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ABSTRACT - ENGLISH

The incidence of head and neck cancer (HNC) is rising annually. Researchers attribute this
increase to the prevalence of human papillomavirus (HPV), the most common sexually transmitted
infection worldwide. In fact, the majority of oropharyngeal cancers (OPC) can be attributed to
chronic infection with HPV. The current standard of care involves surgery and adjuvant
chemoradiation therapy which can often leave survivors debilitated. Unfortunately, long-term side
effects of treatment greatly impact the quality of life of HNC patients. In order to limit treatment
toxicities and improve patient quality of life, de-escalated treatment strategies are currently being
explored. The purpose of this thesis is to understand the translational potential and limitations of
liquid biopsies to improve personalized treatment regimens of patients with HPV-related HNC.
This topic was explored in a narrative literature review, however, a systematic review
(PROSPERO ID: 560498) was also conducted to determine whether the immune
microenvironment of HNC patients could be characterized by liquid biopsy. Two bibliographic
databases (Medline and Embase) were searched for eligible studies based on MeSH (Medical
Subject Headings) terms and keywords. Search terms included cancer, circulating tumor cells,
liquid biopsy, and the immune microenvironment. Studies selected from the databases were
imported into Covidence software for identification, removal of duplicates, and for screening
based on predefined eligibility criteria. 304 studies were identified via the search strategy, and of
these, eight studies were retained for data extraction. The studies included in the systematic review
were published between 2017 and 2024 and involved 814 HNC patients from three different
countries. The results of the literature review suggest that liquid biopsies analyzing circulating
tumor DNA (ctDNA) offer potential benefits, such as reduced diagnostic time and biopsy
repeatability. Additionally, the applications of liquid biopsies in HNC appear to include
diagnostics, disease surveillance, and patient prognostication. Furthermore, the data collected in
the systematic review indicates that the immune microenvironment may play a role in predicting
responsiveness to treatment in patients with HNC. However, further studies should be conducted

to improve and validate these findings within the field.



ABSTRACT - FRENCH

L'incidence du cancer de la téte et du cou augmente chaque année. Les chercheurs
attribuent cette augmentation au virus du papillome humain (VPH), la maladie vénérienne le plus
répandu dans le monde. En fait, la grande majorité des cancers oropharynges peuvent étre attribués
a une infection chronique par le VPH. La norme actuelle de soins comprend la chirurgie et la
chimioradiothérapie adjuvante, qui peut souvent laisser les survivants affaiblis. Malheureusement,
les effets secondaires & long terme du traitement ont un impact considérable sur la qualité de vie
des patients atteints de cancer de la téte et du cou. Afin de limiter les toxicités du traitement et
d'améliorer la qualité de vie des patients, des stratégies de traitement moins intenses sont
actuellement explorées. Une analyse de la littérature a été realisée pour évaluer le potentiel
translationnel et les limites des biopsies liquides pour améliorer les schémas thérapeutiques
personnalisés des patients atteints de ce cancer. En outre, une étude systématique (PROSPERO
ID: 560498) a éte réalisée pour déterminer si les microenvironnements immunitaires des patients
atteints de cancer de la téte et du cou pouvaient étre caractérisés par des biopsies liquides. Deux
bases de données bibliographiques (Medline et Embase) ont été consultées a la recherche d'études
éligibles sur la base de termes MeSH (Medical Subject Headings) et de mots-clés. Les termes de
recherche comprenaient le cancer, cellules tumorales circulantes, biopsie liquide, et le
microenvironnement immunitaire. Les études sélectionnées ont été importées dans le logiciel
Covidence pour I’identification, la suppression des doublons, et la sélection sur la base de critéres
d'éligibilité prédéfinis. La stratégie de recherche a permis d'identifier 304 études, dont huit ont été
retenues pour l'extraction des données. Les études incluses dans la revue systématique ont été
publiées entre 2017 et 2024 et ont porté sur 814 patients atteints de cancer dans trois pays
difféerents. Les résultats de I'analyse de la litérature suggerent que les biopsies liquides analysant
I'’ADN tumoral offrent des avantages potentiels, tels que la réduction du temps de diagnostic et la
répetabilité. En outre, les applications des biopsies liquides dans le cas du cancer de la téte et du
cou semblent inclure le diagnostic, la surveillance de la maladie, et le pronostic du patient. De
plus, les données recueillies dans le cadre de [I'étude systématique indiquent que le
microenvironnement immunitaire peut jouer un réle dans la prédiction de la réponse au traitement
chez les patients atteints de cancer cervico-faciale. Cependant, d'autres études devraient étre

menées pour améliorer et valider ces résultats.



FORMAT OF THE THESIS

This thesis is based on the guidelines provided by the Faculty of Graduate and Postdoctoral
Studies of McGill University. It consists of five main chapters: the introduction (Chapter 1), a
review of the literature in the field (Chapter 2), a manuscript involving a literature review of the
clinical applications and limitations of liquid biopsies in HNC, as well as a systematic review about
the potential of using liquid biopsies to characterize the immune microenvironment of HNC
patients (Chapter 3), a general discussion (Chapter 4), conclusions and future directions (Chapter

5), a reference list for the citations found outside of the manuscript, and supplementary materials.
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CHAPTER 1 - INTRODUCTION

1.1 Rationale

Head and neck cancer (HNC) is within the top ten most common cancer types in the world [1].
In the past decade, the prevalence of HNC has been increasing exponentially, even though the
most common risk factors, which include smoking and excessive alcohol consumption, have
declined [2]. This increase in prevalence can be attributed to infection with human papillomavirus
(HPV), acommon sexually transmitted disease [3]. When an individual is exposed to chronic HPV
infection, they are more susceptible to developing cancer [3]. The current treatment for HNC
depends on the clinical stage of the disease and usually involves surgery followed by adjuvant
chemoradiation therapy, and immunotherapy for recurrent and metastatic tumors [4]. However,
these treatments are aggressive and often leave patients with dysphagia, dysphonia, trismus,
ulceration, and hemorrhage [4].

Patients with HPV-related HNC have a relatively favorable prognosis compared to patients
with HPV-negative HNC, since their tumors are more susceptible to anti-cancer drugs [5]. Due to
this superior prognosis, researchers have postulated whether patients with HPV-related HNC are
eligible for a de-escalated course of treatment that would limit toxicities and negative side effects
[6]. Recent studies have shown that specialized tumor microenvironments (TME) have the
potential to act as cancer therapy targets through reprogramming [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16]. However, a major limitation associated with cancer therapy approaches targeting
the TME includes primary or acquired resistance due to various extrinsic and intrinsic factors [17].
A deeper understanding of the dynamic TME components and their real-time interaction could
help in overcoming these limitations [18]. In this manner, the scientific community aims to
integrate minimally invasive liquid biopsy technology into clinical practice, with the goal of
improving patient outcomes by monitoring tumor progression during treatment.

A chapter of this thesis explored the potential clinical applications and limitations of liquid
biopsies in HPV-related HNC. Furthermore, a systematic review investigated whether the immune
microenvironment can be leveraged via liquid biopsy to improve the clinical management of
cancer. Therefore, this thesis evaluated the predictive and prognostic value of liquid biopsy as a

tool to support HNC diagnosis and treatment.
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1.2 Objectives

The primary aim of this thesis is to understand the clinical applications and limitations of
liquid biopsies in HPV-related HNC. Furthermore, this study aims to investigate whether the
circulating immune factors can be leveraged via liquid biopsy to predict treatment outcomes and

prognosis in patients with HNC.
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CHAPTER 2 —- REVIEW OF THE LITERATURE

2.1 Introduction to Cancer

Cancer is the second most common cause of death in high income countries [19]. Current
statistics predict that one in two women and one in three men living in North America will develop
cancer in their lifetime [20]. The risk of developing cancer depends on lifestyle factors (such as
smoking and alcohol consumption), environmental factors, and socioeconomic status [21]. Cancer
is a complex and heterogenous genetic disease which occurs when portions of the genome are
mutated or altered [22]. These genetic changes can be inherited (germline mutations) or acquired
(somatic mutations) during a person's lifetime due various factors such as environmental exposure
(e.g., radiation and carcinogens), lifestyle choices, infection, and random errors in DNA replication
[22], [23]. While not all cancers are inherited, the genetic basis of cancer involves mutations in
specific genes that regulate cell growth, division, and death [24]. These genes include oncogenes
which, when mutated or overexpressed, can promote the growth of cancer cells, tumor suppressor
genes which normally prevent uncontrolled cell growth and promote the repair of damaged DNA,
and DNA repair genes which are also involved in repairing damaged DNA [24].

