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ABSTRACT

Head and neck squamous cell carcinoma (HNSCC) is the eight most frequent cancer
in the world, and approximately 2/3 of the patients are diagnosed at locally
advanced stages (stage Ill or 1V). Despite improvements in HNSCC management
and the aggressiveness of first-line curative treatment, 65% of treated patients
experience local recurrence or distant metastasis. Moreover, patients diagnosed
with recurrence or distant metastasis have a poor prognosis (from 6 to 12 months)
and 5-years survival less than 50%. From 2016 the clinical practice was
revolutionized by the introduction of immuno-checkpoint inhibitors, approved for
the treatment of recurrent/metastatic HNSCC patients. Nevertheless, only a small
subset of patients respond to this therapy and currently predictive biomarkers are
still under investigation. Herein, we investigated the tumor biology of R/M HNSCC
patients, platinum-refractory, enrolled in the phase Illb clinical trial Nivactor
(EudraCT Number: 2017-000562-30), in which patients were treated with
nivolumab. Across the study of single biomarkers and the extensive profiling
through genomic and transcriptomic analyses, we aimed to characterize the tumor
molecular peculiarity of patients that experienced response or those with the longer
survival. While the prognostic/predictive role of Programmed Cell Death Ligand-1
(PD-L1; studied by IHC), Tumor mutational burden (TMB) and microsatellite
instability (MSI) appeared to be relatively limited for R/M HNSCC patients, 8
expression signatures (retrieved from literature) showed up significant association
with survival and contributed to highlight and extricate the extreme complexity of
the tumor microenvironment of HNSCC, which appeared to be strongly
immunosuppressive (suggesting and corroborating the activation of several
mechanisms of immune evasion). Nevertheless, the testing of previously identified
six HNSCC subtypes (De Cecco et al.) with specific biological and prognostic
characteristics, indicated for two of them a strong prognostic role and a significant
correlation with response. In conclusion, the current study demonstrated the strong
relevance of gene expression signatures in HNSCC context (over the mere study of
somatic mutations) to identify the biological features associated with benefits from
immunotherapy. However, additional analyses for the validation of their
significance are required.
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1. INTRODUCTION

1.1 History of cancer

Evidence demonstrated that the history of cancer begins in ancient times,
before the appearance of Homo sapiens: cancer was reported to be present
in prehistoric animals by paleopathologists, studying hundred thousand
years old fossils. Nevertheless, cancer appeared to be closely related to
Homo sapiens. The recent human history was described connected with
oncologic disease in many written records during centuries, from 3000 BC
by Egyptian and Chinese cultures, followed by Greek, Romans, till
Contemporary Era. During the last 4000 years human begins are constantly
trying to understand, characterize and eradicate the oncological disease?.
Biologically speaking, cancer mostly represents the mirror of aging in all
the living things; a reminder of oldness, an accumulation of tiredness,
directly correlated to the rise in longevity. Nevertheless, it could be not
only reduced to a mere representation of the time passing by. Cancer could
mirror the results of an essential evolution condition, a consequence of the
constant pressure at cellular and molecular level, inducing cells through
several genomic changes, mostly influenced by the surrounding
environment*°. Nowadays, cancer is an urgent global issue. In 2018 cancer
alone was responsible for nearly 10 million deaths, according to World
Health Organization, and it is expected to be the leading cause of death in
the world by the end of this century. The exponential growth worldwide
could be partially explained by aging, social and economic development,
limited access to oncology care, pollution, lifestyle choices (such as
smoking and alcohol use). All these aspects result correlated with the
increase in population and countries development. The biological
contribution related to these factors is still under investigation®’8, The

problems concerning this debilitating disease could not be discussed
14



examining only patient’s health status, even if it’s the imperative we must
consider. As a matter of fact, cancer critically impacts the financial status
of both patients and society. For instance, in 2015 in European Union more

than €57 billion were spent for cancer-related healthcare costs®.

1.2 Cancer origin

When we apply the definition of cancer we usually think of a specific
disease. However, deepening insight, cancer cannot be described as a
single, unique entity, and its heterogeneity is mirrored in several ways. At
date, more than 100 cancer types have been described, reflecting the
complexity of this disease. Major cancer classification is based on the type
of primary tissue in which the oncogenic process originates; for this
reason, cancer can be classified in two large categories: solid tumors
(approximately 90%) and hematologic malignancies (10%)°. Solid

tumors comprise:

) Carcinomas (90% of solid tumors) are classified the
malignancies that arise in epithelial cells, at different layers and
sites. When the disease starts at the basal layer, it is called basal
cell carcinoma; while when it happens at the surface it is called
squamous cell carcinoma (from name of the thin, flat, squamous
cells at the top of the skin).

1)  Sarcomas, it’s the name given to those cancers that originate in
the bone’s cells and soft tissues, such as connective tissue,
muscles, supportive tissue, etc. At date, more than 70 different

types of sarcomas have been described.
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Hematologic malignances include:

) Leukemia is one of the three malignancies affecting the
hematopoiesis process and blood forming organs, including bone
marrow; leukemia impaired the formation of healthy blood cells,
including myeloid and lymphoid cells, resulting in a large
accumulation of unfunctional cells in the blood circle.

i)  Myeloma specifically involves the formation of plasma cells in
bone marrow, consequently leading to anemia, or disease related
to kidneys, and others.

1)  Lymphoma is the third malignancy, and it interests blood
forming tissues (specifically the lymphatic system and
lymphocytes), leading to the aggregation of immature white
blood cells and the formation of masses in the lymphatic vessels;
it can be classified in non-Hodgkin’s lymphoma, the more
prevalent form, or Hodgkin’s lymphoma, a more aggressive form

of the disease.

1.3 Types of carcinomas

Even if the tissue, in which cancer generates, maintains specific
characteristics in different organs, we known that each organ of origin
represents a different oncological disease. Thus, cancers are additionally
classified based on the organ in which the disease originates. In 2020 more
than 19 million cases worldwide were distributed, accordingly to the site
of origin, in 36 more frequent different cancers. According to incidence,
the five most frequently observed cancer (independently from patients’
gender and country) were in order:
1) female breast cancer, with 2,261,419 (11,7%);

2) lung cancer, with 2,206,771 cases (11,4%),

16



3) prostate cancer, with 1,414,259 cases (7,3%);
4) non-melanoma skin cancer, with 1,198,073 cases (6,2%);
5) colon cancer, with 1,148,515 (6,0%)*".

1.4 Head and nek cancer

Head and neck cancer (HNC) are a large spectrum of malignancies that
affect the upper aerodigestive tract, although they aggregate in a single
classification, they not to be considered as a single entity. Cancers arising
from different anatomic sites are considered as HNC, including cancers
deriving from salivary gland, soft tissues, skin, mucosal membrane and
even bones. They are frequently discovery by primary care physician,
dentists, in routine tests!2, The most common symptoms are dysphagia,
otalgia, weight loss, oral pain, mucosal irregularity, and ulceration.
Moreover, head and neck cancers are associated with pain, disfiguration,
dysfunction, and psychosocial distress 34, In the complex heterogeneity
of HNC, a distinct homogeneous characteristic is represented by histology:
more than 90% of HNC are squamous cell carcinoma, cancers deriving
from the epithelium. Head and neck squamous cell carcinomas (HNSCC)
are the eight most common cancer in the world, accounting in 2020 for
approximately 750,000 cases (of which 9.856 new cases in Italy,
https://www.registri-tumori.it/) and over 400,000 deaths annually. The
anatomical sites considered HNSCC are oral cavity (377,713 cases),
larynx (184,615 cases), oropharynx (98,412 cases) and hypopharynx
(84,254 cases, Figure 1)¥. Therefore, even if the histology considered is
univocal, the intricacy of HNSCC is strongly represented by the subsites

that are considered?®.
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HNSCC subsite

Figure 1. Head and neck squamous cell carcinoma subsites

1.4.1 Oral squamous cell carcinoma

Oral cavity cancer is the most frequent HNSCC, and it is defined as a
malignant neoplasia of the oral cavity, including different subsites, such as
floor of mouth, lips, upper alveolus and gingiva, hard palate, anterior
tongue, and buccal mucosa. The features that can be present are exophytic
(i.e., growing off the surface) versus ulcerative (i.e., invading below the
surface)'’. Mostly, the malignance originates from squamous tissues, and
for this reason is known as oral cavity squamous cell carcinoma
(OCSCC)®1, Typically, the epithelial cells exhibit enlarged nuclei, an
increased and abnormal mitosis, and abnormal cells. The number and the
distribution of the atypical epithelial cells determine the degree of
dysplasia, that can be mild, moderate, or severe!’. OCSCC are mostly
associated with the classical HNSCC risk factors, such as smoking tobacco
and alcohol consumption, but also poor oral hygiene and diet lacking
vegetables and fruit and rich in animal proteins and fats. In most the cases

OSCC is diagnosed in advanced stages, leading to a shorter survival.
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1.4.2 Laryngeal squamous cell carcinoma

Laryngeal squamous cell carcinoma is a malignant tumor of the respiratory
tract, and it is the second common epithelial tumor of head and neck
cancers. It can develop from different anatomical sites, such as
supraglottis, glottis, subglottis. As for all HNSCC patients are prevalent
male, age ranges between 50-70 years old and risk factors are smoking and
alcohol abuse. Frequently, these habits lead to misunderstanding of cancer-
related symptoms, inducing late diagnosis of cancer. The overall survival

at 5-year highly depends on the staging and anatomical site involved?.

