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Purpose: We aimed to review the literature on the tumor microenvironment as a key player 
in tumor growth and anti-cancer treatment responses in head and neck cancer.
Patients and Methods: We reviewed the recent literature on this topic, using the following 
research words: “tumor microenvironment” and “head and neck cancer or neoplasm or head 
and neck squamous cell carcinoma” and “immune cells” and “stromal cells”. A search was 
conducted on the PubMed website and reports from international meetings, presentations and 
abstracts.
Results: The tumor microenvironment is a complex network in which myeloid cells, 
tumoral cells, growth factors and cytokines are involved in angiogenesis, the extracellular 
matrix and epithelial-to-mesenchymal transition.
Conclusion: Immune resistance and rapid tumor growth depend on immunosuppressive and 
pro-tumoral environments. Further investigations to classify and adequately treat patients 
with head and neck cancer are required.
Keywords: head and neck squamous cell carcinoma, immune microenvironment, prognosis, 
treatment

Introduction
Head and neck squamous cell carcinoma (HNSCC) is a heterogeneous disease 
characterized by different anatomic origins and clinical behavior. In the past few 
decades, the group of human papilloma virus (HPV)-related cancer has been 
distinguished from non-virally induced cancer. However, among these groups, 
there are not yet any reliable molecular biomarkers for distinguishing different 
subgroups of patients at risk.1

The tumor microenvironment (TME) is increasingly being appreciated as an 
important determinant of cancer outcome, including in HNSCC.

There is no exhaustive definition of TME, as it involves lymphocytes, fibro-
blasts, neutrophils, eosinophils, macrophages and myeloid-derived suppressor cells, 
as well as stromal cells and tumoral cells. These cells interact tightly and dynami-
cally, and the balance of proangiogenic factors, tissue pH, growth factors and 
cytokine production changes over time.2

The TME is the result of factors associated with cancer (such as hypoxia, 
necrosis, mutational load and tumor mutation burden [TMB]) associated with the 
patient’s characteristics (age, viral infection, eg cytomegalovirus [CMV], HPV, 
Epstein–Barr virus [EBV], smoking, lifestyle, sex, previous or concurrent 
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medication) and immune system/inflammation (eg chronic, 
acute or no inflammation; CD4+/CD8+ ratio; T-cell 
exhaustion) and factors related to geographic origin (ie 
microbioma, human leukocyte antigen [HLA] polymorph-
isms). Moreover, the TME may be influenced by anti- 
cancer treatment (ie chemotherapy: gemcitabine reduces 
myeloid cells, but has no effect on cytotoxic cells; cyclo-
phosphamide at low doses reduces T-regulatory cells [T- 
reg], taxanes reduce myeloid cells, interleukin-1 [IL-1] 
and tumor necrosis factor-β [TNF-β]; radiotherapy).2

To date, most studies on the predictive markers for 
response to immunotherapy have focused on protein pro-
grammed death ligand-1 (PD-L1) and the TMB, rather 
than the environment in which the tumor proliferates. 
However, even though there is a correlation between the 
high expression of PD-L1 and response, as well as high 
TMB and response, several other mechanisms can impair 
the immune response.3

Recent studies have shown that the TME has a more 
profound influence on the growth and metastatic spread of 
HNSCC than was previously appreciated.

In HNSCC, tumor–stromal cross-talk is a key step in 
the pathogenesis of HNSCC. Cancer-associated fibroblasts 
(CAFs), chemokines, cytokines, and proliferative and 
inflammatory signal pathways are the major players in 
this complex network. An active tumor–stromal cross- 
talk is essential to promote cancer growth and metastiza-
tion. Pro-tumoral cytokines (eg IL-10 and IL-1) induce 
interferon-γ (IFN-γ) downregulation, stimulate matrix 
metalloproteinases [MMPs] (increasing metastatic tumor- 
cell escape) and participate in angiogenesis.4

The immune microenvironment is of special interest 
for its possible implications. Little is known about the 
characteristics of patients who are more likely to experi-
ence a long-term benefit from immune checkpoint inhibi-
tor (ICI) therapy.

Figure 1 summarizes the actors involved in TME 
regulation.