Genomic damage can occur through various types of mutations [24]. The key types of
mutations that contribute to cancer development include point mutations, chromosomal
rearrangements, insertions and/or deletions of nucleotides, and copy number variations [25], [26],
[27], [28]. These mutations can accumulate over time due to intrinsic factors like DNA replication
errors and extrinsic factors such as exposure to carcinogens, radiation, and certain viruses [22],
[23]. The combination of these genetic alterations disrupts normal cellular processes and leads to
the development and progression of cancer [22]. Epigenetic reprogramming, such as DNA
methylation, acetylation, phosphorylation, ubiquitylation, and SUMOylation, also plays a
significant role in cancer development and progression [29], [30]. Changes to the DNA methylome
can alter gene expression without permanently modifying the genetic code [31], [32].

Malignancy can also occur when normal cellular regulation mechanisms are defective [33].
Defective cellular regulation can promote de-differentiation, rapid cellular proliferation, evasion
of apoptosis and immune surveillance, as well as deregulated metabolism and epigenetics (Figure

1A) [7], [33], [34]. These events encompass the hallmarks of cancer and will be explored in a
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future section of the present thesis [7]. As a cancer further progresses, the malignant cells can
spread into surrounding tissues (Figure 1B) [34]. In addition, some cells can intravasate into the
circulatory or lymphatic system to form a metastatic colony in a distant organ (Figure 1B) [34].
In HNC, distant metastasis most commonly occurs in the lungs (70-85%), the bones (15-39%),
and the liver (10-30%), respectively [35], [36]. However, the majority (~70%) of HNC patients
experience locoregional metastasis to the cervical lymph nodes [37]. Unfortunately, metastasis is

the cause of 90% of all cancer-related deaths [35].
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Figure 1. Cancer progression and metastasis. A. Progression of a normal cancer cell to a primary tumor. Primary
tumor cells can grow and invade the surrounding tissue, thereby initiating the metastatic dissemination process by
shedding tumor cells into the bloodstream or lymphatic system [7], [34]. B. Cancer progression in epithelial tissue.
This scheme illustrates the stepwise progression from normal epithelium to an invasive carcinoma [34]. In HNC, the
main metastatic sites are the cervical lymph nodes and the lungs, respectively [35], [36], [37]. Figure created using
Biorender.com. Figure adapted from [38].

Carcinomas can be defined as malignancies that are epithelial in origin, whereas sarcomas
can be defined as malignancies that are mesenchymal in origin [39], [40]. Epithelial cells form the

lining of the internal organs, body cavities, and the skin [39]. Squamous cells are a subset of
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epithelial cells that line the upper aerodigestive tract and the mucosal surfaces of the head and neck
region [39]. Mesenchymal cells, on the other hand, are cells that differentiate into connective
tissue, lymphatic tissue, and blood vessels [40]. Approximately 85% of all solid tumors are
epithelial in origin [41], [42].

At the time of diagnosis, a cancer will be staged based on the clinical and pathological
extent of the tumor, the nodal involvement, and if it has metastasized [43]. This staging process,
known as TNM staging (tumor (T), node (N), and metastasis (M)), helps classify the severity and
the spread of cancer [44]. The lower the cancer stage, the better the prognosis of the patient [43].
Unfortunately, cancer is often diagnosed at later stages of disease progression where tumors are
typically larger, more invasive, and often infiltrate surrounding tissues and organs [45]. The

characteristics of late stage tumors make them much harder to treat in a curative manner [45].

2.2 The Hallmarks of Cancer

The six hallmarks of cancer, described in 2000 by Hanahan and Weinberg, include
sustaining proliferative signaling, evading growth suppressors, inducing angiogenesis, enabling
replicative immortality, resisting cell death, and invasion and metastasis [46]. In 2011, Hanahan
and Weinberg amended their previous theory by adding emerging hallmarks and enabling
characteristics [7]. The emerging hallmarks of cancer include deregulating cellular energetics and
avoiding immune destruction, whereas the enabling characteristics include genome instability and
tumor-promoting inflammation [7]. These hallmarks collectively contribute to the ability of cancer
cells to grow uncontrollably, evade normal regulatory mechanisms, and spread throughout the
body [7].

The systematic review conducted in Chapter 3 explores the role of the immune
microenvironment in HNC. The immune and inflammatory aspects of HNC are characterized by
dynamic interactions between cancer cells, immune cells, stromal cells, and cytokines, which can
have profound effects on tumor progression and response to therapy [47]. Multiple studies have
demonstrated that an impaired immune system is linked with a high prevalence of several tumor
types [48], [49], [50]. For example, anogenital cancers, such as those caused by chronic infection
with HPV, are often linked with immune system impairment [51], [52], [53], [54]. Under normal

conditions, the immune system is expected to recognize and subsequently eliminate all foreign
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antigens present in the bloodstream [7]. However, cancer cells can adapt to overcome immune
surveillance mechanisms [7].

One way that malignant cells overcome immune surveillance mechanisms is by acquiring
immunosuppressive properties, such as the expression of PD-L1 (programmed death-ligand 1) on
their cell surface [55]. In addition, cancer cells may evade the immune system by restricting
antigen recognition [56]. Loss of antigenicity can occur when cancer cells lose immunogenic cell
surface proteins or when there are defects in antigen processing [55]. Tumors with low antigenicity
can evade immune surveillance and consequently proliferate in an uncontrolled manner [55].
Highly immunogenic cancer cell clones, on the other hand, will be rapidly eliminated by the
immune system [55].

Chronic inflammation, which is often associated with risk factors such as tobacco and
alcohol use, HPV infection, and oral microbiome dysbiosis, contributes to HNC development and
progression [57], [58]. A chronically inflamed TME promotes the secretion of chemokines and
cytokines into the circulation [7], [59]. These secreted factors can promote tumor cell proliferation,
angiogenesis, and invasion, while also inhibiting antitumor immune responses [59]. As
malignancies progress from neoplastic tissue to clinically detectable tumors, cancer cells evolve
within a highly specialized microenvironment characterized by a corrupted extracellular matrix
(ECM) and chronic inflammation, which may activate common signaling pathways that promote

tumor growth and metastasis [57].

2.3 Overview of Head and Neck Cancer

HNC is the sixth most common malignancy in the world, accounting for approximately 4%
of all cancer diagnoses [60]. HNC involves tumors which originate in the epithelial cells that line
the oral cavity, the pharynx, the larynx, the nasal cavity, the paranasal sinuses, and the salivary
glands (Figure 2) [61]. Although they are located within the head and neck region, malignancies
of the brain, thyroid, and eyes do not fall under the umbrella of this cancer type [61]. The most
common locations for HNC to occur are in the oral cavity, the pharynx, and the larynx [61]. Due
to spatial proximity, HNC tumors commonly metastasize to the cervical lymph nodes [37].
Unfortunately, approximately 70% of HNC patients have nodal metastasis at the time of initial

diagnosis [37].
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Figure 2. Overview of head and neck cancer. Head and neck cancer encompasses multiple cancer subtypes which
originate in the epithelial cells lining the upper aerodigestive tract [61]. There are various methods of treating HNC
depending on tumor stage, severity, and location [4], [62]. This figure was created using Biorender.com and published
in the International Journal of Molecular Sciences [63].

The common signs of HNC include fatigue, sudden weight loss, loss of appetite, insomnia,
and pain [64]. In addition, HNC patients often experience lymphadenopathy, dysphagia, recurrent
aphthous stomatitis, dysphonia, and pharyngitis [61]. However, many of these symptoms are
linked with other conditions that do not require primary medical care. Therefore, approximately
73% of HNCs are diagnosed at later stages of disease progression [65]. HNC is staged in the clinic
using the TNM staging guidelines of the American Joint Committee on Cancer [66]. As is the case
with multiple cancer types, the mortality rate of HNC significantly increases with advanced disease
stage [67].