1.4.3 Oropharyngeal squamous cell carcinoma

Oropharyngeal squamous cell carcinoma (OPSCC) indicates all the cancer
that originates from epithelium of throat, tonsils, posterior tongue, soft
palate, posterior and lateral pharyngeal walls. Major symptoms are sore
throat, odynophagia, voice changes, weight loss and dysphagia. It can be
observed ulcer or red/white patch when physical examination is

performed.

1.4.3.1 OPSCC HPV negative

OPSCC can be divided in two groups depending on HPV-infection:
OPSCC Human Papilloma Virus (HPV)-related, and OPSCC not HPV-
related. For the last category the classical HNSCC risk factors (i.e.,
smoking tobacco and alcohol consumption) have been identified as major
risk factors. Less common risk factors are poor nutrition, diet lacking

vegetables and fruits, marijuana smoking.
1.4.3.2 OPSCC HPV positive

To date, more than 240 HPV types had been identified. HPV that can infect

the human mucosal epithelia are divided in low risk (non-oncogenic) and
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high risk (oncogenic). The most oncogenic types are HPV-16, HPV-18,
HPV-31, and HPV-33, which are sexually transmitted and are involved in
the malignant transformation of infected cells*. HPV-positive OPSCC
patients differ from HPV-negative because of their age (they usually are
younger), they do not have smoking and drinking dependency, they are
mostly men and reported to have frequent oral sex with several partners.
Notably, HPV-positive OPSCC patients have a better survival compared
to HPV-negative OPSCC patients??23,

1.4.4 Hypopharyngeal sguamous cell carcinoma

Hypopharyngeal cancer account for 3% of all head and neck cancers, and
the most involved anatomical sites are posterior and lateral pharyngeal
walls. Due to its anatomy, it usually involves lymphatic and vascular
systems, frequently leading to metastasizing process. Risk factors are the
common risk factors for HNSCC (smoking and alcohol abuse). However,
symptoms are uncommon, and the involved sites are difficult to be
inspected, making identification of cancer highly challenging and mostly
diagnosed at advanced/metastatic state. For these reasons hypopharyngeal
carcinoma has one of the worst prognoses of all HNSCC, with a 5-year

overall survival rate of 30-35%2*

1.5 HNSCC Diagnosis

When patients present suspicious lesion or symptoms, the first
examination is performed by a surgeon or otolaryngologist and consists in
an analysis of the upper digestive tract'’ . For the complete evaluation and
diagnosis of the case, the biopsy or fine-needle aspiration of the suspicious
lesion and the lymph node is needed. Additionally, imaging of head and
neck and lymph nodes is performed, to understand the spread of the
disease. The aggressiveness of the disease is evaluated looking at cell
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differentiation, lymphatic invasion, lymph node metastasis, extranodal
extension through the lymph node involvement®, Moreover, because of
the distinct biology behind the HPV-positive and HPV-negative OPSCCs
HPV testing should be performed for OPSCC cases. After the pathological
diagnosis, radiological imaging (including positron emission tomography
-PET, computer tomography scan -CT, and magnetic resonance imaging -
MRI) is performed to determine the staging and the treatment approach.
The stage of head and neck cancer (HNC) is based on the Tumor, Lymph
node, Metastasis (TNM) system (Table 1), and for this reason HNSCC are
included in head and neck chapter of the American Joint Committee on
Cancer Staging (AJCC) manual, at the present at its eighth edition®. Early
stages (stage I-11) generally include smaller tumors without the lymph
nodes involvement. Meanwhile, later stages (stage IlI-1V) are
characterized by invasion of surrounding structures, with the final stage
characterized by distant metastasis spreading. Approximately 30-40% of
HNSCC patients are diagnosed with stage | or stage 11 disease, while others
are mostly (60-70%) diagnosed at locally advanced stages (stage Il or V)
involving loco-regional lymph nodes. Moreover, 10% of patients with
locally advanced disease already have distant metastases at initial
presentation?®. Despite improvements in HNSCC management and the
aggressiveness of curative treatment, locally advanced disease carries a
high risk of local recurrence and distant metastasis (developed in more than
65% of HNSCC patients). Patients diagnosed with recurrence or distant
metastasis have a poor prognosis (6 to 9 months in absence of treatment),

with a 5-year overall survival less than 50%2’.
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T

CATEGORY T CRITERIA

Tis Carcinoma in situ

T1 Tumor <2 cm

T2 2 cm < Tumor < 4cm

T3 Tumor > 4 cm or extended to lingual surface of epiglottis

T4 Moderately advanced or very advanced local disease

T4a Moderately advanced local disease; tumor invades the larynx, extrinsic muscle of

tongue, medial pterygoid, hard palate, or mandible
Very advanced local disease; tumor invades lateral pterygoid muscle, pterygoid

T4b plates, lateral nasopharynx, or skull base or encases carotid artery
N

CATEGORY N CRITERIA

NO No regional lymph node metastasis

N1 Metastasis in a single ipsilateral lymph node, < 3 cm and ENE-negative
3 cm < Metastasis in a single ipsilateral lymph node < 6 cm and ENE-negative;
or metastases in multiple ipsilateral lymph nodes < 6 cm and ENE-negative; or

N2 A -
metastasis in bilateral or contralateral lymph nodes, none larger than 6 cm in
greatest dimension and ENE-negative

N2a 3 cm < Metastasis in a single ipsilateral lymph node < 6 cm and ENE-negative

N2b Metastasis in multiple ipsilateral lymph nodes < 6 cm and ENE-negative

N2c Metastasis in bilateral or contralateral lymph nodes < 6 cm and ENE-negative

N3 Metastasis in a lymph node > 6 cm and ENE-negative; or metastasis in any
lymph node(s) and clinically overt ENE-positive

N3a Metastasis in a lymph node > 6 cm and ENE-negative

N3b Metastasis in any node(s) and ENE-positive

M

CATEGORY M CRITERIA

cMO No distant metastasis

cM1 Distant metastasis

pM1 Distant metastasis, microscopically confirmed

Table 1. Staging criteria according to Tumor, Lymph node, Metastasis (TNM)

system

1.6 Cancer molecular profiling

During the past decades, genome-wide technologies enabled considerably
progresses in the molecular biology of human cancers. Omics technologies
are designed for the comprehensive detection, as an example, of DNA
(genomics) and mRNA (transcriptomics). The acquired capability of
investigating the whole genomes, transcriptomes or other different aspects
in asingle experiment has allowed an increased tumor profiling and tumor-

related mechanism understanding®®2°
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1.6.1 Genomics

For years cancer have been described as a genomic disease. The classic
model of carcinogenesis showed the accumulation of genomic variations
in somatic cells. Indeed, all the cancer genomes carry mutations. A
mutation, for its definition, must affect a gene and the gene alteration
consequently must affect, in different ways, the protein function.
Generally, it is known that mutations can be germline (occurring in
gametes; this kind of mutation could be inherited by progeny) or somatic
(occurring in the other cells of the body; this kind of mutation are not
transferable through progeny)®. Moreover, mutations can affect the
chromosome entirely, involving the number of chromosome (increasing
the number in case of polyploidy, or decreasing the number in case of
haploidy) or can affect the structure of chromosome (by deletion,
duplication, inversion, insertion, and translocation events). Mutations can
affect DNA  sequence too  with indels, which are
insertion/deletion/duplication of nucleotides. Furthermore, mutations
could be point mutations, involving a single nucleotide of DNA, and called
single nucleotide variants (SNVs). Point mutations could be classified in

three categories:

a) Missense mutation: it is a DNA alteration for a single base, and it
has as result the substitution of one amino acid in the protein, the
substitution in the protein sequence must affect its function;

b) Nonsense: it is a change in DNA that end prematurely the signal of
the end of the protein, it results in impairing the protein function;

c) Frameshift: the addition or removal of a single DNA base alters the
reading structure of the gene (for each base corresponds one codon
that codification for an amino acid), and the shifts leads to the

