVEC cells via PGE2 secretion [25]. 

Matrix metalloproteinases (MMPs) have also emerged as important 
players in the angiogenesis process. Matrix metalloproteinase 13 (MMP- 
13) secreted by HNC cells promoted in vitro capillary formation in 
HUVECs. MMP-13 activates the focal adhesion kinase (FAK) and extra
cellular signal-regulated kinase (ERK), which in turn increased VEGF-A 
secretion by fibroblasts. Remarkably, this role was further supported by 
clinical data, thus showing a correlation between MMP-13 and the 
number of blood vessels in HNC patients [130]. Moreover, OSCC sam
ples with higher α-SMA expression displayed a concomitantly higher 
micro-vessel density and peritumoral lymphatic vessel density [131]. In 
line with all these data, Mendes et al. found that CM from fibroblasts 
promoted angiogenesis in immortalized endothelial cells [132]. 

It is noteworthy to mention that VEGF, one of the most important 
proangiogenic factors, has been reported as a major contributor of the 
CAF-induced angiogenesis in HNC. As such, VEGF expression has been 
correlated with a higher microvessel density in maxillary sinus SCC 
patients [133], and its expression was upregulated in OSCC cells and 
CAFs via CAF-secreted IL-6 [134]. Similar results have been reported in 
ESCC, where interaction between cancer cells and fibroblasts was crucial 
for angiogenesis. Cancer cells induced CAF activation mainly via TGF-β 
secretion, which in turn increased VEGF secretion from CAFs and the 
subsequent vasculature formation [135]. Besides, it has also been 
described in OSCC, that VEGF bound into CAF-secreted small extracel
lular vesicles (sEV) induced VEGFR2/AKT/ERK signaling in HUVECs, 

and hence angiogenesis in vitro and in vivo [136]. 
SDF-1 has also been described as a critical proangiogenic factor in 

HNC. Thus, Zhou and coworkers demonstrated that CAF-secreted SDF-1 
enhanced in vitro tube formation in HUVECs. Mechanistically, they 
found that OSCC cells secrete TNF-α that may act directly to induce 
angiogenesis, but also indirectly promoting the transformation of NFs 
into CAFs, which increases SDF-1 secretion and angiogenesis [137]. 
Moreover, SDF-1/CXCR4 pathway has also been found to contribute to 
angiogenesis in laryngeal squamous cell carcinoma (LSCC). SDF-1 binds 
to CXCR4 in tumors cells what triggers Akt phosphorylation and IL-8 
secretion, acting as a proangiogenic factor in LSCC [138]. Given the 
role of this pathway in tumor angiogenesis, and that SDF-1 secretion by 
CAFs is widely reported in different HNC types [139–141], these ob
servations reflect that CAFs are a major SDF-1 source within the TME, 
and key modulators of angiogenesis in HNC. 

Some growth factors such as HGF and FGF2 have also been reported 
as angiogenesis regulators. HNC-derived fibroblasts secrete HGF that 
interacts with c-Met in tumor cells. This interaction results in Akt 
phosphorylation and stimulates tumor secretion of IL-8 and VEGF, and 
subsequently angiogenesis [28]. Findings by Dong and co-workers 
further support the relevance of this paracrine interplay in angiogen
esis, since HNC cell lines treated with HGF also produced the proan
giogenic factors IL-8 and VEGF [142]. Moreover, HGF and c-Met are 
frequently found upregulated in HNC specimens compared to normal 
mucosa, which reinforces the importance of this pathway in this cancer 
type [28]. In addition, HNC tissue specimens showed high expression of 
FGF2, a pro-angiogenic growth factor, as well as FGFR1 and FGFR2 
expression in tumors cells, vasculature and fibroblasts [143]. Further
more, another study revealed the upregulation of several angiogenic 
genes in bevacizumab-resistant HNC tumors using a mouse xenograft 
model [144]. Among these factors are phospholipase C gamma-2 
(PLCg2), Frizzled 4 (FZD4), C-X3-C motif chemokine 1 (CX3CL1) and 
C-C motif chemokine ligand 5 (CCL5), known to activate ERK. In this 
model, ERK activation led to FGF2 upregulation, which acts mainly at 
endothelial level, modulating angiogenesis and also contributing to 
bevacizumab resistance [144]. 