The standard treatment for HNC involves surgery, radiation therapy, and chemotherapy [4]

(Figure 2). However, immunotherapy has recently been approved for the treatment of recurrent
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and/or metastatic HNC (Figure 2) [62]. Understanding the risk factors associated with diseases
allows us to better mitigate them and create preventative strategies to decrease harmful exposure
[68], [69]. If prevention is not possible, understanding the specific driver of a malignancy allows
clinicians to personalize treatment regimens and improve patient outcomes in the clinical setting.
Depending on the severity of the disease, some patients will require a multimodal treatment

regimen (Figure 2) [4].

2.4 Descriptive Epidemiology of Head and Neck Cancer

In 2020, GLOBOCAN estimated that 890,000 new cases of HNC are diagnosed around the
world each year [50]. Unfortunately, approximately 450,000 people die from this condition
annually [50]. The majority (70-80%) of HNC tumors originate in the oral cavity and can be
attributed to tobacco and alcohol consumption [70]. Studies have found that smokers are up to ten
times more likely to develop HNC throughout their lifetime [70]. Furthermore, infection with HPV
accounts for an estimated 25% of all HNC cases [71].

Many high-income countries are experiencing an exponential increase in the incidence of
oropharyngeal cancer (OPC) [72]. Within the last ten years, the incidence of HPV-related HNC
has increased by approximately 36.5% [73]. Although global smoking prevalence is on the decline,
the incidence of HPV-related HNC is increasing by approximately 2.5% each year [74], [75].
Epidemiologists have postulated that sexual behavior, non-monogamy, and a younger age of first
sexual activity are related to the increased incidence of HPV-related HNC [76]. In addition, in
recent years, the World Health Organization (WHO) has highlighted vaccine hesitancy as a major
threat to global health [77]. Moreover, a study performed by Ryan et al. demonstrated that pediatric
HPV vaccine hesitancy has increased by approximately 11% since the COVID-19 pandemic [78].

Global statistics have demonstrated that HNC is twice as common in men than in women
[61]. This can be explained by differences in lifestyle and exposure to risk factors [79], [80], [81].
Furthermore, the median age of diagnosis of HPV-negative HNC patients is 66 years old, whereas
the median age of diagnosis of HPV-positive HNC patients is 53 years old [61]. Therefore, HPV-
related HNC is occurring in a significantly younger demographic [61]. In addition, HPV-related
HNC has a five-year survival rate of 80%, whereas that of HPV-unrelated HNC is 40% [82], [83].
European age standardized HNC mortality rates in the United Kingdom have demonstrated that
the mortality rate of HNC has increased by approximately 15% over the last decade [2].
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2.5 Risk Factors for Head and Neck Cancer

The risk factors for HNC are often associated with lifestyle, genetics, environmental
exposure, and socioeconomic status [84], [85], [86]. Studies have demonstrated that 70-80% of all
HNC diagnoses are linked to smoking and excessive alcohol consumption [70], [87]. In this
context, smoking includes cigarettes, chewing tobacco, cigars, betel quid, and electronic cigarettes
[61]. Furthermore, the combination of these two lifestyle factors may potentialize HNC risk [86].

In recent decades, chronic infection with HPV has emerged as a significant risk factor for
HNC [88]. However, there exists an HPV vaccine, Gardasil-9, which is effective at preventing
infection against high-risk HPV subtypes [69]. This vaccine provides protection against nine
common HPV strains (HPV-6, -11, -16, -18, -31, -33, -45, -52, and -58) [89]. Furthermore,
inoculation with this vaccine provides cross-protection for additional HPV strains [90].
Unfortunately, despite preventive measures, current estimates demonstrate that up to 90% of OPC
can be attributed to chronic infection with HPV [88]. Researchers postulate that the slow
implementation of vaccination programs, reduced vaccination of males and minority groups, lack
of HNC screening, and vaccine hesitancy contribute to the prevalence of HPV-related head and
neck malignancies [91], [92], [93].

2.6 Human papillomavirus (HPV)

HPV is the most common sexually transmitted virus in the world, with an estimated 50-
70% of all sexually active individuals becoming infected at some point in their lifetime [94]. HPV
transmission occurs primarily via vaginal, anal, and oral sex [95]. The virus can also be transmitted
via intimate skin-to-skin contact during intercourse [95]. An HPV infection can usually be cleared
by the host’s immune system [96]. However, in rare instances, the infection can persist and develop
into benign or pre-malignant lesions [97]. The majority of individuals with persistent infection are
asymptomatic [98]. Therefore, cancer screening is an important tool to monitor chronic HPV
infections and eliminate pre-malignant lesions at early stages of development [99]. Unfortunately,
there are currently no standardized screening methods for HNC [100], [101].

HPV is a non-enveloped DNA virus that is approximately 8,000 nucleotides in length

[102]. At the present moment, over 200 HPV genotypes have been discovered [53]. HPV is
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generally not considered a hereditary virus [103]. However, in rare instances, the virus can be
passed between mother and offspring during pregnancy and childbirth [104]. Researchers postulate
that this viral transmission is due to the direct contact of the fetus with the HPV-positive lesions
in the anogenital tract of the mother [104]. Fortunately, children can spontaneously clear the virus
without complications [104].

The various HPV strains are categorized based on the level of risk they pose to their human
hosts [105]. High-risk HPV strains have the potential to cause cancer, whereas low-risk HPV
strains have the potential to cause warts and other lesions [105], [106]. There currently exist 12
high-risk human papillomavirus strains which include HPV-16, -18, -31, -33, -35, -39, -45, -51, -
52, -56, -58, and -59 [107]. The high-risk HPV strains most commonly cause a variety of
anogenital cancers [108]. In fact, the vast majority of cervical (99.7%), anal (90%), penile (up to
50%), vulvar (up to 76.5%), and vaginal (74%) cancer can be attributed to chronic infection with
HPV [108], [109], [110], [111], [112], [113]. In the United States of America, chronic HPV
infection is the cause of 80% of OPC cases [114]. However, some HPV strains are more prevalent
in certain geographic locations [115], [116]. For example, the most common HPV subtype in high
income countries is HPV-16, whereas one of the most common HPV subtypes on the continent of
Africa is HPV-35 [115], [116].

The genome of HPV encodes six early proteins (E1-E7) and two late proteins (L1-L2)
(Figure 3) [117]. E1 and E2 are responsible for viral transcription and genome replication [117].
E4 is responsible for virion release, whereas E5 is a minor oncogene [117]. However, the major
oncoproteins of HPV are E6 and E7 which, respectively, degrade and sequester p53 and Rb [117].
Notably, blocking the E6 oncoprotein using recombinant proteins, peptides, or antibodies, has been
shown to drive growth arrest and/or death of HPV-positive cells [118], [119], [120], [121]. Finally,

L1 and L2 constitute the capsid proteins which are responsible for viral assembly (Figure 3) [117].
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Figure 3. Human papillomavirus components. A. This panel showcases a macroscopic view of the HPV virus and
its main components. The L1 and L2 proteins make up the viral capsid. The viral DNA and histones are contained
within this viral capsid [117]. B. This panel showcases the different genes which make up the human papillomavirus
[117]. HPV-16 is the most common cancer-causing HPV subtype in high-income countries [115]. Abbreviations:
HPV, human papillomavirus; DNA, deoxyribonucleic acid; LCR, locus control region; pRb, retinoblastoma tumor
suppressor protein; E1, early gene 1; E2, early gene 2; E4, early gene 4, E5, early gene 5, E6, early protein 6; E7, early
protein 7, L1, late protein 1; L2, late protein 2. Figure created using Biorender.com.

The mechanism of HPV-induced carcinogenesis involves the oncoproteins E6 and E7
[117], [122]. Once the virus enters the host cell, oncoprotein E7 will bind and sequester the
retinoblastoma protein (Rb) from its usual binding partner, E2F (Figure 4C) [117], [122]. This
allows E2F, a potent transcriptional activator, to localize to the nucleus and upregulate the
transcription of cell cycle genes, such as CDKN2A (Figure 4C) [117]. CDKN2A encodes pl6, a
tumor suppressor protein which compensates for the partial loss of Rb [123], [124]. p16 inhibits
cyclin dependent kinases 4 and 6 (CDK4/6), thereby keeping Rb in its hypophosphorylated state
so that it can remain bound to E2F and prevent progression through the cell cycle (Figure 5) [124],
[125]. The expression of p16 in OPC has been linked with favourable patient prognosis [126],
[127].