change of the amino acid encoded.
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At genomic level, it is known that mostly two types of genes are
responsible and must be involved in the malignant transformation, and they
are called proto-oncogenes (then converted into oncogenes) and tumor-
suppressor genes. However, complex organisms possess several biological
mechanisms for protecting cell’s health; for this reason, in order to start
the oncogenic process, the accumulation of mutations in these two types
of genes is required. In particular, somatic mutations in proto-oncogenes
are effective when they make the gene constitutively active. A common
analogy compares them to automobile’s gas pedal stuck in the acceleration
mode. Similarly, the overactivation of oncogenes leads to the exaggeration
in encoding proteins which function increase the proliferative ability. On
the other hand, tumor-suppressor genes are targeted by somatic mutations
in the opposite way, leading to the inactivation of the gene. Remaining in
the car analogy, tumor suppressor genes are like brakes for the car.
However, the effective result is the same: the induction of a gain for the
cell in terms of proliferation capability®®3!. Advances in next generation
sequencing (NGS) technologies gave the opportunity to investigate the
whole genome/whole exome of tumor and normal tissue, and to generate
an enormous catalogue of cancer-related somatic mutations, by subtracting
the relative normal component. It was discovered that cancer genome was
highly different between individuals, and that each cancer possessed a
peculiar profile®. It has been reported that HNSCC develops by a multistep
process through well-defined histopathologic phases. However, for
HNSCC development and progression few genetic aberrations have been
identified, and several candidates are still under investigation, such as
mutations on TP53 and EGFR*34 | The difficulty to obtain a well-defined
genomic profile of HNSCC could depends on its genomic heterogeneity,
generated by the variety of anatomical sites involved, and by the different

risk factors considered. Besides, the difficulty to establish a precise
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genomic model of HNSCC, including mechanism of carcinogenesis and
driven alteration, could be also explained by the difficulty of understand
them based on genomic profile only. Therefore, to understand the HNSCC

complexity additional omic areas need to be taken into consideration %,

1.6.2 Transcriptomics

In multicellular organisms the same genome can be found in almost every
cell. However, not all the genes are transcriptionally active in all the cells
and the different gene expression patterns define the type of cell and the
relative tissue. During the last twenty years, the introduction of concepts
such as alternative splicing, RNA editing, alternative transcription
initiation and termination sites and the study of their effects have
revolutionized the concept of cancer biology. In contrast to the genome,
which appears to be more static, transcriptome changes in response to
various cellular stimuli. As for example, the organisms’ transcriptome
dynamically depends on epigenetic factors and even from environmental
conditions. During 1990s early methods to assess the gene expression were
Northern blotting and reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR). However, these methods evaluated a small and
limited number of transcripts. With the introduction of high-throughput
technologies, such as microarrays and RNA sequencing, it was quickly
possible to investigate at the same time the expression of thousands of
genes and their transcript variations. Moreover, in contrast to genomic
study, the transcriptome allows the inference of biological activities.
Indeed, transcriptomics hold the promise to be an accurate tool for largely
detecting the tumor complexity. Studies based on both genomic and
transcriptomic provide a better understanding of the structure of cancer
genome and the possible mechanisms behind. The introduction of
transcriptomic in cancer profiling has the potentiality that allows the

characterization and comprehension of different molecular subtypes and
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the enabling patients’ stratification, crucial aspect for reaching the final
goal of personalized medicine. Indeed, in HNSCC several gene expression
subtypes have been identified, overtaking the rigid definitions of genomic
only study®¢-3°. Moreover, several studies have identified and evaluated the
presence of biomarkers using gene expression signatures. A gene signature
can be defined as a single or a combination of specific expression profiles,
evaluating the association of the gene expression with cancer diagnosis,
disease prognosis or prediction of the response to specific therapies*. A
prognostic signature is described as a biologic tool that once measured
provides information about outcome and course of the disease. Instead, a
predictive signature is a biological tool that once measured provides
information about the patient’s benefit from a therapy, independently from
the prognosis. The accuracy of the gene signature should then be validated
in independent cohorts, with different techniques, and by several teams.
Gene expression signatures have been included even in clinical trials and
preliminary results suggest that transcriptomic analysis could better define
responding patients to specific therapies than genomic data alone.
However, at date, only few gene expression signatures have been

translated in clinical practice for patient management®,

1.7 Tumor microenvironment

For several years cancer has been described as a disease of proliferating
and invasive cells, a mere genetic disease, caused by a graduate
accumulation of proliferative advantageous mutations, with the final result
of a malignant cell transformation. However, recent evidence showed that
cancer can not be considered as autonomous cells with a hyper
proliferative profile; rather cancer must be described as a complex disease
involving several biological components. The first evidence of the

presence of biological elements (not historically considered as “malignant”
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or “cancer-related”) in tumor microenvironment (TME) was proposed
during the 19th century, when Rudolf Virchow reported the detection of
leucocytes in tumor tissue, opening the concept of the balance and link
between the inflammation and the cancer development®. At date, we know
that tumors are complex ecosystems, greatly shaped by TME, which is
composed by several non-transformed cell types, such as immune cells
(i.e., neutrophils, macrophages, lymphocytes), stromal cells (i.e.,
endothelial cells, pericytes, fibroblast), and non-cellular components (i.e.,
extracellular matrix as collagen, fibronectin, and others). The dynamic
interaction and the crosstalk between cancer cells and the other cells
present in the TME influences growth, tumor progression and invasion,
shaping the cancer architecture. As an example, the chronic inflammation,
induced in the context of TME, is strictly related to cancer progression and
drug resistance and stromal cells promote the cancer invasion by inducing
formation of new blood vessels®. For these reasons, TME investigation is
essential to understand the mechanisms behind cancer formation, response

to therapy, drug resistance and to develop new therapeutic strategies**44.

1.7.1 Immune components

1.7.1.1 Macrophages

These cells are considered as part of innate immune system and
differentiate from monocytes. After their activation, macrophages could be
referred as type M1 and type M2. Type M1 macrophages are considered
as proinflammatory, and their activation is driven by INF-gamma. They
are considered as “anti-tumor” and have been observed in the first stages
of tumor progression. Nevertheless, when tumor progresses, TME
influences macrophages differentiation in type M2, defined as “anti-
inflammatory”*. Type M2 macrophages stimulate tumor progression by
increasing angiogenesis, proliferation, and epithelial-mesenchymal

transition. Moreover, type M2 macrophages (in concomitance with Tregs)
27



secrete cytokines such as IL-10 and TGF-beta, both inducing potent
Immunosuppression, impairing the activities of NK, B-cells, and T-cells.
A high level of type M2 macrophages is associated with poor prognosis in
many oncological diseases. Macrophages, when associated to
tumorigenesis are called tumor-associated macrophages (TAM). TAM can
secrete chemokines and cytokines (e.g., TGF-, IL-6, IL-10, and TNF-a),

enhancing stemness and promoting epithelial mesenchymal transition“®.

1.7.1.2 Cytokines

Cytokines are small, secreted proteins that, based on their function and
structure, can be divided into different superfamilies, including interferons
(INFs), interleukins (ILs), tumor necrosis factors (TNFs), transforming
growth factors (TGFs), and chemotactic cytokines (chemokines). One of
the cytokines roles is to alert of an infection and tissue damage the immune
system; however, the signalling pathways of inflammation response are
shared with carcinogenesis, and a persistent signalling in the TME can lead
to chronic inflammation state, a tumor-supportive immune
microenvironment, in which anti-tumor immunity is suppressed. In this
state, cytokines are usually overexpressed, and they are regulated by
transcriptional and post-transcriptional mechanisms, modified by
oncogenic transformation, hypoxia, and other metabolic alterations.
Moreover, cytokines impact on anti-tumor immune response, promote
proliferation, and influence drug response*#’. As an example, interleukin-
2 has been shown to be one of the major proinflammatory cytokines
produced by T-cells, enhancing their proliferation and cytotoxic

response®4°,

1.7.1.3 Neutrophils
Neutrophils are among the first immune cells recruited during

inflammation, and they are involved in different processes, such as
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phagocytosis and exocytosis of protease. High levels of neutrophils and
high ratio between neutrophil/lymphocytes in the TME of cancer patients
have been associated with poor prognosis. Their recruitment in the TME
and reprogramming in protumor neutrophils is mediated by TGF-beta, and
chemokines, such as CXCL1, CXCL2, CXCL5 .

1.7.1.4 NK cells

Natural killer (NK) cells play their role in the innate immune response,
having a cytolytic activity in response to transformed cells. Their
immunosurveillance is mediated by different stimuli, such as the inhibitory
effects that has the major histocompatibility class I (MHC-I), a target
receptor presents on normal cells, but a usually a deficiency for cancer
cells. When the NK binds the MHC-1 present on healthy cells, the NK is
inhibited in its function. On contrary, when the MHC-I is missing, NK
cells mark the cancer cell as unhealthy and induced them to programmed

cell death®.