In this review, we address the role of the TME in 
HNSCC, evaluating, in particular:

1. TME cells: myeloid cells, tumor-associated macro-
phages (TAMs), CAFs;

2. neoangiogenesis and fibrosis/stroma and the extra-
cellular matrix (ECM);

3. immune signature;
4. prognosis and treatment.

TME Cells: Myeloid Cells
Myeloid-derived suppressor cells (MDSCs) are innate 
immune cells, with the ability to suppress immune anti- 
tumoral responses (Figure 2). They represent a heteroge-
neous cell population of different origins. In the first steps 
of carcinogenesis, the presence of myeloid cells is asso-
ciated with increased tumor-infiltrating lymphocytes 
(TILs), lower rate of metastases, less recurrence and 
improved survival in patients with HNSCC. Conversely, 
MDSCs in the TME of HNSCC and higher disease stage 
are associated with a worse prognosis.5

Figure 1 Actors in the TME.

Figure 2 Function of MDSCs. Suppression of CD8+, NK cells, inhibition of humoral 
cells, differentiation into M2 macrophages, induction of differentiation and expan-
sion of T-regs.
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MDSCs promote the formation of T-regs, induce the 
maturation of TAMs and promote the differentiation of 
fibroblasts into CAFs.5

T-regs are T cells which have a role in regulating or 
suppressing other cells in the immune system. They suppress 
the activation, proliferation and cytokine production of CD4+ 

T cells and CD8+ T cells, and are thought to suppress B cells 
and dendritic cells. T-regs can produce soluble messengers 
which have a suppressive function, including transforming 
growth factor-β (TGF-β), IL-10 and adenosine.

MDSCs are associated with chronic inflammation. In 
the inflamed microenvironment, several cytokines (TNF, 
IL-1, TGF-β and IL-10) subvert the patient’s immune 
system, inducing the proliferation and differentiation of 
myeloid precursors.6,7

Moreover, an efficient MDSC stimulates T cells but at 
the same time induces the secretion of cytokines IL-1 and 
IL-10. Several studies have reported high levels of 
MDSCs in the TME independently of HPV status and 
high levels of PD-L1.8–10

MDSCs are important for the innate immune response 
and express proteins involved in pathogen recognition 
called Toll-like receptors (TLRs). TME condition TLR7 
but no significant alterations in the expression of other 
TLRs seem to be related to the TME.11

High TLR5 and low TLR7 expression were associated 
with poor disease-specific survival in HPV-positive oro-
pharyngeal squamous cell carcinoma (OPSCC) patients.12

Myeloid-derived suppressor cells are immature cells that 
acquire new competences during their maturation, such as 
dendritic cells, which are abundant in the immunosuppressive 
TME. Among MDSCs, three subsets are recognized: mono-
cytic (M-MDSC), granulocytic polymorphonuclear (PMN- 
MDSC) and early stage (e-MDSC), which lacks the myeloid 
lineage markers of the first two subsets.13

PMN-MDSCs and M-MDSCs are associated with T- 
cell suppression, not only in preclinical studies but also in 
human cancer patients.

An abundance of PMN-MDSCs is associated with poor 
survival and T-cell exhaustion. In vitro and in vivo assays 
have demonstrated they are the most potent suppressors of 
T-cell proliferation and reduce IFN-γ production. Arginase 
production by PMN-MDSC correlates with their matura-
tion and immunosuppressive activity.13

TME Cells: TAMs
The role of TAMs in HNSCC is controversial. 
Macrophages possess a huge plasticity and diversity, and 

the binary classification anti-tumoral M1 and pro-tumoral 
M2 is an outdated concept.14

On the one hand, Mantovani et al confirmed that TAMs 
produce growth factors and cytokines promoting cancer 
cell proliferation but, on the other hand, preclinical evalua-
tions showed that a reduction in TAMs did not affect 
tumor cell proliferation.15,16

TAMs in the TME cooperate with cancer stem cells 
(CSCs) to maintain stemness. In HNSCC, the activation of 
PI3K-4EBP1-SOX2 regulates some CSC properties and it 
may increase fibrosis/stroma/ECM escape. Gomez et al 
assessed the correlations among CSC markers and this 
proliferative pathway in HNSCC. They established a 
mechanistic link between TAMs and CSCs in response to 
extracellular signals.17

Targeting the reprogramming of TAMs toward M1-like 
macrophages has been investigated as a strategy to reverse 
the immunosuppressive TME.18

TME Cells: CAFs
CAFs are activated fibroblasts found in the TME. Specific 
markers include fibroblast activation protein-α (FAP-α) 
and α-smooth muscle actin (α-SMA), which separate 
them from the larger pool of fibroblasts present in the 
body.