Furthermore, depending on the degree of cellular stress induced by the action of E7, the
tumor suppressor protein p53 may direct the cell towards processes such as DNA repair, cellular
senescence, or apoptosis. (Figure 4D) [117], [128]. The oncoprotein E6, in conjunction with the

E6 associated protein (E6-AP), will then ubiquitinate p53 and target it for proteasomal degradation
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(Figure 4D) [117], [122]. With the cellular stress sensor now degraded, the cell can undergo a
malignant transformation [117].

The classification of certain HPV types as high-risk is based on their molecular
characteristics, epidemiological associations with cancer, and clinical outcomes in infected
individuals [129]. High-risk HPV subtypes are more carcinogenic since their oncoproteins have a
higher affinity for their respective binding partners [130]. The amino acid sequence of the E7
oncoprotein has been highly conserved throughout evolution, whereas that of oncoprotein E6
varies depending on the HPV subtype [131]. Oncoproteins E6 and E7 assume a central role in the
initiation of HNC, encompassing functions from the maintenance of proliferative signaling and the
circumvention of tumor suppressors, to activating telomerase and inducing angiogenesis [132],
[133], [134]. These functions, which align with the primary hallmarks of cancer established by
Hanahan and Weinberg (2000), eventually culminate in invasion and the metastatic dissemination
of cancer cells [46]. Remarkably, E6 and E7 individually orchestrate all six cancer hallmarks,
facilitating the establishment and successful progression of HNC [119], [135], [136].
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Figure 4. The cancer-causing mechanism of human papillomavirus. A. This panel demonstrates that under normal
cellular conditions, p53 is negatively regulated by MDM2 and targeted for proteasomal degradation [137], [138]. B.
This panel demonstrates that under conditions of cellular stress, MDM2 is inhibited [137], [138]. This allows p53 to
travel to the nucleus and upregulate the transcription of apoptosis, senescence, or DNA repair genes [137], [138]. C.
This panel demonstrates the first step of HPV-induced carcinogenesis which involves the sequestration of tumor
suppressor protein Rb by oncoprotein E7 [117], [122]. D. This panel demonstrates the second step of HPV-induced
carcinogenesis which involves the ubiquitination and subsequent proteasomal degradation of p53 [117], [122].
Abbreviations: MDM2, mouse double minute 2 homolog; Ub, ubiquitin; DNA, deoxyribonucleic acid; HPV, human
papillomavirus; pRB, retinoblastoma tumor suppressor protein; E2F, family of transcription factors; pl4ARF,
alternate reading frame of the CDKN2A locus; E6AP, E6 associated protein; G1, gap 1 phase of the cell cycle; S,
synthesis phase of the cell cycle; G2, gap 2 phase of the cell cycle; M; mitosis. Figure created using Biorender.com.

—

2.7 HPV-Related Head and Neck Cancer

HPV-related HNC is a molecularly and clinically distinct HNC subtype (Table 1). HPV-

related HNC mainly occurs in the oropharynx (up to 80%), a region which encompasses the tonsils,
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the base of the tongue, and the soft palate [61], [139]. Researchers have postulated that this region
is most commonly affected since the tonsillar crypts have deep invaginations that serve as a site
for the accumulation of foreign bodies [140]. Furthermore, the oropharynx contains mucosal-
associated lymphoid tissue (MALT) which contributes to the specialized immune
microenvironment in this region [141]. However, despite the specialized microenvironment in the
oropharynx, HPV can circumvent detection and clearance mechanisms, leading to persistent
infection [141]. In addition, PD-L1 expression is heightened in the tonsillar region which allows
viruses and bacteria to evade the immune system [140]. HPV-positive HNC patients also have a
smaller mutational load [142]. Therefore, their malignant cells are more susceptible to pro-
apoptotic agents that exploit tumor suppressor properties [142]. HPV-unrelated HNC is
characterized by a higher frequency of mutations in tumor suppressor genes like TP53 and
CDKN2A, as well as alterations in oncogenes such as PIK3CA and EGFR [143]. Despite these
many differences, HPV-positive and HPV-negative HNC are currently managed with similar drug

combinations in the clinic.

Table 1. Differences between HPV-related and HPV-unrelated head and neck cancer.

Parameters HPV-Related HNC HPV-Unrelated HNC
Median age of diagnosis 53 66
Most common risk factors Infection with HPV Tobacco and alcohol
Site of origin Oropharynx Oral cavity and larynx
5-year survival 80% 40%
Most affected population Caucasians Asian and African Americans
Mutational burden Low High

Disease onset

Integration of HPV into the
genome (action of E6 and E7)

TP53, Rb, HRAS, EGFR, CASPS,
PIK3CA, and RTK mutations

Response to anti-cancer treatment

Good response

Poor response

Differentiation status

Poorly differentiated

Well differentiated

Immunogenicity

High

Low

Abbreviations: HPV, human papillomavirus; HNC, head and neck cancer; Rb, retinoblastoma tumor suppressor
protein; HRAS, Harvey rat sarcoma virus; EGFR, epidermal growth factor receptor; HER2, human epidermal growth
factor receptor 2; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase; RTK, receptor tyrosine kinase. Sources:
[86], [144], [145], [146], [147], [148], [149], [150], [151], [152].

Researchers use p16 immunohistochemistry (IHC), DNA in situ hybridization, and RNA
in situ hybridization for assessing the HPV status of HNC patients [153], [154], [155]. However,
the most common method for diagnosing HPV positivity in the clinic is via p16 IHC analysis

[156]. IHC is a laboratory method that uses the principles of antibody recognition to detect antigens

28



of interest in a tissue sample (Figure 5) [157]. The antibody is linked to a reporter molecule that
releases a colored pigment when an antigen-antibody reaction occurs [157]. This pigment can stain
the tissue and then be visualized via light microscopy (Figure 5) [157]. p16 is a globally accepted
surrogate marker for assessing HPV positivity, however, it is not 100% accurate in the diagnosis
of HPV-related OPC [156]. Multiple studies have demonstrated that p16 IHC has a false positivity
rate of approximately 15% in the clinic [126]. This can be attributed to the fact that somatic
mutations of the Rb protein and excessive cell population doublings contribute to p16 expression
[158]. This is contrary to HPV-unrelated HNC, in which pl6 expression in tumor tissue is
significantly decreased [140]. Relying on a surrogate marker with a high false positivity rate could
have negative implications on treatment decision-making processes [159]. In the case of HNC,
misdiagnosing the viral status of a patient could lead to the inappropriate recommendation for a
de-escalated treatment regimen [159]. Furthermore, variability in pl6 staining protocols,
interpretation criteria, and scoring systems across laboratories can impact the consistency and
reproducibility of results [160], [161], [162]. Standardization of testing methods and interpretation

guidelines is essential for ensuring an accurate and reliable p16 assessment [162].
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Figure 5. HPV infection and the subsequent increase in p16 expression. When the transcriptional activator E2F is
released from pRb, the levels of tumor suppressor p16 increase in the cell [117]. This cellular mechanism has evolved
to compensate for the partial loss of the Rb tumor suppressor protein [123], [124]. p16 will inhibit CDK4/6, thereby
preventing the Rb protein from being further phosphorylated [124], [125]. p16 is a surrogate marker for diagnosing
HPV positivity in the clinic and is detected via immunohistochemistry antibody staining [156]. Abbreviations: HPV,
human papillomavirus; E2F, family of transcription factors; pRB, retinoblastoma tumor suppressor protein; P,
phosphate; CDKA4/6, cyclin-dependent kinase 4 and 6; Ub, ubiquitin; E6AP, E6 associated protein; DNA,
deoxyribonucleic acid; DAB, diaminobenzidine; HRP-polymer, horseradish peroxidase-polymer. Figure created using
Biorender.com.