1.7.1.5 T-cells

They are part of adaptative immune system, with an inflammatory or anti-
inflammatory role. In the primary steps of cancer proliferation, naive T-
cells migrate in TME where they eliminate cancer cells. High levels of T-
cell infiltration are associated with a favourable prognosis in several cancer
types. Among the several T-cell types, CD8+T-cells are the most abundant
against cancer cells, while CD4+T-cells mediate the anti-tumoral response
through the secretion of high number of cytokines, such as IL-2, TNF-
alpha and IFN-gamma, involving a cascade that recruits NK and

macrophages®®°L,

1.7.1.6 B-cells
B lymphocytes are the main components of adaptive immunity response,
and although the presence of B cells in the TME has been described in
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different carcinomas, the role of B cells in cancer progression is far less
investigated and understood than the role of T cells. It has been observed
that B cells promote and as well as inhibit the anti-tumor immunity.
However, for several different cancer types, the presence of B cells in
tumor microenvironment have been primarily associated to a negative

outcome, and B cells to immunosuppressive effects>?-¢,

1.7.2 Stromal components

1.7.2.1 Endothelial cells

These cells are involved in the building of blood vessels, essential for
tumor formation and growth. When they are involved in tumorigenesis,
they are usually called tumor endothelial cells; their shape and phenotype
change, becoming similar to the tumor itself. Tumor endothelial cells could
derive directly from differentiation of cancer cells, or they can be recruited.
The most known process in which they are involved is angiogenesis
(strictly connected to tumor hypoxia), nevertheless they also promote
distant metastasis and drug resistance, impairing even drug delivery. For
all their processes they take advantage from various chemokine receptors
(CXCR), such as atypical chemokine receptor 1 (ACKR1), ACKR2,
CXCR7 and others*,

1.7.2.2 Pericytes

They are multifunctional cells, and in the context of TME, along with
endothelial cells they are involved in angiogenesis process and
tumorigenesis. Moreover, pericytes are strictly related to function of
immune system, including recruitment of leucocytes from blood vessels
and lymphocyte activation. It has been shown that greater amount of
pericytes correspond to a better prognosis, while in some tumors it has

been seen that pericytes production promotes the growth of cancer. To
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date, addressing a better knowledge of pericytes subpopulations is

necessary to understand their role in promoting tumor formation*'-44,

1.8 History of cancer therapy

During the last century cancer therapy has evolved. Several progresses
have been obtained from 19" century, when X-ray and radiation were
discovered, and when in the 20" century surgery started to be studied.
From 1930s treating cancer became an object of research, and 90 years
later several improvements have been introduced. Nevertheless, the history
of cancer treatment showed several ups and downs, and still nowadays
more than one approach involves high treatment doses to kill cancer cells
(treatment dose that contemporary damages healthy cells). In 1950s the
word “chemotherapy” was coined, since 1958 when the first cancer patient
was cured with the use of a single chemotherapeutic agent. In 1960s
surgery and radiotherapy were introduced as therapy for solid tumors, and
promising results for curative intent were obtained in breast cancer
patients. Moreover, in 1960s the concept of adjuvant chemotherapy was
proposed. In 1978 the combination of cisplatin, and other agents for the
cure of metastatic cancer was an innovation, underlying that the possibility
to combine drugs and its importance in fighting cancer were related to the
different phases of cellular cycle in which cancer cells were passing
through. The acquired wisdom enlightened the concept of the essentiality
of tumor biological characterization to treat patients as best as it could. In
1980s drugs, specifically targeting cancer biological mechanisms, were
tested and in 1990s targeted therapy was introduced. Since 1990, cancer
incidence and mortality have been decreasing despite the increasing in
population’s age. However, what highly changed the paradigm and
contributed to cancer therapies were the genetic and molecular biological

studies introduced and rising from 1990s. At date, the acquired knowledge
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has allowed to understand that effectiveness of treatments highly depends
on many individual factors, such as tumor stage, location, as well as
patients’ overall health, and age. Several personal factors should be
considered for selecting cancer treatment, and above all biological profile
of the tumors. The last and the future decade of study regarding cancer
treatment have been and are going to be dedicated to gain more and more

knowledge towards improvements for personalized treatment®’-°8,

1.9 HNSCC therapy

For HNSCC treatment decision is based on primary site, stage, tumor
histology, human papilloma virus status, comorbid health condition and
patient’s performance status and a multidisciplinary team is required for

the choice evaluation.

1.9.1 Standard-of-Care (S0C) treatment for early stages

For these patients, the treatment modality depends on the accessibility of
anatomical site, with the primary aim to minimize the morbidity and
preserve the function. Innovative techniques, including robotic surgery,
minimally invasive microsurgery, and image-guided radiotherapy are
utilized. Surgery and radiotherapy are preferred over other treatments,
allowing the total resection of the disease, and reducing the function

impairing °°.

1.9.2 SoC treatment for locally advanced stages

For patients with a locally advanced disease a multimodality approach is
recommended. Treatment decision for these patients strongly depends on
the tumor size and stage, anatomical location, patient’s age, and
performance status. If possible, surgical resection is preferred, followed by
radiotherapy or chemoradiotherapy. When surgery is not applicable,

chemoradiotherapy is considered as curative standard. No matter of
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previous curative treatment was applied, more than half of patients

experience a relapse or a distant metastasis®®°Z,

1.9.3 SoC treatment for recurrent/metastatic disease

Patients with local recurrence or metastasis (R/M) can not be treated with
surgery, because of the size of the disease or with radiotherapy, since re-
irradiating the normal tissue is limited by the toxicity and tolerability. Until
recently, for years the SoC was based on platinum with or without
cetuximab (anti-epidermal growth factor receptor -EGFR- targeted drug)
or targeted therapies alone (cetuximab, methotrexate, and taxanes). These
agents were used alone or in combination, depending on patient’s age,
performance status, symptoms and co-existing condition caused by the
prior therapy®?. Anyhow, no matter which chemotherapy regiment in
combination with cetuximab is applied, prognosis for R/M HNSCC
remains poor (with a median overall survival after diagnosis < 1 year).
Moreover, all these agents are associated with side effects and the response
rate is low (from 10 to 13%). Unfortunately, the choice between these
systemic therapies reduced the treatment as palliative therapy because
regression (when present) was transient and failed to significantly increase
patients’ survival. The heterogeneous phenotypes of HNSCC made the
response to targeted therapies limited, creating an urgent demand for

effective new therapies®34,

1.10 Immunotherapy

From 2016 the oncology practice was drastically transformed by the
introduction of immune-checkpoint inhibitors (ICl), particularly regarding
anti-programmed death protein-1 (PD-1) antibodies (nivolumab,
pembrolizumab) for the treatment of patients with recurrent or metastatic
HNSCC?6%56¢  These agents are now used for both first- e or second-line
settings and promising prospects have been shown for the treatment
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algorithm for HNSCC. The fascinating aspect of immunotherapy relays on
the immune system potentiality to fight cancer alone, enhancing immune
system response by blocking suppressive signals through PD-1/PD-L1
(Programmed death-ligand 1) pathway. Indeed, these agents do not target
cancer cells directly, but bind receptors/ligands on immune cells,
modulating their activity to eliminate cancer cells. Immunotherapy
demonstrated the existence of anti-cancer immunity even in HNSCC
patients. Undoubtedly, the curative effects obtained by immune-
checkpoint inhibitors showed a greater survival benefit than traditional
targeted chemotherapy drugs, and ICI has transformed the lives of HNSCC
patients. At the present, anti-PD-1 agents have become the current standard
of care for management of HNSCC R/M®":68,

1.11 Major clinical trials using anti-PD-1 agents for
R/M HNSCC

Recently, two PD-1 inhibitors (pembrolizumab and nivolumab) have been
approved for the treatment of R/M HNSCC, both in first line and second
line. Two trials were conducted contemporaneously, such CheckMate-141
and KEYNOTE-012. The first was a phase 111 randomized trial, comparing
nivolumab with chemotherapy (docetaxel, cetuximab or methotrexate)®,
The study demonstrated an improved survival in patients treated with
nivolumab compared to those treated with chemotherapy (7.5 vs 5.1
months, Table 2). Overall, it was observed that patients responded to
nivolumab regardless the therapy received before, but those who did not
received cetuximab responded better to immunotherapy. Moreover,
despite the clear benefit for some patients, the PD-L1 expression made no
differences on survival endpoints in CheckMate-141 and the same was
observed in KEYNOTE-012. KEYNOTE-012 was a phase Ib

nonrandomized trial, in which patients were treated with pembrolizumab™.
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Some of R/M HNSCC patients experienced a durable response, lasting
more than 2 years. The study assessed the drug’s safety and clinical activity
in treatment of R/M HNSCC. As a result, pembrolizumab and nivolumab
were approved in 2016 for the treatment of R/M HNSCC following
progression on platinum chemotherapy, despite the PD-L1 expression.
KEYNOTE-040 was a trial that investigated pembrolizumab to confirm
the previous observation of KEYNOTE-012. Also in this trial, it was
observed that patients tended to respond better if previously they did not
receive cetuximab. Moreover, in the trial it was observed an association
between PD-L1 (TPS > 50%) and overall survival™. More recently, in
KEYNOTE-048 was investigate the role of pembrolizumab in first line
therapy versus SoC in patients with platinum-sensitive, newly diagnosed
R/M HNSCC"?. KEYNOTE-048 was the only trial to date that investigated
the treatment of platinum-sensitive R/M HNSCC: It was a phase |11 trial
that randomly allocated patients with R/M HNSCC to pembrolizumab
monotherapy (n=301), pembrolizumab plus platinum and 5-fluorrouracil
(n=281) or cetuximab plus a platinum and 5-fluorouracil (n=300). In this
trial patients were predominantly male (>80%) and age varies from 20 to
94 years old. Scientists investigated the role of PD-L1 expression (CPS),
pl6 status (for HPV status), and performance status. They observed a
correlation in the population of patients treated with pembrolizumab
between PD-L1 (CPS > 1 and CPS > 20) and Overall survival (OS), but
they did not observe a correlation of PD-L1 with Progression free survival
(PFS). Chemoimmunotherapy OS resulted superior to standard
chemotherapy in all the cohorts regardless CPS score, and response rate
were higher in the chemotherapy containing arms compared to
pembrolizumab alone. The investigators concluded that pembrolizumab
containing arms should be considered as first-line treatments in R/M