Great effort has been devoted in translating antiangiogenic strategies 
into useful clinical therapies. Few examples of these approaches are 
drugs designed against VEGFR such as axitinib [145] and sorafenib 
[146,147], and also combinatorial therapies targeting VEGFR and EGFR 
with pazopanib and cetuximab, respectively [148], or targeting VEGF 
and FGFR with bevacizumab and PD173074, respectively [144], or 
treatments combining the anti-VEGF agent bevacizumab with 
platinum-based chemotherapy [149]. Despite the numerous clinical 
trials performed to test anti-angiogenic therapies for HNC, they have 
shown to date none or very limited success, as well as a high toxicity. 
These data suggest that it is necessary a deeper understanding of CAFs 
activation and angiogenesis induction to design better anti-angiogenic 
treatments. Evidences strongly support CAFs as a major source of 
proangiogenic factors. Therefore, disruption of tumor-CAFs interplay 
and the production/secretion of pro-angiogenic factors by CAFs may 
settle the basis for the development of better combinatorial treatments, 
avoiding potential CAF-mediated mechanisms of resistance to 
anti-angiogenic therapeutic agents. 

8. Perspectives of potential CAF-based therapies in HNC 

Currently, surgery, chemotherapy (based on cisplatin) and/or 
radiotherapy represent the baseline treatment options for most HNC 
patients. In addition, nowadays the only FDA-approved targeted thera
pies for HNC are cetuximab (anti-EGFR), nivolumab and pem
brolizumab (anti-PD-1/PD-L1), which unfortunately have demonstrated 
rather limited clinical benefit. As major pitfalls, most HNC patients 
usually develop resistance to both radio/chemotherapy, and recurrent 
relapses are also a highly common issue. Elucidation of the TME land
scape and related aberrant signaling pathways could bring valuable 
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insights into the molecular pathogenesis of this disease and to open up 
new avenues for treatment. 

Mounting functional and mechanistic evidences herein discussed 
support the contribution of CAFs to major cancer hallmarks in HNC, 
which are tumors with characteristic CAF-rich environments. Accord
ingly, the development of CAF-targeted therapies poses a promising 
strategy to improve patient treatment and outcome. In this review, 
several promising actionable molecules and signaling pathways have 
been identified that could serve as the basis for drug development. 
Among them, CAF-secreted IL-6 and IL-β1 have been demonstrated to 
contribute broadly to enhance the proliferation, invasiveness and 

stemness of HNC cells as well as to regulate tumor metabolism pathways 
and anti-tumor immune response, thus making them perfect targets for 
depletion and/or pharmacologic blockade of their receptors, to block/ 
prevent these protumoral actions. Similarly, COX-2 and mPGES1 have 
also been reported to regulate proliferation, metabolism activity and 
angiogenesis in HNC, pointing them as promising therapeutic targets to 
improve current treatment options for HNC. Likewise, PDGF, EGF and 
IGF are involved in proliferation, metabolism and angiogenesis; how
ever, they also play important roles in the normal tissue homeostasis, 
making extremely difficult to develop targeted drugs for these molecules 
or their receptors without considerable side effects. 

Table 1 
Role of CAFs molecular mechanisms involved in HNC cell biology.  

CAFs in Events in CAFs Downstream effect/molecular pathways involved References 

HNC proliferation Nuclear translocation of NFκBα and induction of IL-6 and 
COX2 

E-cadherin expression downregulated in tumor cells. 
Increased IL-6 levels associated with recurrences 

[26] 

Induction of COX2 and mPGEs-1 Release of PGE2 and PGI2 to ECM enhancing cancer cell 
proliferation 

[27] 

Secretion 
of 

HGF Activates MAPK, Ras, PI3K and STAT3 pathways in tumor cells 
through c-Met signaling 

[28] 

BDNF Interacts with TrkB and promotes EMT in tumor cells. 
Inhibition blocks in vitro tumor growth 

[31] 

STC2, FNDC1, SERPINE1, Integrin α6, Activin 
A, KGF, SDF-1 or TNF-α 

Increased HNC proliferation and progression [21],[26],[32],[33], 
[34],[35] 

miR-34a-5p-devoid exosomes Less binding to AXL and enhance OSCC progression [37] 
Exosomal LOC400221 Conversion of fibroblasts into CAFs via IL-33 and OSCC growth [38] 

miR-7 upregulation Conversion of fibroblasts into CAFs. 
Decreased PAR-4 (TSG, apoptosis inducer) secretion and increased 
tumor cell growth and migration 

[36] 

miR-196a/b upregulation Pleiotropic proliferative effects in HNSCC cells and CAFs. 
Downregulate HOX genes. 