2.8 The Tumor Microenvironment

In recent decades, the roles of the TME on cancer development and progression have been
explored [163]. The TME refers to the heterogeneous cellular and non-cellular components
surrounding the tumor mass which play a crucial role in tumor development, progression, and
response to therapy [164]. The TME includes stromal cells such as fibroblasts, endothelial cells,

adipocytes, and ECM components [164]. The TME also contains immune cells such as tumor
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infiltrating lymphocytes (TILs), tumor associated macrophages (TAM), myeloid-derived
suppressor cells (MDSCs), natural Killer cells (NKs), regulatory T cells (Treg), dendritic cells
(DCs), and B cells [164], [165]. Furthermore, the TME can secrete or recruit factors that enable
the formation of a pre-metastatic niche [164]. When cancer cells disseminate from a primary
tumor, they will be recruited to permissive environments to form metastatic colonies in distant
organs [164].

Malignant cells have the capacity to modify immune microenvironments [164]. Immune
cells express cytokines, growth factors, and proteolytic enzymes (e.g., matrix metalloproteinases
(MMP), tumor necrosis factor-alpha (TNF-a), interleukins (ILs), vascular endothelial growth
factor (VEGF), and transforming growth factor-beta (TGFf)) which can influence metabolic
changes and alter the phenotype of the TME [140], [166]. In this context, both the innate immune
system and the adaptive immune system play key roles in surveillance against the initiation,
development, and progression of HNC [167]. When the immune system is impaired, cancer cells
can proliferate in an uncontrolled manner [168]. Unfortunately, tumor cells can adapt several
mechanisms to escape immune surveillance and promote tumor cell proliferation, survival, and
metastasis [169].

Recent advancements, such as the refinement of single cell sequencing and omics’
technologies, have facilitated our understanding of the complex TME [170]. There is abundant
crosstalk between cancer cells and the cells within the microenvironment [167]. For example,
neoplastic cells secrete factors into their surroundings which can promote the acquisition of certain
cancer hallmarks, such as angiogenesis, invasion, and metastasis [171], [172]. Furthermore, TAMs
can remodel the extracellular matrix, as well as recruit immunosuppressive cells [173], [174]. The
dynamic evolution of the TME, the interplay between immune and non-immune cells, and the
mechanisms of immune evasion are commonly exploited in order to develop advanced
therapeutics [170].

2.9 Current Treatment Strategies

To provide comprehensive cancer care tailored to an individual HNC patient’s needs, a
multidisciplinary team is often needed [175]. The standard treatment for HNC consists of surgery
followed by chemotherapy and/or radiation therapy [4]. In recent years, immunotherapy and

targeted therapy have also been implemented when a primary course of cancer treatment is
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unsuccessful [176]. The main goal of surgery is to remove a tumor in its entirety, however, some
malignant cells may remain [4]. Therefore, surgery is often followed by an additional anti-cancer
treatment to assure that all malignant cells are eliminated [4].

Radiation therapy, which is the second most common HNC treatment, uses high-energy
radiation to eliminate or shrink a tumor [177]. Radiation therapy for HNC includes two main types:
external beam radiation therapy (EBRT) and internal radiation therapy (Brachytherapy) [178],
[179]. EBRT involves using high-energy beams, generated by a machine called a linear
accelerator, to target the tumor from outside of the body [180]. In addition, techniques like
intensity-modulated radiation therapy (IMRT) and image-guided radiation therapy (IGRT)
enhance precision and minimize damage to surrounding healthy tissue [180], [181].
Brachytherapy, on the other hand, involves placing radioactive sources directly within or near the
tumor, thereby delivering high doses of radiation to the cancer cells while sparing nearby healthy
tissue [180]. Both radiation methods are tailored to tumor size, location, and stage, and offer
effective treatment options for patients with HNC [182]. Radiation therapy for HNC can cause
various side effects, both acute and chronic [183]. Acute side effects, which occur during or shortly
after treatment, include skin irritation, xerostomia, changes in taste, and fatigue [183]. Chronic
side effects, which may develop years later, can include persistent xerostomia, dental problems,
tissue scarring, lymphedema, hypothyroidism, and changes in voice quality [183].

Chemotherapy is another common HNC treatment which involves the intravenous
administration of cytotoxic drugs [184]. Currently, multiple chemotherapy drugs, such as cisplatin,
carboplatin, 5-fluorouracil (5-FU), docetaxel (Taxotere), and paclitaxel (Taxol), are approved by
the FDA (Food and Drug Administration) to treat HNC patients [184]. Chemotherapy drugs can
be administered as a primary treatment, in combination with other therapies (adjuvant,
neoadjuvant, and concurrent therapy), or for palliative care [185], [186]. Platinum chemotherapy
(cisplatin) is most commonly used in the context of HNC [184], [187]. The side effects of
chemotherapy are often acute and involve fatigue, nausea, hair loss, infection, as well as liver
damage [188], [189]. Both chemotherapy and radiation therapy prevent the growth of rapidly
proliferating cells in the body [190]. Therefore, careful administration and management of the side
effects for both treatment modalities is necessary to optimize outcomes and maintain patient

quality of life.
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Immunotherapy, which is an innovative HNC treatment, involves boosting a patient’s
immune system for it to better target cancer cells [176]. This treatment modality has shown
promise, particularly in cases where traditional treatments like surgery, radiation, and
chemotherapy are less effective [191]. Immunotherapy approaches often involve checkpoint
inhibitors which block the action of immunosuppressive proteins in order to enhance the immune
system’s ability to attack neoplastic cells [191], [192], [193]. In addition, a patient’s immune cells,
notably their T cells, can be engineered via adoptive cell therapy (CAR-T) in order to better
recognize and destroy cancer cells [191], [194], [195]. Furthermore, cancer vaccines which
stimulate the immune system to fight cancer encompass another immunotherapy approach [191],
[196]. Pembrolizumab and nivolumab are the only immunotherapy drugs currently approved for
the treatment of recurrent or metastatic HNC [176]. These drugs inhibit the interaction of PD-1
and PD-L1, thereby allowing T cells to become properly activated and subsequently perform their
immune surveillance roles [176]. Immunotherapy also comes with unique side effects and
challenges, especially those related to auto-immune reactivity [197]. Patients receiving
immunotherapy require careful monitoring to manage side effects and assess treatment efficacy
[197].

Lastly, targeted therapy is a specialized treatment approach which selectively targets
molecules involved in cancer cell growth and survival [198]. By targeting specific pathways and
proteins involved in carcinogenesis, targeted therapies can be highly effective, more precise than
traditional chemotherapy, and have fewer side effects [198], [199]. Ongoing research continues to
refine targeted therapies and expand their use in clinical practice. Currently, cetuximab is the only
FDA approved targeted therapy drug to treat HNC [199]. Cetuximab is a monoclonal antibody
drug which targets the extracellular domain of the epidermal growth factor receptor (EGFR),
thereby preventing its ligand from binding [199]. The blocking of this interaction impacts
angiogenesis, apoptosis, cell cycle progression, and metastasis [199]. In addition, studies have
shown that the administration of cetuximab enhances a patient’s response to chemoradiation
therapy [199].

Due to the favorable prognosis of HPV-positive HNC patients, clinicians and researchers
have recently proposed clinical trials to de-escalate treatment, limit toxicities, and reduce chronic
side effects [82], [83], [200]. One such treatment is NECTORs, which is an acronym for neo-
adjuvant chemotherapy followed by transoral surgery and selective neck dissection [201].
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Additional de-escalated treatment strategies have been proposed in several clinical trials for HPV-
positive HNC, such as reducing the dose of radiation or standard drugs used in the clinic
(clinicaltrials.gov-NCT01932697, NCT00606294, NCT01530997) [200]. These trials aim to
identify more effective therapies, improve patient outcomes, and expand the understanding of
HNC [200].