HNSCC. Pembrolizumab was approved as single-agent for CPS > 1 or
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chemoimmunotherapy for platinum-sensitive R/M HNSCC patients, not

amenable to surgical salvage or radiotherapy’"°.

Meanwhile, first-line

combination of nivolumab plus ipilimumab did not significantly improved
OS compared to EXTREME regimen for patients with R/M HNSCC,

according to results from the phase 3 Checkmate-651 trial’®.

Clinical Setting Trial | Treat Enrolled Median PFS | Median PD-L1
trial phase | ment patients (months) (OR] expression
(months
) (cut-off
considered)
Checkmate | Second line | Phase | Nivolu | 240and 121 | 2.0vs 2.3 7.5vs TPS > 1%
-141 (platinum i mab vs | R/M HNSCC 5.1
refractory)
SoC
Keynote- Second line | Phase | Pembr | 60 R/M 2.0 13.0 TPS > 1%
012 (platinum Ib olizum | HNSCC
refractory) ab
Keynote- Second line | Phase | Pembr | 247 and 248 | 2.1vs 2.3 8.7 vs CPS > 1%
040 (platinum i olizum | R/M HNSCC 7.1
TPS = 50%
refractory) ab vs
SoC
Keynote- Frontline Phase | Pembr |301and281 |23vs49vs |11.6vs | CPS>1%
048 (platinum i olizum | and 300 5.0 13.0vs
. CPS >20%
sensitive) ab vs 10.7
R/M HNSCC
Pembr TPS > 50%
o+
PFE
VS
Cetuxi
mab +
PFE

Table 2. Comparison between the major clinical trials using anti-PD-1 agents for
R/M HNSCC.
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Legend. PD-L1, programmed cell death ligand-1; R/M, recurrent and/or metastatic;
PFE, platinum/5-fluorouracil/cetuximab regimen according to the EXTREME trial;
SoC, standard of care (methotrexate or docetaxel or cetuximab)

Nevertheless, despite the clear progresses obtained introducing
immunotherapy in the treatment of HNSCC patients, limitations should be
considered. The first and major limitation is that only a small proportion
of patients have benefited from this therapy and a low response rate is
obtained. An estimated 82-87% of R/M HNSCC patients, platinum-
refractory treated in second line, do not have any benefit from these agents,
or if any response is assessed, successively it is followed by disease
progression or/and death’”. A first limitation of immunotherapy is linked
to the several side effects, comprising also autoimmune adverse events,
that could become even life-threatening and highly challenging in clinical
practice’. The second limitation is the absence of evident predictive tools
to assess patients’ response, required for stem the immune-related
toxicities and the high cost of these antibodies made. Accounting the
HNSCC heterogeneity, identify patients that will respond to
immunotherapy still remain a challenge. Therefore, the necessity of clear

predictive markers is undeniable”,

1.12 Association of clinical variables with ICI

response

In the context of HNSCC some clinicopathological variables are under

investigation and are here detailed.

1.12.1 HPV status for OPSCC
Two trials, KEYNOTE-012 and Checkmate-141 investigated the possible
role of HPV status for assessing Objective Response Rate (ORR) and OS.

In the first trial it was observed that patients with HPV infection had an
increase ORR compared with those without HPV infection; meanwhile, in
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the second trial no differences in terms of response and survival were
observed in the two categories. It is known that HPV-positive OPSCCs
have a less suppressive tumor microenvironment compared to HPV-

negative cases. The predictive role of HPV is still debated.

1.12.2 Smoking status
As described in the literature, smoking is associated with specific genetic

signatures and an immunosuppressive tumor microenvironment, and the
efficacy of immunotherapy could be compromised by smoking habits®!.
For instance, in Checkmate-141 it was observed that patients with smoking
habits had a decreased survival compared to non-smokers, while in other
oncological disease, such as lung cancer, smokers were associated with

improved response to immunotherapy?®?.

1.12.3 Age
Another aspect to consider when we investigate the response to

Immunotherapy is age, that has been underlying to be essential in
anticancer immunity regulation®. Specifically, age has been already
investigated in melanoma patients and it has been observed that elderly
patients had major benefits from immunotherapy compared to younger
patients®. However, a metanalysis published in 2020 reported the opposite
result®*. No differences in terms of effectiveness of ICIs were observed in

Checkmate-141 between the two age groups (cut-off 65 years).

1.13 Biomarkers of immunotherapy

Immune-checkpoint inhibitors have shown a significant and consistent
benefit in survival when compared to standard therapies, however the
Overall Response Rates (ORRs) ranged from 13-18%. Currently, a solid
immune predictive biomarker has not been identified. The finding of

predictive biomarker is still an unmet need®-7,

38



1.13.1 Tumor-related biomarkers — Programmed death-ligand 1

(PD-L1)

PD-L1, a ligand expressed by various cell types (including tumor and

immune cells), was the first biomarker examined and the most widely
investigated. Although its expression is currently used as a guide for
treatment decision, the expression could vary over time and across multiple
tumor types. In some specific oncological diseases, it has been associated
with improved response. However, ICIs have demonstrated efficiacy
regardless PD-L1 expression. PD-L1 is commonly assessed by Immuno
histochemistry (IHC), and various cut-off are under investigation, such as
tumor proportion score (TPS), defined as the fraction of viable tumor cells
showing membrane staining at any intensity, and combined positive score
(CPS) defined as the percentage of tumor and inflammatory cells within
and near the tumor expressing PD-L1. PD-L1 is considered as a surrogate
biomarker of T-cell infiltration, resulted from an upregulation of INF- y.
In three different HNSCC trial, investigating ICI treatment, it has been
seen that PD-L1 expressing tumors tend to have an improved response
rates to ICI therapies in KEYNOTE-040 and KEYNOTE-048. However,
CHECKMATE-141 failed to show a significant correlation between PD-
L1 expression and response. This last trial suggested that PD-L1
expression may help predict the clinical benefit of the ICI treatment,
however patients that do not express PD-L1 should not be precluded from
the therapy. Results discordance on the relevance of PD-L1 could be
explained by the variability of the antibody assays and cut-off levels used,
timing of the testing, by the variability of cells that express PD-L1 (such
as tumor or/and tumor-infiltrating immune cells) and by which scoring is
considered for PD-L1 assessment®. Therefore, to understand the real

contribution of PD-L1 in predicting the response, it must be aggregated
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with additional factors that may contribute to treatment response, such as

tumor immune infiltration and Tumor mutational burden (TMB)37:88,

1.13.2 Tumor-related biomarkers — Tumor mutation burden

TMB is the total number of non-synonymous somatic point mutations per
coding area of a tumor genome (somatic mut per megabase - Mut/Mb).
The idea behind the possible correlation between TMB and
immunotherapy is based on the hypothesis that TMB should reflects the
cancer mutation-derived neoantigens® . Consequently, neoantigens, if
expressed and processed, may increase the formation of novel peptides,
resulting in higher tumor immunogenicity, and activating immune cells,
such as CD8+ T-cells. The higher the number of somatic nonsynonymous
mutations, the higher should be the number of neoantigens generated that
can be recognized by the immune system. Mostly, TMB have been
evaluated by whole exome sequencing (WES) and various cut-off have
been taken in consideration. Nowadays, several sequencing panels (>300
genes detected) have been developed to measure TMB, limiting costs,
required DNA input, and reducing the time consuming®-°2. Thank to next
generation sequencing techniques it has been possible to investigate TMB
in hundreds of patients, and a significant relationship between high TMB
and improved responsiveness to ICI has been observed in various cancers,
such as HNSCC, melanoma and lung cancer®. In 2017, the US Food and
Drug Administration (FDA) approved the use of ICI for cancer patients
with a TMB > 10 (mutations/megabase: mut/Mb), defined as TMB-
high%®. As for PD-L1 high TMB alone does not guarantee response to
immunotherapy and patients with a low TMB could benefit from the
therapy too®. Studies have shown that patients with TMB-high displayed
also a microsatellite instability. These correlation between these two
parameters seems to be a possible predictive factor for response to

checkpoint inhibitors in cancer®’%,
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1.13.3 Tumor-related biomarkers — Microsatellites instability