CAFs are derived from mesenchymal stem cells. 
Resident fibroblasts are recruited by chemokines/cytokines 
and growth factors to specific sites, and ECM components 
at these sites turn these cells into CAFs.19

CAFs represent the fibroblasts’ response to TME sti-
mulation. These activated fibroblasts found in association 
with cancer are termed CAFs, but also tumor-associated 
fibroblasts, peritumoral fibroblasts, myofibroblasts or reac-
tive stromal fibroblasts. Activation of these CAFs coe-
volves with tumor progression as they act to survive in 
and populate the complex TME and contribute to tumor 
evolution.20

CAFs organize collagen fibrils in the ECM, providing 
the way for invasion and metastization, dependent on 
either CAFs or epithelial-to-mesenchymal transi-
tion (EMT).

The increased fibrinogenic and hyaluronic metabolism 
of the TME instructs carcinoma initiation and dissemina-
tion by performing multiple functions.

CAFs can be detected in the peripheral blood of 
patients with solid tumors (breast, colon and prostate) but 
not in healthy volunteers.21 They move with circulating 
tumor cells and are strongly associated with these cells.
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CAFs express angiotensin-II (Ang-II) receptor ATR1.22 

Ang-II stimulates CAF proliferation and the production of 
immunosuppressive cytokines, and strongly contributes 
toward promoting a desmoplastic TME.23

Ang-II contributes to resistance to immunotherapy 
through the recruitment of inflammatory cells and CAFs. 
Xie et al demonstrated, in two cancer mouse models, that 
Ang-II signaling blockade reversed the immunosuppres-
sive TME, and inhibition of the expression of angiotensi-
nogen (AGT), a precursor of Ang-II, strongly triggered an 
immune-activating cytokine profile in hypoxic mouse can-
cer cells. In addition, AGT silencing combined with a 
checkpoint blockade generated an abscopal effect in resis-
tant tumors, stimulating the proliferation of dendritic cells 
and T cells.24

A combination of inhibitors of Ang-II and PD-1 axis 
overcame resistance to ICIs in experimental models.25

Studies are ongoing with Ang-II receptor blockers in 
combination with immunotherapy.

Neoangiogenesis and Fibrosis/ 
Stroma and the ECM in HNSCC
Angiogenesis is a main step in tumor proliferation and 
metastization. Without new vessels, neoplasms are unable 
to spread. As in other solid tumors, intratumoral hypoxia is 
associated with a high proliferative growth index and 
accumulation of CSCs in the TME.

Up to 90% of HNSCCs highly express angiogenesis 
factors such as vascular endothelial growth factor 
(VEGF).26

Moreover, high levels of pro-inflammatory cytokines 
induce STAT3 activation, which, in turn, regulates the anti- 
inflammatory response through increased release of IL-10, 
TGF-β, VEGF, hypoxia inducible factor-1α (HIF-1α) and 
cyclin D1/D2.27

In the late 1990s, Gallo et al showed that tumor vascu-
larization is dependent on increased endothelial nitric 
oxide synthase (NOS) activity and cyclic guanosine mono-
phosphate (cGMP) levels. Microvessel density and NOS 
activity correlate with lymph-node metastases.27

Additional hypoxia and nitric oxide (NO) influence 
inhibitor of apoptosis protein (IAP), as it has been demon-
strated that NO reduces survival. The expression of IAPs 
increases in response to NO and cytokines. In contrast, X- 
chromosome-linked inhibitor of apoptosis (XIAP) mRNA 
levels remained unaffected by cytokines and NO. 
Activated HIF-1 transcription factor binds to the hypoxia 

response elements (HREs) to induce the transcription of 
genes involved in cancer proliferation/survival, angiogen-
esis, glucose metabolism and invasion/metastasis.