2.10 Liquid Biopsy

A liquid biopsy is a minimally invasive technology that allows us to isolate analytes of
interest from a variety of biofluids including blood, saliva, urine, and pleural effusion (Figure 6)
[202]. Analytes of interest include circulating tumor cells (CTC), circulating tumor DNA (ctDNA),
tumor proteins, exosomes, and methylation changes (Figure 6) [202]. Traditional biopsies are
invasive, non-repeatable, and often impossible in hard-to-reach areas of the body [202]. Liquid
biopsies, on the other hand, are minimally invasive, repeatable, and can comprehensively assess
tumors in precarious locations (Figure 6) [202]. Furthermore, liquid biopsies have the potential to
greatly reduce the burden on patients and the health care system. Liquid biopsies have applications
in cancer detection, assessing minimal residual disease, predicting patient prognosis, and

predicting therapeutic resistance (Figure 6) [203].
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Figure 6. Applications and characteristics of liquid biopsies. Liquid biopsies can be performed using a variety of
biofluids such as saliva, blood, urine, and pleural fluid [202]. Liquid biopsies allow researchers to analyze circulating
tumor cells, circulating tumor DNA, exosomes, tumor proteins, circulating microRNAs, and methylation changes
[202]. Liquid biopsies have applications in cancer diagnosis, predicting cancer recurrence, predicting patient
prognosis, and more [203], [204]. Many liquid biopsy methods currently exist as this technology is not yet
standardized. Abbreviations: ctDNA, circulating tumor deoxyribonucleic acids; circulating miRNA, circulating micro
ribonucleic acids; CTC-Chip, circulating tumor cell chromatin immunoprecipitation; BEAMing, polymerase chain
reaction involving beads, emulsion, amplification, and magnetics; ARMS-PCR, amplification refractory mutation
system-polymerase chain reaction; SEC, size exclusion chromatography; Exo-Chip, chromatin immunoprecipitation
with exonuclease treatment. Figure created using Biorender.com.

Liquid biopsy technology is not yet clinically validated in the context in HNC. However,

this technology has shown promise in non-small cell lung cancer (NSCLC), breast cancer, ovarian
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cancer, and prostate cancer [205]. Researchers have hopes that liquid biopsy technology will
greatly improve the prognosis of cancer patients by allowing them to be treated earlier and more
effectively. Once liquid biopsies become standardized, their use as a complementary tool in the
clinical setting will be widespread. The manuscript in the following chapter will explore the

applications and limitations of liquid biopsies in the context of HNC.
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3.1 ABSTRACT

Head and neck cancer (HNC) is the sixth most prevalent cancer worldwide with a poor prognosis
when diagnosed at advanced clinical stages. The main risk factors are tobacco consumption and
alcohol abuse. However, the incidence of oropharyngeal cancer (OPC) is increasing due to human
papillomavirus (HPV) infection. Current diagnostic techniques for both HPV-positive and HPV-
negative HNC often involve invasive, costly, and time intensive procedures. Alternatively, liquid
biopsies have emerged as a minimally invasive technique which may lessen the burden of cancer
diagnoses on both patients and healthcare resources. This technique analyzes biological
components released by tumors into the bloodstream, such as circulating tumor DNA (ctDNA),
circulating tumor cells (CTCs), exosomes, tumor proteins, and methylation changes, allowing for
specific cancer detection and surveillance. This article reviewed the status and clinical applications
of ctDNA and CTCs in the diagnosis and treatment of HPV-positive HNC. In addition, a
systematic review (PROSPERO ID: 560498) was conducted to investigate whether liquid biopsies
could be leveraged to assess the role of the immune system on treatment outcomes and the overall
survival of HNC patients. Two public databases (Medline and Embase) were searched using
relevant MeSH (Medical Subject Headings) terms and keywords. After multiple rounds of
screening, eight studies published between 2017 and 2024 involving 814 cancer patients from three
different countries were retained for data extraction. The data demonstrated that the immune
microenvironment of HNC patients could be characterized via liquid biopsy, however, future
validation is required. Furthermore, through the detection of HPV ctDNA, liquid biopsy
technology has shown promise in diagnostics, as a predictor of patient prognoses and treatment

responses, and as a tool to monitor disease progression in HPV-positive HNC.

KEYWORDS: Head and neck cancer, human papillomavirus, oropharyngeal cancer, liquid

biopsy, prognosis, circulating tumor cells, circulating tumor DNA, immune microenvironment.
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3.2 INTRODUCTION

Head and neck cancer (HNC) is the sixth most prevalent cancer around the world with more than
660,000 new cases and 325,000 deaths per year [1]. Cancers of the head and neck region
encompass all malignancies originating in the upper aerodigestive tract, including the oral cavity,
oropharynx, larynx, paranasal sinuses, and nasal cavity (Figure 7) [2]. Common risk factors
include smoking, alcohol abuse, and human papillomavirus (HPV) infection (Figure 7) [3]. The
standard of care for HNC is similar regardless of tumor HPV status and often consists of surgery
[4], followed by radiotherapy, chemoradiation therapy, or multimodal treatment regimens
depending on the clinical stage of the disease [5], [6]. These treatments are often accompanied by
adverse effects such as dysphagia, xerostomia, dysarthria, among others [7], which can severely
impair patient quality of life. As HPV-positive HNC patients have an improved response to
chemoradiotherapy and superior survival rates in comparison to HPV-negative HNC patients [5],
clinical trials have been proposed to de-escalate therapies in these patients (Figure 7). De-
escalated therapeutic approaches include minimally invasive surgery (e.g., transoral robotic
surgery (TORS)), reduced dosage radiotherapy, targeted therapy (e.g., EGFR and VEGF
inhibitors), and immunotherapy (e.g., anti-PD1/-PDL1, anti-CTL4) (Figure 7) [8]. These
approaches aim to improve patient outcomes by reducing treatment-related toxicities, while
delivering effective treatment [8]. However, precise diagnoses are imperative to optimize

outcomes.
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Figure 7. Common risk factors, clinical characteristics, and treatment modalities of head and neck cancer
(HNC). HNC can occur in the oral cavity, oropharynx, larynx, paranasal sinuses, and nasal cavity [2]. Major risk
factors associated with the development of HNC include smoking, alcohol abuse, and HPV infection [3]. The most
common symptoms include masses in the neck, dysphagia, trismus, dysphonia and ulceration [7]. The standard of care
consists of a combination of surgery, radiation therapy, and chemotherapy [4]. Personalized and targeted therapies, as
well as immunotherapies, have emerged as new treatment strategies. Abbreviations: HPV, human papillomavirus;
HPV-positive, human papillomavirus-positive; HPV-negative, human papillomavirus-negative. Figure created using
Biorender.com.

HNC diagnosis currently relies on imaging procedures such as magnetic resonance imaging
(MRI), computed tomography (CT) scans, and positron emission tomography/computed
tomography scans (PET/CT scans), complemented by histopathological analysis [9]. Due to the
prevalence of HPV infections in oropharyngeal cancer (OPC), HPV testing using polymerase chain
reaction (PCR), in situ hybridization (ISH), or p16 immunohistochemistry (IHC) staining as a
surrogate marker for viral infection has been recommended for this HNC subtype [10]. However,
while conventional tissue-based diagnostic methods are effective, they are invasive and require
long processing times, tissue preparation, and histological analysis [11]. Alternatively, liquid
biopsies have emerged as a novel, less-invasive technique allowing for the isolation and analysis

of biological components released by tumors in blood, saliva, urine, or other biofluids [11].
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Particularly, liquid biopsies allow for the detection and analysis of circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), exosomes, tumor proteins, and methylation changes,
which have shown to be promising biomarkers in both HPV-positive and -negative HNC [11].
Applications of liquid biopsies include assessing tumor heterogeneity, predicting immune
checkpoint blockade responses, assessing inaccessible tumors, early cancer detection, predicting
patient prognosis, evaluating treatment response and resistance, and assessing minimal residual
disease (MRD) [12]. Despite these applications, this relatively novel technology is not yet
clinically validated in the context of HNC, though multiple clinical trials are underway [13]. With
emerging evidence on the utility of liquid biopsies in HNC, particularly in HPV-positive HNC,
this study will explore their uses through two avenues: a literature review investigating their
potential applications and limitations in the screening, diagnosis, prognostic assessment, and
treatment of HPV-positive HNC, and a systematic review assessing whether this technique can be

used to leverage the immune microenvironments of HNC patients.

3.3 METHODOLOGY

The findings of the systematic review are reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines. The complete

protocol for the systematic review is pending approval in PROSPERO (ID: 560498).

3.3.1 Information sources
3.3.1.1 Narrative literature review
Three public databases (Medline, PubMed, Google Scholar) were searched for articles pertaining

to the applications of liquid biopsies in HPV-positive HNC.