Microsatellites are short DNA regions (that usually are 1-6 nucleotides
long), which are tandemly repeated through all the genome, in both
intronic and exonic regions. Microsatellites are frequently present also in
promoter regions, and terminal regions. Microsatellite instability (MSI) is
an event that usually occurs when a microsatellite site gains or loses 1 or
more repeats. It is usually connected with issue related to the functionality
of DNA repair gene systems. Above all, DNA mismatch repair (MMR)
system is the most involved in repairing DNA replication errors, including
microsatellite loci. The genes coding proteins for MMR functionality are
MLH1, MSH2, PMS2, and MSH6%. When these genes present mutations
the direct consequence is the impairment of MMR system and, defects in
MMR system could be observed and associated with the increased number
of instable microsatellite regions. Tumors that present a high microsatellite
instability are named MSI-High (MSI-H), while those that do not present
microsatellite instability are label as MSI-Stable (MSI-S). The association
between possible benefit from immunotherapy and DNA repair system and
microsatellites instability is given by the observation in colorectal cancer,
in which the deficiency in MMR system were correlated to an increased
number of neoantigens. The increased number of neoantigens could be
related to more immunogenic tumors, thus, to be more likely to respond to
immunotherapy®. In routine MSI is traditionally analyzed with PCR
(MSIPCR) and immunohistochemistry®®, limited to five microsatellite
markers recommended by National Cancer Institute!®2. Nevertheless, a
greater number of microsatellite loci through DNA sequencing could allow

a better identification of MSI profile in different cancer types.
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1.13.4 Tumor-related biomarkers — Damage response and

repair

Damage response and repair (DRR) gene alterations in DNA are associated

with higher genomic instability, that could be also inferred studying the
MSI and TMB. Mutations in DDR genes have been proven to be associated
with higher immunity in some cancers and with treatment benefits in
patients treated with immune-checkpoint inhibitors'®, For example, DNA
mismatch repair (MMR) is a biological system that is used by cells for
identifying and repairing DNA variations that occurs during replication.
Uncorrected DNA replication can produce numerous aberrant neoantigen
and deficient tumor cells in MMR could carry from 10 to 100 times more
mutations than a tumor cell with a proficient MMR. Particularly, mutations
in MMR-related genes, such as MLH1, MSH2, MSH6, and PMS2 impair

efficacy of the system and are argument of study®6-104105,

1.13.5 Biomarkers of the overall status of tumor

microenvironment

Tumor infiltrating immune cells seems to have an important role on
treatment response to immunotherapy. For instance, T-cells significantly
correlated with a better outcome in different cancer types and could predict
the efficacy of immunotherapy. On the contrary, other immune cells such
as T regulatory cells (Tregs) and tumor-associated macrophages can be an
indicator of immunosuppressive environment and consequently be linked
to a poor response to ICI%, Likewise, Interferon-y (IFN-y), a cytokine
with antiviral, antitumor and immunomodulatory function, able to trigger
the activation of the immune response and in the meanwhile to prevents
the overactivation of the immune system is now considered object of study
for biomarkers evaluation. For instance, IFN-y plays a vital role in

enhancing CD8+ T-cells activity against tumor cells and otherwise
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upregulate PD-L1 expression on tumor cells, that efficiently protect them
from immune surveillance. Several interferon-y gene expression signatures
(built up through the study of genes associated with T-cell activation) have

been proposed in different cancer types!®’19,

1.13.6 Immune-related and TME-related gene expression

signatures

Gene expression profiling allows the assessment of various inflammatory-

related markers contemporaneously. Several studies investigated the role
of immune-gene signatures to predict prognosis or response to
immunotherapy in different cancer types, including for example
Interferon-y and T-cell gene expression signatures in HNSCC!,
Moreover, the complexity of tumor microenvironment, which is known to
play a critical role, was considered. However, the intricacy of biological
mechanisms results difficult to manage by scientists. A possible way to
reduce such methodological complexity could be offered by gene
expression analysis. For instance, gene expression of tumor cells and
tumor microenvironment infiltrating cells is under investigation as
biomarker for the efficacy of immunotherapy. TME could be classified
into three different distinct phenotypes based on immune infiltration,
which are “inflamed”, “immune-exhausted” or “immune-desert”**'. The
large availability of multi-omics data generated by Pan-cancer studies has
facilitated the dissection of molecular principles that made possible the
inferring of biological characteristics. Gene expression signatures has been
proven to be a relevant surrogate tool to interrogate the complex
interactions and mechanisms behind the oncogenic processes, allowing the
possibility to reduce the methodologies used for the tumor biology
evaluation (such as IHC, FACS and other techniques). On the other hand,

gene expression signatures gave the opportunity to interrogate an
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additional manageable tool, easily translatable to clinical practice. At date,
several gene expression signatures are under investigation, comprising de-
regulation in immune and stromal infiltrated cells and DNA repair

systems!12113,
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2. AIMS

Prognosis for R/M HNSCC patients is dismal, and second line treatment
options are limited. Since the approval in 2016 of the use of
immunotherapy (single agents, i.e., nivolumab, pembrolizumab) as SoC
for these patients, the paradigm has changed. However, response rate is
low (13-18%) and association of the outcome with clinical, demographical
variables and predictive biomarkers are still under investigation.
The present PhD project took advantage of the clinical trial “Nivactor”, in
which R/M HNSCC platinum-resistant patients were treated in second line
with nivolumab. Among the “Exploratory objectives” of the trial there was
the identification of pre-existing biological markers associated to

nivolumab response potentially useful as predictive surrogate markers.

The tumor tissue of these patients was profiled, and by the analysis of gene
expression and mutations in specific cancer-related genes, we planned to

investigate:

a) The differences between responding and non-responding patients;

b) The role of specific markers (such as PD-L1, TMB and MSI)
highlighted in other clinical trials;

¢) The association of specific gene expression signatures with response
and survival;

d) The contribution of specific mutation to response and survival.

Through this extensive tumor profiling, we aimed to define specific
molecular features able to guide the clinical practice through a more

personalized approach.
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3. MATERIALS AND METHODS

3.1 Clinical trial

The present Ph.D. project took advantage of the clinical trial “Nivactor”: a
single-arm, open-label, multicentre Phase Illb clinical trial, with
NIVolumab in subjects with recurrent or metastatic (R/M) platinum-
refrACTORY squamous cell carcinoma of head and neck cancer (EudraCT
Number: 2017-000562-30). The study was performed in compliance with
the requirements of the AIFA. The study was full approved from Comitato
Etico Fondazione IRCCS Istituto Nazionale dei Tumori Milano on 4 Oct
2017 (INT 128 17). Patients were enrolled from 21 different Italian
centres, following the inclusion and exclusion criteria. All patients

provided written informed consent to participate in the study.

3.2 Inclusion and exclusion criteria

Patients were included in the study only with confirmed recurrent or
metastatic HNSCC (oral cavity, oropharynx, hypopharynx, larynx), not
amenable to local therapy with curative intent (surgery or radiation therapy
with or without chemotherapy), male and female, with an age > 18 years
and an Eastern Cooperative Oncology Group (ECOG) performance status
<2. Moreover, the presence of tumor progression or recurrence must have
occurred within 6 months of last dose of platinum therapy in the adjuvant
(i.e., with radiation after surgery), primary (i.e., with radiation or prior to
it or to surgery as induction chemotherapy), recurrent, or metastatic setting.
Patients were included only if the disease could be measurable by
Computed tomography (CT) or Magnetic resonance imaging (MRI) per
Response Evaluation Criteria in Solid Tumor (RECIST) 1.1 criterial'* . On
the contrary, patients were not considered for the study with histologically
confirmed recurrent or metastatic carcinoma the nasopharynx, and salivary

gland or non-squamous histology (e.g., mucosal melanoma) and patients
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prior treated with anti-PD-1, anti-PD-L1, anti-PD-L2, anti-CTLA-4
antibody, or any other antibody or drug specifically targeting T-cell co-
stimulation or immune checkpoint pathways. Moreover, patients were not
considered for the trial if they had an active, known, or suspected
autoimmune disease, known history of testing positive for human
immunodeficiency virus (HIV) or known acquired immunodeficiency
syndrome (AIDS).