Hypoxia stimulates IL-6, the migration of MDSCs and 
the recruitment of pro-tumoral macrophages. Both innate 
and adaptive immune responses are impaired under 
hypoxic conditions: on the one hand, interferon transcrip-
tion is reduced and, on the other hand, HLA affinity to 
tumoral antigens is attenuated (eg viral peptides). 
Numerous chemokines (CCL-17, CCL-28, TGF-β1) 
secreted by hypoxic tumors also attract T-regs to the 
TME.28

Hypoxia plays a critical role in the formation of a cold 
TME, especially by increasing the infiltration of CAFs and 
TAMs in hypoxic tumor areas.24

Several HIF prolyl hydroxylase inhibitors are under 
investigation not only as anti-cancer therapies but also 
for hematological and chronic vascular diseases. Bommi 
et al reported that damaged DNA binding protein-2 
(DDB2), a nucleotide excision repair protein upregulated 
by hypoxia, inhibits HIF-1α in HNSCC cells. It inhibits 
HIF-1α in both normoxia and hypoxia by reducing mRNA 
expression. Preclinical models with knockdown of DDB2 
showed enhanced angiogenesis and tumor growth.29

DDB2 expression is downregulated in advanced 
HNSCCs, and loss of DDB2 expression coincides with 
reduced survival. This may depend both on angiogenesis/ 
tumor proliferation and on EMT.

DDB2 constitutively represses mRNA expression of 
the EMT-regulatory transcription factors SNAIL and 
ZEB1, and the angiogenic factor VEGF in HNSCC cells.30

Several other ways to target angiogenesis are under 
investigation: ligand-directed antibodies (against angioten-
sin), receptor-directed antibodies (anti-VEGF), small 
molecule inhibitors (multi-target kinase inhibitor) and 
others.

The first drug studied was the anti-VEGF inhibitor 
bevacizumab. Argiris et al showed in a phase III rando-
mized trial (E1305) that adding bevacizumab to che-
motherapy increased the response rate and prolonged 
progression-free survival, but did not significantly improve 
survival.31

Multi-target kinase inhibitors (against vascular 
endothelial growth factor receptors [VEGFRs], epidermal 
growth factor receptors [EGFRs], fibroblast growth factor 
receptors [FGFRs] and platelet-derived growth factor 
receptors [PDGFRs]) were tested in HNSCC, but with 
limited benefit.26
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Immune Signature in HNSCC
Gene expression signatures for survival stratification in 
HNSCC patients have been proposed in various studies. 
In Table 1, we report the most remarkable studies on this 
topic. The first data set to provide a comprehensive land-
scape of somatic genomic alterations in HNSCC was The 
Cancer Genome Atlas (TCGA HNSCC), which showed 
HPV-associated mutations, smoking-related alterations and 
other distinct subgroups (with therapeutic candidate tar-
gets). Somatic mutations such as TP53, CDKN2A, 
PIK3CA, HRAS, FBXW7 and NOTCH1 genes are observed 
in HNSCC tumors.32

Chen et al sequenced the RNA of 522 HNSCC samples 
from TCGA. They found that 40% of patients had a new 
molecular immune phenotype called Immune Class. 
Patients with Immune Class showed significant enrichment 
of signatures identifying immune cells and enrichment of 
the six-gene IFN signature.33

It was found that 27% of Immune Class (56/211) was 
characterized by the previously reported activated stromal 
gene signature that captures the activated inflammatory 
stromal, low expression of B-cells cluster, significantly 
associated with M2 (anti-inflammatory) macrophages and 
other immunosuppressive components, eg the WNT/β 
catenin. This subgroup of Immune Class exhaustion is 
immunoresistant. Conversely, in patients lacking the acti-
vated stroma signature, high expression of the pro-inflam-
matory M1 macrophage signature was reported by Chen 
et al.33

Unfortunately, signatures relating to the immune 
enrichment score and IFN signaling did not differ between 

the subgroups, and further investigations are required to 
individualize the right approach in these patients.