3.3.1.2 Systematic review
A senior medical librarian searched through the Medline (Ovid) and Embase (Ovid) databases
from inception until June 20, 2024. The search strategy used multiple key words found in the title,
abstract, keyword fields, and relevant subject headings to retrieve articles looking broadly at the
use of liquid biopsies to characterize the immune systems of cancer patients, with no language
restriction. The full search strategy for Embase (Ovid) and the PRISMA 2020 checklist are
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described in the supplementary material. The characteristics of the included studies are detailed
in Table S1.

3.3.2 Inclusion criteria

3.3.2.1 Narrative literature review
The inclusion criteria considered bodily fluid collected (blood or saliva), patients diagnosed with
HNC, HPV-positive status, early diagnostic potential, patient prognosis, disease recurrence, and

treatment response.

3.3.2.2 Systematic review
The following inclusion criteria were considered: liquid biopsy analyte collected (CTC, ctDNA,
and cell-free DNA (cfDNA)), study design (cohort studies, clinical trials, cross-sectional studies,
pilot studies, case studies, case-control studies), patients diagnosed with HNC, patient survival,

treatment response, and the immune microenvironment.

3.3.3 Exclusion criteria

3.3.3.1 Narrative literature review
All articles that did not focus on CTCs, ctDNA, and cfDNA were excluded from the literature
review. This includes articles that focused on DNA methylation, tumor proteins, exosomes, and
miRNA. Furthermore, articles that focused on HPV-negative HNC were also excluded from the

study.

3.3.3.2 Systematic review
The following exclusion criteria were considered: articles written in a language other than English,
sample size not reported, articles using auxiliary liquid biopsy analytes, unavailable articles,
review articles, articles focusing on cancer types other than HNC, and the analysis of markers that

are not related to the immune system.

3.3.4 Study selection
3.3.4.1 Narrative literature review
The titles and abstracts of articles of interest were manually screened and assessed for relevance

based on the inclusion criteria. If the articles passed the initial screening, the main body of the text
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was read, and the article was once again assessed for eligibility. No systematic protocol was

followed for the narrative literature review.

3.3.4.2 Systematic review

The titles and abstracts of the identified studies were screened on Covidence by an independent
reviewer (MA) for relevance based on the inclusion criteria. If the articles passed the initial
screening, the main body of the text was read, and the article was once again assessed for
eligibility. Any disagreements were resolved through discussion or consultation with two
additional reviewers (FF and SDS). These additional reviewers took part in the final acceptance of
the articles in the systematic review. The primary reasons for article exclusion were documented
in Excel (Microsoft Office 365, Windows).

3.3.5 Data extraction
3.3.5.1 Narrative literature review
Data extraction for the narrative literature review was mainly qualitative. However, quantitative

results, such as assay sensitivity percentages and survival metrics, were also collected.

3.3.5.2 Systematic review
The data from the eligible articles was extracted independently by two authors (MA and FF) using
a standardized data extraction form in Excel (Microsoft Office 365, Windows) (Table S1).
Extracted information included author, year of publication, country of study, study design, and
number of participants. In addition, the liquid biopsy analyte used in the study and any key findings
were also collected. Risk of bias (RoB) assessments were conducted using CASP (Critical

Appraisal Skills Programme) checklists for each of the articles included in the systematic review.

3.4 RESULTS

3.4.1 Liquid biopsies as novel diagnostic tools

Due to advancements in omics’ technologies, liquid biopsies have become promising diagnostic
tools that could address the limitations of tissue biopsies by capturing genetic changes over time
[14]. Tissue-based tumor profiles are often limited by sampling bias, offer a snapshot of tumor

heterogeneity, and cannot be obtained repeatedly without invasive procedures [15]. In contrast, the
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analysis of circulating genetic and cellular biomarkers in biofluids presents a minimally invasive
avenue for cancer diagnosis [11]. In HNC, CTCs and ctDNA have shown promise as indicators of
active disease, particularly among HPV-positive patients [16], [17].

CTCs are viable tumor cells that have been shed from a primary tumor or metastatic site
into the bloodstream or other biofluids [18]. Although most CTCs have a short lifespan once in the
circulation, certain tumor cells can survive in the harsh circulatory environment, extravasate into
distant organs, and begin creating metastatic colonies [18]. Though research remains limited,
studies have shown that the presence of CTCs has been correlated with poor patient survival rates
[19], reduced treatment responses [20], late-stage disease [19], [20], and nodal involvement in
HPV-positive and -negative HNC [19], [21]. Similarly, ctDNA consists of small fragments of DNA
released into the bloodstream by viable, apoptotic, or necrotic tumor cells [22]. These fragments
contain genetic and molecular information that can be used to characterize the tumor, such as gene
mutations, epigenetic patterns, and copy number variations [22]. Both CTCs and ctDNA provide
complementary insights into tumor biology: while CTCs can give information on the viability and
metastatic potential of cancer cells [23], ctDNA offers a snapshot of the genetic alterations present
in the tumor [24].

Though evidence supporting the use of CTCs as a diagnostic method in HNC is limited,
the combination of CTC and ctDNA analysis enhances the understanding of tumor heterogeneity
and the genetic landscape, making them promising tools for the diagnosis, monitoring, and
treatment of cancer. For instance, HPV ctDNA was found to be significantly more accurate in the
diagnosis of HPV-positive HNC, with a sensitivity of 98.6% compared to 72% with tissue biopsies
and histological HPV testing [25]. Increased accuracies of HPV ctDNA detection compared to
standard diagnostic imaging were reported in several studies [26], [27], [28]. The use of ctDNA as
a diagnostic biomarker is further corroborated by sensitivities, specificities, and positive and
negative predictive values above 90% [26], [27], [28]. Through its detection, ctDNA might provide
an avenue for early HNC screening. A study by Rettig ef al. showed that HPV ctDNA could be
detected in plasma samples around 30.5 months before diagnosis, without false positives [29].
Further analyses in a secondary cohort showed that HPV ctDNA was detected in the pre-diagnostic
plasma of 43% of HPV-positive OPC patients [29]. Though promising, conclusions from these
findings must be drawn with caution as these studies had small samples sizes and require further

validation.
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Despite their promise, the clinical implementation of CTCs and ctDNA as diagnostic
markers is severely limited by variability in their detection methods. With interference from
background biological materials, the use of standardized and highly sensitive methods is crucial
for their isolation from biofluids [30]. Indeed, CTCs are often present in low abundance among
erythrocytes and leukocytes in blood samples [31], while ctDNA must be distinguished from large
amounts of cfDNA secreted by non-malignant cells [32]. CTCs are commonly isolated based on
their physical properties or cell surface markers [33]. Microfluidic devices like Parsortix® and
ClearCell® FX1 allow CTCs to be isolated based on their size or density [34], [35], while
techniques like immunomagnetic separation and flow cytometry can identify CTCs based on the
expression of membrane proteins [36]. Although there is currently no clinical standard for the
detection of CTCs in HNC, antibody-conjugated nanoparticles that target epithelial cell adhesion
molecules have been approved for use in other malignancies, including breast, prostate, and
colorectal cancers [37]. Conversely, multiple methods are available to detect ctDNA, including
digital PCR (dPCR), digital droplet PCR (ddPCR), next-generation sequencing (NGS), and
BEAMing (Beads, Emulsification, Amplification, and Magnetics) [38]. Although each of these
methods are capable of detecting HPV ctDNA, their sensitivity can vary, with ddPCR
outperforming NGS [39]. Furthermore, their accuracy in HNC might differ based on the biofluid
tested and the tumor site. In HNC, HPV ctDNA detection was higher in plasma (86%) than saliva
(40%) [40]. Moreover, when stratifying by tumor site rather than HPV status, salivary ctDNA
detection rates are higher than plasma in oral cancer, while the opposite was seen in OPC [40].
Considering these differences, the most favorable approach appears to combine the analysis of
blood and saliva, optimizing the sensitivity of HPV ctDNA detection [40], [41]. However, this may
not be feasible for widespread clinical implementation, as institutions must also balance sensitivity
and specificity, with factors such as patient burden, cost, and resource availability. For this reason,
further investigations to optimize the accuracy of HPV ctDNA detection between biological
samples and cancer sites are needed for the standardization and implementation of liquid biopsies

as an auxiliary diagnostic method in HPV-positive HNC.