3.3 Nivolumab treatment

Subjects received treatment with nivolumab monotherapy at 240mg flat
dose on Day 1 of treatment cycle and every 14 days, until confirmed
progression of disease, unacceptable toxicity, death, or withdrawal of
consent. To monitor the disease, CT scans and/or MRI were performed.
The treatment efficacy was assessed following RECIST 1.1, a set of
published criteria used in the definition of tumor changes through imaging,
allowing the definition into the category of ‘“responder” or ‘“partial
responder” (when the disease reduces or disappears), “stable disease”
(when the disease stays the same), “progress disease” (when the disease
worsen). Clinical information and demographic data (such as age, gender,
tumor subsite, tumor stage, treatment history, and others) were collected
and update till the end of 2020.

3.4 Tumor specimen collection and PD-L1 evaluation

Tumor biopsy specimens were obtained from patients prior to treatment
with nivolumab from: a) metastatic or recurrence setting; b) an archived
biopsy of the primary tumor. All the tumor specimens were collected at
IRCCS Istituto Nazionale dei Tumori (Milan, Italy). A minimum of 1
formalin-fixed paraffin embedded (FFPE) tumor tissue block or a
minimum of 10 FFPE unstained sections were required for assessment of

PD-L1 status and other biomarker evaluation. PD-L1 IHC was performed
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utilizing PD-L1 IHC 22C3 pharmDx kit (Dako, Carpinteria, CA) on the
Dako ASL48 platform, according to manufacturer recommendations. The
activity was centralized at IRCCS Istituto Nazionale dei Tumori (Milan,
Italy). PD-L1 expression was evaluated both in tumor cells and in
inflammatory cells. TPS was defined as the percentage of tumor cells
presenting PD-L1 membranous immunoreactivity at any intensity. The
CPS was defined as the number of PD-L1 staining cells (tumor cells,
lymphocytes, macrophages) divided by the total number of viable tumor
cells, multiplied by 100. A minimum of 100 viable tumor cells had to be
present in the PD-L1 stained slide for the specimen to be considered
adequate for PD-L1 evaluation. Tumor infiltrating lymphocytes (TILS)
were assessed on hematoxiline & eosine (H&E) slides, as described in
Salgado et al**> . Mononuclear inflammatory cells (i.e., lymphocytes and
plasma cells) present in the stromal compartment were assessed. The
percentage of stromal TILs was calculated as the area of stromal tissue
(within and at the invasive edge of tumor area) occupied by inflammatory

cells over the total stromal area.

3.5 Nucleic acid extraction

Pathological revision was performed to obtain adequate non- necrotic
tumor areas free of contamination from normal tissue, and after,
macrodissection was done on sections to obtain at least a percentage > 70%
of tumor cells. Nucleic acid extraction on FFPE pre-immunotherapy tumor
samples (primary or recurrence/metastasis specimens) and the following
related activities were all centralized at IRCCS Istituto Nazionale dei
Tumori (Milan, Italy). RNA was isolated using Qiagen RNeasy FFPE kit
(Qiagen), in accordance with the manufacturer’s instructions. To avoid
possible bias of lack of uniformity of nucleic acid material, RNA quality
and quantity were assessed by 4200 TapeStation system (Agilent

48



Technologies), and Qubit 4.0 Fluorimetric RNA Broad Range or High
Sensitivity Assay (Thermo Fisher Scientific), respectively. Samples that
did not meet the standard criteria for quality (DV200 < 15; i.e., DV200 is
the percentage of RNA fragments that are >200 nucleotides in size) and
guantity (concentration < 10 ng/uL) were not considered adequate for gene
expression profiling. For mutational analysis, DNA were extracted using
GeneRead FFPE kit (Qiagen), following the manufacturer’s instructions.
After nucleic acid quality check and quantification by 4200 TapeStation
(Agilent) and Qubit 4.0 Fluorometer (Thermo Fisher Scientific) samples.
Samples with a poor quality (DIN < 2) nucleic acid, or a low quantity (<7

ng/uL) were not considered for DNA sequencing experiments.

3.6 Gene expression experiments

Gene expression experiments were performed accordingly to GeneChip
WT Pico standard protocols (Affymetrix, Thermo Fisher Scientific). For
the protocol execution, 100 ng of RNA was used as starting input; RNA
was retrotranscribed with “First-Strand Master Mix” and incubated in a
thermal cycler for 1 hour at 25°C, then for 1 hour at 42°C, then for at least
2 minutes at 4°C. To clean up the reagents from the previous reaction, the
samples were incubated for 30 min at 37°C, for 10 minutes at 80°C and
then for at least 2 min at 4°C with “WT Pico Cleanup Reagent” in the
thermal cycler. To the single-stranded cDNA 3’ adaptors were added,
utilizing the “Adaptor Master Mix” (thermal cycler program: 2 min at
95°C, 9 cycle of 30 sec at 94°C and 5 min at 70°C and then for at last 2
min at 4°C). Second strand cDNA was synthetized using “Second-Strand
Master Mix”, following the incubation for 1 hour at 16°C, then for 10
minutes at 65°C, then for at least 2 minutes at 4°C. Antisense RNA
(complimentary RNA or cRNA) was synthesized and amplified by in
vitro transcription (IVT) of the second-stranded cDNA template using T7
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RNA polymerase (thermal cycler incubation at 40°C for 14 hours). The
purification of cRNA was performed utilizing “Purification Beads” and
washed three times with EtOH 80%. Samples were eluted in 27 pL of
nuclease free water, previously heated at 65°C. For the synthesis of the
sense-strand cDNA 833 ng/pL of cRNA (in a final volume of 24 uL) were
utilized, following the incubation reaction in the thermal cycler (10 min
at 25°C, 90 min at 42°C, 10 min at 70°C and then for at least 2 min at
4°C). RNase H was then utilized to remove the residual cRNA template
incubating the samples for 45 min at 37°C, 5 min at 95°C and then for at
least 2 min at 4°C. The RNase H activity was stopped adding 11 pL of
nuclease free water. The purification of cDNA was performed utilizing
“Purification Beads” and washed three times with EtOH 80%. Pre-heated
water (65°C) was utilized for elution. Samples with a concentration > 120
ng/uL were used for the fragmentation step. It was utilized 120 ng/uL of
ss-CNDA, equal to 5.5 ug in 46 pL. Sense-strand cDNA was fragmented
by uracil-DNA glycosylase and apurinic/apyramidinic endonuclease 1 at
the unnatural dUTP residues and breaks the DNA strands. Moreover, the
fragmented cDNA is labeled by terminal deoxynucleotidyl transferase
using “DNA labeling reagent” that was covalently linked to biotin. Probes
were hybridized on human Clariom D chips for 16 hours at 45°C; after
chips washing and staining, the chips were scanned with Affymetrix Gene
Chip Scanner 3000 7G. The Affymetrix system was designed to detect
genes, exons, and alternative splicing events from >540,000 transcripts.
Primary data were acquired using the Affymetrix GeneChip Command
Scan Control version 4.0 (developed by Thermo Fisher Scientific). The
generated CEL files were analyzed for an additional quality check using
Affymetrix Expression Console Software (version 1.4), which
normalized array signals using Signal Space Transformation (SST) and a
robust multiarray averaging (RMA) algorithm.
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3.7 TSO500 NGS library preparation

The experiments for the target sequencing were performed using lHlumina
TruSight Oncology 500 protocol (Illumina, UK). The Illumina TruSight
Oncology 500 panel (TSO500) allows the detection of somatic variants in
523 cancer related genes; moreover, it generates a score for TMB and MSI
calculation. Before library preparation, DNA was evaluated and restored
using Infinium FFPE QC and DNA restoration kit (Illumina), following
the manufacturer’s instructions. FFPE samples are known to generally
yield highly degraded DNA, they typically perform poorly in whole-
genome genotyping. For this reason, after DNA extraction, we used the
Illumina FFPE QC Kit, that through real-time PCR assessed the quality
and the integrity of DNA for each samples. Each FFPE samples that pass
the QC test was eligible for restoration, using the Infinium HD FFPE
restore kit, following the manufacturer’ instructions, which is able to repair
the degraded DNA samples.

For library preparation, 80 ng in 12 pL of DNA were used as starting
material from each sample. The library preparation was performed
manually according to manufacturer’s instructions. The very first step of
the protocol is based on mechanical fragmentation (Covaris
E220evolution) of the genomicDNA (gDNA). After the fragmentation the
generated dsDNA were checked in size (90-250 bp) using the Tapestation
2200 (Agilent Technologies, UK). Then, the ends are repaired using A-
tailing master mix. Unique molecular identifiers (UMIs) adapters are
ligated to the fragments, and then a clean-up is performed. UMI are
complex indexes added to the fragments before the amplification to reduce
the number of false positive calls, to have a more accurate result during the

sequencing process (Figure 2).
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Figure 2. Functional mechanism of UMIs

Library fragments were amplified, and index sequences are added, to allow
the multiplexing of samples. This step was fundamental for cluster
generation during sequencing. Libraries were then hybridized overnight
with a pool of oligo specific to the 523 targeted genes. Probes were
captures and cleaned-up with streptavidin magnetic beads. Library quality
and quantity were checked before the creation of the pool, using qubit
Fluorometer (Thermo Fisher Scientific) and Tapestation 2200 (Agilent
Technologies). Only library with the specific peak were considered
[240bp-290bp], and library with a concentration < 1 ng/ulL were excluded.
Library nano molarity was calculated using the following formula:

nM = ([qubit] / 660*size bp ) *10°

At the end of the process the pools are created and sequenced. Pools were
run on NextSeq 550 instrument (Illumina). Libraries were multiplexed for

sequencing with up to 8 DNA libraries for each run. The Sequencing
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results were analyzed using TSO500 Docker pipeline. Possible sequencing

PCR bias were removed thanks to the use of UMIs.