Among immune profiles, immune cells within tumors 
of HPV-negative and HPV-positive HNSCC displayed a 
spectrum of transcriptional signatures, with helper CD4+ T 
cells and B cells being relatively divergent and CD8+ T 
cells and CD4+ regulatory T cells being relatively 
similar.34

However, the enthusiasm for immunotherapy strategies 
in HNSCC has led researchers to look for predictors in the 
TME and to obtain an immune signature. A construction 
and validation of an individualized prognostic signature 
based on immune-related genes was proposed by She 
et al.35 In this immune signature, 27 genes were included, 
such as UL16-binding protein 1 (ULBP1), chemokine 
receptors 6 (CCR6), C-C motif chemokine ligand 22 
(CCL22), roundabout guidance receptor 1 (ROBO1), dick-
kopf WNT signaling pathway inhibitor 1 (DKK1) and 
platelet-derived growth factor subunit A (PDGFA), all of 
which have previously been shown to be correlated with 
the pathogenesis and progression in HNSCC.

Moreover, as already known, pathways involved in 
hypoxia, EMT, proliferation and escape are important in 
HNSCC (eg JAK/STAT pathway, JAK/PI3K/AKT and 
SHP2/MAPK signaling pathways).

Several studies are ongoing to assess the predictive role 
of cytokines (in particular, IFN-α, IFN-γ, IL-2, IL-6 and 
TGF-β) and chemokines, as well as genes involved in 
proliferation and immune pathways.

Among HNSCC patients treated with immunothera-
pies, only 20% responded and about one in ten had a 

Table 1 Gene Expression Signatures for Survival Stratification in HNSCC Patients

Authors Sample 
(N)

Classification Signature

Chen YP 

et al33

522 Immune class active/immune class exhausted IFN-γ immune-related genes; immune 

metagenes

Cillo AR 

et al34

63 Cluster 1 cell cycle gene Cluster 2 IFN response Cluster 3–4 

immune checkpoints

CD8+ T cells/CD4+ T-regs similar in HPV- 

positive and -negative 
Myeloid cells and CD4 Tconv higher in HPV- 

negative 

B cells higher in HPV-positive

Jiang P 

et al45

528 High and low risk based on expression of immune checkpoint 

genes

Level of cytotoxic T cells

Zhang C 

et al46

196 High and low risk based on 2630 immune-related genes Protective and risky genes
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response longer than one year. The goal of adequate clas-
sification of the immune microenvironment is to predict 
those patients who require more aggressive therapies, such 
as combination immune and chemotherapies.2

A randomized phase III trial, KEYNOTE048, demon-
strated that pembrolizumab plus platinum and 5-fluorour-
acil (5-FU) is an appropriate first line therapy, but in those 
patients with PD-L1 combined prognostic score (CPS) 
>20, pembrolizumab alone is also an option.36

Wang et al validated the stromal and immune scores as 
predictors. A six-gene signature was selected and displayed a 
robust predictive effect. The expressions of key genes were 
associated with immune infiltration. Genetic validation is 
ongoing. The dataset GSE65858 confirmed that gene expres-
sion patterns and TP53 mutations are associated with HPV 
RNA status, lymph-node metastasis and survival.37

Immune Metabolism
Immune metabolism critically influences the TME 
(Figure 3). How a dysregulated metabolism in immune 
cells contributes toward suppressing effector functions is 
an area of active investigation.38 Both tumor cells and 
viral infection can cause depletion of glucose levels in 
the microenvironment. The main feature of the TME is 
the enhanced glycolytic flux that increases lactate produc-
tion, inducing both M2 polarization of TAMs and suppres-
sion of natural killer (NK) cell function.38

Effector T cells are highly glycolytic, whereas memory 
T cells have an oxidative metabolism. Glutamine is also 
important, and effector T-cell differentiation is impaired 
when the supply of glutamine is disrupted. Moreover, the 

release into the TME of enzymes and cytokines such as 
arginase and indoleamine-2,3-dioxygenase further impairs 
T-cell functions. Mature myeloid cells tend to be non- 
proliferative and so have substantially different metabolic 
requirements, while pro-tumoral macrophages inactivate 
oxidative phosphorylation in an NOS-dependent manner.38 

Persistent T-cell receptor stimulation during chronic infec-
tion results in less glycolysis and more fatty acid oxidation 
and tricarboxylic acid (TCA or Krebs) cycle usage.28

Amino acids are critical for cellular proliferation and 
protein biosynthesis, and competition between cancer cells 
and T cells can be a prime source of immunosuppression. 
In particular, glutamine and arginine have been shown to 
correlate with T-cell activation and survival.28