[39] 

High expression of COL11A1, COL3A1 and COL8A1 Enhanced proliferation in HNSCC cells. 
Poor prognosis in HNSCC/OSCC 

[40],[42],[43],[44] 

HNC invasion Secretion 
of 

CCL7, CXCL1 Stimulate migration and invasion [48],[50] 
CCL11, IL-33 Promote invasion and migration. EMT induction [49],[52] 
IL-1β CCL22 expression by NF-kβ activation. Cell proliferation, migration 

and invasion 
[51] 

IL-6 Osteopontin overexpression causing increased growth, migration 
and invasion of cancer cells 

[55] 

MMP2, MMP9 Modulates HNC invasive behavior by CXCL12/CXCR4 pathway [62],[63],[64] 
Fibronectin, Collagen, MMP3, MMP13 expression Enhance the migration and invasion of HNC cells [40],[44],[57],[58], 

[65],[66] 
HAS2 expression linked to high MMP-1 and low TIMP1 levels, and enhanced 

invasiveness of OSCC cells 
[61] 

TGF-β1 pathway Induced EMT by activation of the PI3K/AKT and Smad2/3 
pathways. Podoplanin expression. 
Cell migration and invasion. 

[53],[54] 

HNC stemness Secretion 
of 

Periostin Enhanced tumor stemness via PTK7–Wnt/β–Catenin [83] 
CBPE, PDGFD, FBLN3, IGFBP5 and IGFBP7. Promoting and sustaining CSC phenotype [87] 

Increased expression of Sox2, Oct4, Nanog, CD44 and CD105 Increased proliferation, cell motility, chemotherapy resistance and 
less apoptosis 

[82],[84],[92] 

CXCL12/CXCR4 pathway CSC enhancement [84] 
Wnt pathway Tumorsphere formation and invasiveness [85] 

HNC cell 
metabolism 

Downregulation of Cav-1, overexpression of MCT-4, 
enhanced aerobic glycolysis. 

Metabolic rewiring of normal fibroblast by cancer cells in their own 
benefit 

[98] 

ITGB2 expression Enhanced PI3K/AKT/mTOR-mediated glycolysis and lactate 
release. Tumor proliferation 

[95] 

HIF-1α expression Shift to glycolytic-based metabolism [108] 
HNC immune 

response 
Collagen production promoted by Semaphorin 4D ECM stiffness impairing immune infiltration and facilitates immune 

scape. 
[115],[120] 

Education and stimulation of TAMs Suppression of T cell proliferation [121] 
Secretion of IL-6 Monocyte differentiation into macrophages instead of DC [123] 
Co-culture increased FOXP3 + cells Increased FOXP3 + cells [122],[125] 
Secretion of IL-1β Tregs’ recruital by CCL22-expressing cancer cells [51] 

HNC angiogenesis NOTCH3 expression induced by cancer cells Induce tube formation in HUVECs [130] 
Tumor-induced secretion of PGE2 Induced capillary-like structures in HUVECs [27] 
Tumor-derived MMP13 induced VEGFA secretion Promotion of in vitro capillary formation in HUVECs [135] 
VEGF in CAFs-secreted sEV Induction of angiogenesis by VEGFR2/AKT/ERK signaling [141] 
Secretion 
of 

IL-6 Upregulation of VEGF expression in OSCC cells and CAFs [139] 
Periostin Activation AlfaVbeta3/FAK pathway and VEGFR2 upregulation [131],[132],[133] 
SDF-1 Tube formation in HUVECs 

Binding to CXCR4 causing Akt phosphorylation and IL-8 
(proangiogenic factor) secretion in cancer cells 

[142],[143] 

HGF Akt posphorilation and IL-8 and VEGF secretion [29]  
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On the other hand, CAF-based strategies specifically aimed at tar
geting pro-invasive phenotypes could be particularly promising for HNC 
treatment. Noteworthy, using phosphoproteomics approaches, we have 
recently identified several promising actionable kinases responsible for 
tumor-promoted invasion of stromal fibroblasts (both CAFs and NFs): 
MKK7, MKK4, MEKK6, ASK1, RAF1, COT, BRAF, ARAF, PDK1, RSK2 
and AKT1. Further pharmacologic inhibition of these kinases or related 
signaling pathways revealed sorafenib (RAF1/BRAF inhibitor) as an 
effective drug to block exacerbated pro-invasive fibroblast clusters. 
Since CAFs are actively involved in driving HNC invasion and ECM 
remodeling, the failure of current anti-invasive therapies together with 
CAF-driven pro-invasive phenotypes encourage and strongly support the 
potential CAF-based therapies as promising strategies to effectively 
prevent tumor invasion and dissemination. In combination with 
chemotherapy/radiotherapy, sorafenib could potentially emerge as a 
valuable anti-invasive strategy to prevent HNC cell dissemination and to 
reduce tumor recurrences and distant metastasis, which are major cau
ses of mortality in HNC patients. Despite the numerous promising 
molecules and signaling pathways discussed in this review with poten
tial to develop new therapeutic strategies, there is an important unmet 
need yet to be addressed in HNC treatment, whichis the lack of reliable 
predictive biomarkers to guide therapeutic choices. Therefore, future 
efforts should be focused on the improvement and implementation of 
precision medicine, helping clinicians to select a personalized treatment 
strategy according to patient characteristics, based on the specific mo
lecular profile of the tumor and the surrounding TME. 