3.8 TSO500 NGS library analysis

The sequence alignment to the human genome (hg19) was completed using
SOPHiA DDM™ for TSOS500 pipeline. Moreover, for the analysis the

following threshold were considered:

)

“Variant reads” i1s the number of independent sequence reads
supporting the presence of a variant. Due to the high error rate of
NGS at the per-base call level, calls supported by less than 5
variant reads are typically considered to be likely false positive
calls. We considered as minimum variant reads = 10;

“Variant allele frequency (VAF)” is the percentage of sequence
reads observed carrying a specific DNA variation divided by the
overall coverage obtained at that precise locus. Thus, VAF is a
surrogate measure of the proportion of DNA molecules in the
original specimen. The number ranges between 0.0 to 100.0.
VAF could be interpreted as measure of diploid zygosity in
germline DNA sequencing, in which heterozygous loci have a
VAF = ~50% VAF and homozygous loci a VAF = ~100%.
However, for somatic testing in clinical setting, in which even
variants with low VAF could have an important role (and high
level of sensitivity is required) the combination of normal and
tumoral DNA in the sample causes heterogeneous VAFs. In
cancer context, VAF analysis could not be considered accurate
because intratumoral heterogeneity and impurity of tumor DNA
cause confusing deviations from expected VAFs. Moreover,
polymerase and sequencing errors make it difficult to robustly

detect low-frequency mutations <5% VAF. For this reason,
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i)

UMIs were developed to suppress the errors to detect mutations
even below 1% VAF. Nonetheless, accurate detection using
UMIs with a low VAF (< 1%) is possible only with large amount
of total DNA (> 250 ng) and they were not considered for the
present analysis*'®. On the other hand, high VAF percentages (>
50%) were included, because even if it could indicate that the
variant is germline or in a region of loss of heterozygosity, the
pairing with normal tissue was not performed to confirm the
assessment. Also, even if the tumor percentage in our tissue
sample was selected > 70%, it is important to underly that since
percent tumor cell is a prediction performed by
pathological/histological analysis, and it is never intended to be
an accurate measurement. Additional, even the VAF in the
“grey” zone were included in the analysis, because it is common
observing true cancer mutation in this range!'’. To conclude, for
all these reasons, with considered all the VAF > 2 %.

Coverage, usually indicated with a number followed by "x", is
the number of independent reads with overlapping alignment at
a locus of interest. This is often expressed as an average or
percentage exceeding a cutoff over a set of intervals (such as
exons, genes, or panels). To assess proper parameters the
SOPHiA DDM™ for TSO500 pipeline generated a specific
output, allowing the elimination of all those variants with low

coverage or high background noise.

Moreover, only INDELS and SNPs were included, filtering all the

variations that were nonsynonymous, and so including only the

29 <6

“missense”, “nonsense”, “frameshift” annotations. The allele frequencies
in control populations could be useful for assessing clinical significances

of somatic variants!®. For this reason, we excluded all the variants with a
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prediction of frequency > 3% in the population using the control
population of 1000 Genome Project!'®. The distinction between somatic
and germline alterations with the somatic only next-generation sequencing
panel was not addressable'?°. For the assessment of somatic prediction for
specific considered mutations, the Catalog of Somatic Mutations in Cancer

(http://cancer.sanger.ac.uk/cosmic) was utilized, where are annotated

millions of somatic alterations across different tumor types. For the
germline prediction of the DNA variations instead ClinVar database

(http://www.ncbi.nlm.nih.gov/clinvar) was utilized. ClinVar database

contains only germline variants, both pathogenic and benign, providing in
addition clinical evidence when available!?!, Data were visualized by

Maftools, a R package developed to analyze and visualize NGS data'??,

3.9 Tumor mutational burden

Tumor mutational burden (TMB) is defined as the number of non-
synonymous (missense, nonsense, frameshift) mutations within 1 Mb
(mut/Mb) of coding region on tumor genome. TMB score was generated
using SOPHiA DDM™ for TSO500 pipeline. For the evaluation of TMB
in the present analysis, either single-nucleotide variants and small
insertion/deletions in coding regions with a minimum coverage of 50X and
5% < variant allele frequency < 90% were considered. Contrary, multi-
nucleotide variants (MNVs) were excluded. Only eligible somatic
mutations per Megabase (Mb) were considered, after filtering germline
variants (in-house SOPHIA GENETICS database). Even if TMB is
historically assessed in whole exome sequencing studies, Illumina
demonstrated that TMB can be effectively estimated using targeted
sequencing panels covering at least 1.1 Mb of genomic content. The
TruSight Oncology 500 panel covers 1.94 Mb genomic content and take

advantages of UMIs, which reduce the sequencing noise during the initial
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steps. This addition of UMIs is a fundamental step, which strengthens the
measurement of TMB. Tumor samples were classified as TMB-high or
TMB-low using 10 mut/Mb as cut-off value, as suggested by Illumina

Pipeline.

3.10 Microsatellite instability

Next generation sequencing (NGS) of 175 noncoding homopolymer
regions was performed for assessing the microsatellite instability. MSI
calculation was performed by SOPHiA DDM™ for TSOS500 pipeline.
Regions with low sequencing coverage (minimum coverage > 50X) were
not considered in the MSI status calculation, and at least 20 well-
sequenced sites were required to be assessed to determine the MSI score.
Samples were divided in: a) microsatellite stable (MSS) if the score is less
than 0.013; b) For scores above 0.018, the sample is considered as
“unstable” with high confidence and marked as "MSI-H” (MSI-High); c)
“reject” if the percentage of homopolymer loci used is less than 70% of the

loci sequenced.

3.11 Differentially expressed genes (DEGS)

The investigation of differential expressed genes between the responders
versus non responders, clinical benefit versus non-clinical benefits
categories was performed using limma R package!?® . Only genes with the
absolute value of log2FoldChange > land adjusted p < 0.05 were
considered as significantly deregulated transcripts. The p values were
adjusted on the false discovery rate (FDR) according to the Benjamin-
Hochberg method. Volcano plot was utilized for visualizing the results,

using R software ggplot2!24,
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3.12 Functional enrichment analysis

To explore the de-regulated biological pathways, the gene-set enrichment
analysis (GSEA) Hallmark pathways?® was applied. The hallmark gene
sets (n=50) represent coherently expressed signatures derived by
aggregating many MSigDB (i.e. Molecular Signature Data Base,
https://www.gsea-msigdb.org/gsea/msigdb/) gene sets to represent well-
defined biological states or processes. Genes were ranked using the t-
statistic, the number of permutations was set to 10,000 and gene sets with
fewer than 15 or more than 500 genes were filtered out. The comparison
was performed using two categories or using scores in continuum. We
distinguished significantly enriched biological pathways setting as
screening criteria a false discovery rate (FDR, correction for multiple
comparisons) g-value < 0.05 and normalized enrichment score (NES) >
|1.5|. GSEA was run using the Java desktop application and GSEA v4.2.2
for Windows. Text files with the following specific formats were uploaded
for the analyses: i) GCT format for the gene-expression matrix; ii) CLS
file format to define phenotype labels (classes or continuous traits). The

differential pathways analysis was calculated by limma package!%.

3.13 Tumor microenvironment composition

For the evaluation tumor microenvironment components, we used on gene
expression normalized data the xCell method'?®, a deconvolution
algorithm that is based on gene expression, and allows through an
extensive in silico analysis, the inference of 64 immune and stromal cell
types and 3 summary scores (i.e., immune, stroma and microenvironment
scores). The 64 cell types were categorized into: lymphoid, myeloid,
stromal, and others. The comparison was performed using two categories

or, when available, using scores in continuum.
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3.14 Statistical analysis

Clinical endpoints were Overall Survival (OS) and Progression Free
Survival (PFS). OS was defined as the time interval between the date of
the first diagnosis and date of death from any cause or the date of the last
follow-up. PFS was defined as defined as the time between date of
randomization and the date of radiological evidence of progression or
significant clinical symptomatic progression or of death without evidence
of progression, whichever occurred first, or the date of the last follow-up.
Objective response rate (ORR) was assessed according to Response
Evaluation Criteria In Solid Tumors (RECIST criteria, Version 1.1). Last
follow-up data were updated in 2020. Survival curves were estimated using
Kaplan-Meier method and statistical differences between categories were
assessed by log-rank test, using R packages “