HPV-positive tumors undergo pronounced oxidative 
phosphorylation, with sequestration of lactic acid from the 
TME and conversion of the same to pyruvate. This pyruvate 
is utilized in the TCA, followed by oxidative phosphoryla-
tion, leading to higher generation of ATP molecules. 
Conversely, HPV-negative tumors have higher lactate gen-
eration by lactate dehydrogenase A, with higher levels in the 
microenvironment. The presence of lactate in the environ-
ment results in enhanced tumor aggressiveness.39

Prognosis and Treatment
The prognosis is influenced by the TME; indeed, the 
immunosuppressive TME is considered the first cause of 
a lack of response to immunotherapy.2

A deeper knowledge of the TME is recommended to 
understand who and how to treat, ie the selection of the 
best therapeutic approach. Several studies have demon-
strated that the TME evolves during cancer progression 
and it also changes with cancer treatments. Platinum-based 
induction chemotherapy or chemoradiotherapy increases 
PD-L1 expression on tumor and immune cells.40

Although the predictive role of the TME is widely 
accepted, to date we do not have a way to individually 
treat patients based on the TME. Moreover, in clinical 
practice, only the checkpoint inhibitors pembrolizumab 
(for first and second line) and nivolumab (second line 
only) can be prescribed. In the first line, a combination 
of immunotherapy and chemotherapy is recommended 
when the CPS is low, the disease is rapidly growing and 
prognostic factors are unfavorable.36

Immunotherapy as monotherapy achieves a response 
rate of around 20%, with less than 20% long responders at 
2 years.2 Therefore, the results of immunotherapy need to 
be improved.

Figure 3 Immune metabolism and tumor microenvironment. Markers of the TME 
include hypoxia, low pH, oxidative stress, inhibition of apoptosis and immune 
mediators. Hypoxia induces upregulation of arginase 1, iNOS, IL-10, TGF-β and 
PD-L1. In the TME, oxidative phosphorylation (OXPHOS) is increased.
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Many trials have explored the role of innate immunity 
with drugs targeting TLRs. However, TLR agonists have 
failed to improve outcomes.41

A hypothesis to explain these results is the low intratumoral 
dose obtained with subcutaneous or intravenous injection.

Among new TME targets, IAPs appear of great interest.42

Combinations of immunotherapy and chemotherapy or 
target therapies are being widely investigated to overcome 
resistance to immunotherapy.

Anti-EGFR in combination with immunotherapy is 
interesting for the biological background. Trials are 
ongoing investigating this approach, including a combina-
tion of avelumab, cetuximab and palbociclib.42

A promising approach is to target the angiogenesis 
with multi-target kinase inhibitors and pembrolizumab 
(study LEAP-0.10; NCT04199104), or with angiopoietin 
inhibitors and immunotherapy. The rationale of this 
approach derives from the effect of anti-angiogenic thera-
pies, which increase T-cell infiltration into tumors, redu-
cing the immunosuppressive response and thereby 
overcoming resistance to checkpoint inhibitors.43

Otherwise, tumors with a favorable TME may benefit from 
immunotherapy as monotherapy (alone in both first and second 
line treatment, or with nivolumab in the second line setting).

However, the role of immunotherapy in locally advanced 
settings is controversial following negative results reported 
in the JAVELIN 100 trial, which failed to demonstrate an 
advantage of chemoradiotherapy plus avelumab and avelu-
mab maintenance. Studies are ongoing with pembrolizumab 
(KEYNOTE-412, KEYNOTE-689) and nivolumab 
(NIVOPOSTOP/NICO) both as concurrent/maintenance or 
neoadjuvant therapy and in combination with standard-of- 
care adjuvant therapy for resectable HNSCC.

A mechanism under investigation aims to elicit the 
maximum benefit from radiotherapy. It has been hypothe-
sized that hypofractionation may be useful in combination 
with checkpoint inhibitors. Trial NCT03085719 is investi-
gating low versus high radiotherapy doses in this setting.44

Conclusions
The heterogeneity of the TME is highly correlated with 
tumor behavior and therapeutic response. Neoangiogenesis, 
fibrosis/stromal components and myeloid cells are the main 
components of the TME.

The aim of future personalized therapies should be to 
target the TME, in particular the factors associated with 
immunosuppression that reduce the therapeutic efficacy.
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