9. Conclusions 

According to the herein reviewed data, it is very clear that CAFs play 
an active role in HNC progression, thereby regulating a wide range of 
signaling pathways and critical cellular processes for tumor cell biology 
(Table 1). Remarkably, HNC evolve in fibroblast-rich environments in 
which CAF-tumor interplay contribute to most cancer hallmarks. 
Therefore, CAF-based targeted therapies emerge promising for the 
treatment of this disease, having still a high mortality and scarce 
molecular-targeted therapeutic options. Since CAF-based therapies are 
primarily aimed to target CAFs functions but not to kill cancer cells, it 
should be reasonable to propose combination strategies targeting CAFs 
with others that efficiently eradicate the tumor mass to reach the highest 
clinical efficacy and patient benefit. 

According to the evidences presented in this review, it is worth to 
highlight that CAF-targeted therapies pose particularly useful to control 
tumor spreading and metastasis, since it has been demonstrated that 
CAFs act as leading cells driving HNC tumor invasion. Interestingly, 
pharmacologic RAF/B-Raf inhibition with sorafenib has demonstrated 
to robustly and effectively abrogate exacerbated CAF invasion driven by 
HNC-secreted factors [75]. It is indeed obvious that such strategies 
aimed at preventing metastatic dissemination should be applied before 
metastasis occur to achieve the intended biological impact and optimal 
clinical benefit. In addition, the immunomodulatory role of CAFs also 
poses highly beneficial to develop combination treatments that augment 
the rather limited efficacy of current anti-PD1/PD-L1 immunotherapies 
in HNC as well as other solid tumors. 

Nevertheless, there are still a number of unsolved questions that are 
critical before CAF-based therapies could be successfully and safely 
implemented into clinical practice. There is nowadays high controversy 
regarding the origin of CAFs, markers specificity, phenotypes, or func
tions for the different subtypes. Regarding their origin, it is still unclear 
which cell type/lineage transform into CAFs and whether the original 
precursors are responsible for the final CAF phenotypes. CAF-specific 
markers are still lacking, some canonical markers such as FAP or 
alpha-SMA have been described to distinguish between normal fibro
blast and CAFs; however, the identification of a single marker may never 
come to fruition due to the high CAFs heterogeneity. Likely, a combi
nation of markers will be necessary to jointly provide functional insights 

of CAF subtypes and their clinical relevance. 
It has been reported that solid tumors like HNC harbor high CAFs 

heterogeneity making necessary a spatio-temporal profiling of CAF 
subtypes that should be precisely linked to specific functions and clinical 
relevance. Current state-of-art single cell technologies and spatial tran
scriptomics are bringing tremendous advancements in pursuing this 
goal. Given that CAFs exhibit a high plasticity and are probably able to 
change into different phenotypes depending on the spatial-temporal 
characteristics of the TME, this technology could be extremely helpful 
to comprehend the spatial organization of CAF subpopulations accord
ing to their intrinsic features or their distinct distribution pattern (i.e. 
intratumoral or peritumoral CAFs). These studies will certainly allow us 
to integrate and fully depict the complexity of tumor-stroma commu
nication dynamics to apply this knowledge to design more effective 
treatment strategies targeting both the tumor and the surrounding TME. 

Considering the intricate interplay of CAFs and tumor cells, as well as 
with other components of the TME, anti-CAFs therapies should be 
designed to avoid direct CAF ablation. Instead, targeting more specif
ically CAF functions or to shift the ratio of specific CAF subpopulations 
at certain time points, it might be more suitable to reduce tumor 
aggressiveness and spreading, or to increase tumors cell sensitivity to 
current cytotoxic or immunotherapeutic agents, avoiding adverse ef
fects. In this review we have compiled valuable available information on 
multiple cellular processes and cancer hallmarks regulated by CAFs as 
well as key related signaling pathways that are susceptible to be thera
peutically targeted. It is conceivable that further detailed investigations 
will lead to the identification of key molecules and signaling pathways in 
the CAF-HNC tumor circuit that could emerge as excellent actionable 
targets to specifically block the pro-tumoral effects of CAFs. Beyond, the 
combination of mutational tumor status and additional molecular/ 
stromal features will allow to improve patient stratification for person
alized treatment decisions. 
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