3.4.2  Liquid biopsies as prognostic predictors

In addition to their use in diagnostics, the quantification of HPV ctDNA has shown promise in

predicting the prognosis of HPV-positive HNC patients. Research has shown associations between
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the load of HPV ctDNA detected in blood and characteristics of disease, such as tumor size, cancer
stage, and nodal involvement (Table 2), which can negatively influence patient outcomes [42],
[43], [44]. A study by Hilke et al. corroborated that HPV ctDNA levels correlated with tumor
burden and survival in HPV-positive OPC [16]. Furthermore, the presence of HPV ctDNA may
also be indicative of loco-regional and distant metastasis in HPV-positive HNC patients [42], [45].
As these factors can greatly impact treatment response and patient outcomes, plasma ctDNA may
be a useful tool to predict patient response and direct treatment regimens in HPV-related HNC.

In recent years, studies have tried to establish a relationship between serum HPV ctDNA,
both pre-treatment and post-treatment, and patient prognosis (Table 2). A study by Dahlstrom et
al. showed that patients with detectable HPV ctDNA before treatment had distinct clinical and
molecular characteristics compared to patients with undetectable HPV ctDNA [43]. Additional
studies demonstrated that lower pre-treatment HPV ctDNA levels followed by an increase in HPV
ctDNA after commencing treatment, as well as a decrease in variant allele frequency, which
provides insight on tumor heterogeneity, following the start of treatment predicted improved
progression-free survival (PFS) and overall survival (OS) [44], [46]. Post-treatment ctDNA
detection, on the other hand, has been extensively associated with poor prognoses, with patients
exhibiting lower PFS, recurrence-free survival (RFS), and OS across multiple studies [47], [48].

Studies have also assessed the relationship between HPV ctDNA levels in biofluids and
treatment response in HPV-positive HNC patients (Table 2). Prior to treatment, high
concentrations of HPV ctDNA are often found in HNC patient biofluids, while levels are
undetectable post-treatment [17], [26], [27], [42]. However, the association between HPV ctDNA
load and tumor response varies in different biofluids [49]. A study by Hanna et al. failed to find a
link between HPV ctDNA concentrations and treatment outcomes in saliva, while these factors
were strongly correlated in plasma [49]. As therapies for HPV-positive HNC patients are
exhibiting a shift towards less intense strategies, research on the predictive value of HPV ctDNA

with these treatments is needed for appropriate treatment allocation.

Table 2. Studies examining the relationship between HPV ctDNA and treatment outcomes or

atient prognoses.

Sample Biopsy
Size Type

Reference Key Findings

. A time and dosage dependent decline of HPV ctDNA levels in the
[16] 20 Blood plasma corresponds with the primary success of the curative treatment
e  CctDNA is correlated with gross tumor volume before treatment
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e  The tumor allele fraction in the plasma is negatively associated with
the course of treatment

e  Pre-treatment HPV ctDNA levels correlate with disease burden, tumor
HPV copy number, and HPV integration status

[17] 103 Blood |e 19 out of the 67 patients studied had a favourable ctDNA clearance
profile during the treatment
e  Out of these 19 patients, none had persistent disease after treatment
o  ctDNA detection was significantly higher prior to treatment than after
treatment
[26] 235 Blooq and > All patie_nts positive for HPV ctDNA before treatment showed
saliva significant reductions post-treatment
e  The presence of ctDNA is strongly correlated with treatment response
and tumor progression in HPV-positive HNC
e  The presence of HPV ctDNA correlates with treatment response
[27] 59 Blooc_i and | e  There are shifts in ctDNA fragment length following treatment
saliva . Patients showed major reductions in ctDNA post-treatment as
compared to pre-treatment
. Plasma ctDNA was significantly elevated in patients with oral
squamous cell carcinoma (OSCC) versus the controls
[42] 171 Blood . Increased plas_ma ctDNA levels correlated with larger tumor size,
lymph node metastasis, and late stage
e  Higher pre-treatment plasma ctDNA levels correlated with poorer
prognosis of OSCC patients
o Serum HPV ctDNA is associated with nodal category and overall
cancer stage
[43] 262 Blood . Patients with detectable pre-treatment HPV ctDNA have better
progression-free survival than patients who do not have detectable pre-
treatment HPV ctDNA
o  Low pre-treatment HPV ctDNA and an early increase in HPV ctDNA
above baseline at week two of chemoradiation therapy were strongly
associated with superior freedom from progression
[44] 34 Blood | e Pre-treatment ctDNA values significantly correlate with nodal and
metabolic tumor volume
e  CtDNA concentration during weeks four and seven of chemoradiation
therapy was not significantly predictive of disease progression
. Total tumor burden strongly correlated with HPV DNA levels in the
serum
[45] 29 Tissueand | o Total tumor burden and_median_ plasma HPV ctDNA levels pre-
blood treatment negatively correlate with survival
. Increasing HPV DNA levels in the plasma predict more distant
anatomical tumor locations (metastasis)
. A change in ctDNA after one cycle of treatment is predictive of
survival
[46] 53 Blood |e A changein HPV ctDNA variant allele frequency after one cycle of
treatment was predictive of PFS and OS
o A decrease in variant allele frequency is linked with longer OS
. Detection of ctDNA at any time post-treatment is highly prognostic
of poor outcomes
[47] 295 Blood . ctDNA status and clinical stage of disease are independently
associated with patient outcomes
[48] 66 Blood e  The patients that tested positive for ctDNA before treatment had more

advanced disease than those who did not
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. 83% of all deaths that occurred in the cohort had detectable ctDNA
above baseline

. The kinetics of pre- and post-treatment ctDNA correlated with
treatment success or failure

. The increase and decrease in salivary HPV ctDNA levels predicted
treatment response and failure in all patients with persistent locoregional
[49] 21 Blooq and | disease

saliva e Inpaired cfDNA samples, high plasma concentration of HPV ctDNA
was linked to poor treatment outcome, whereas high saliva concentration
of HPV ctDNA was not

e Reduction of ctDNA levels below 57.9% of the baseline value at week
[50] 70 Blood | two after treatment initiation was significantly predictive of treatment
response

e  The HPV ctDNA load in the saliva exponentially increased in the 36-
month follow-up period after diagnosis

[>1] . Saliva . After a bilateral tonsillectomy, salivary HPV ctDNA load was
undetectable
o During the course of treatment, ctDNA levels declined and quickly
[52] 7 Blood became undetectable following tumor eradication

. CtDNA levels rose upon initiation of radiation following scheduled
treatment breaks

e Among the patients who received chemoradiation, 4 out of 7 cleared
CtDNA in less than 40 days. These patients remained in remission during
[53] 10 Blood the follow-up period

. 2 out of seven patients had persistent ctDNA after treatment. These
patients became refractory to treatment

Abbreviations: HPV, human papilloma virus; ctDNA, circulating tumor DNA; cfDNA, cell-free DNA; HPV-positive,
human papilloma virus-positive; HNC, head and neck cancer; OSCC, oral squamous cell carcinoma.

3.4.3 The use of liquid biopsies to monitor disease progression and recurrence

Studies have aimed to determine if HPV ctDNA detection via liquid biopsies could be used to
predict cancer recurrence in HPV-positive HNC (Table 3). Indeed, HPV ctDNA detection in blood
and saliva has been shown to predict disease progression, MRD, disease recurrence, and
locoregional disease with a high sensitivity, and moderate to high specificity [26], [41], [54], [55],
[56], [48], [57], [58], [59]. The presence of HPV ctDNA following treatment appears to be
indicative of disease progression, locoregional recurrence, or metastasis in HPV-positive HNC
[59], [60]. Many studies have reported residual tumors and HNC recurrence in patients with
detectable HPV ctDNA in the bloodstream post-chemotherapy, -radiation, or -chemoradiation
therapy (Table 3; [41], [54], [55], [61], [56], [57], [58]). Likewise, patients with ctDNA levels
below baseline post-treatment have not been found to exhibit recurrences, while a detectable
ctDNA viral load in blood is seen in patients with metastasis (Table 3; [26], [59], [60]). This is
further supported by two clinical studies, which showed that HPV ctDNA was detected post-
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treatment in patients that later exhibited disease recurrence [54], [56], as well as a prospective trial
by Chera et al. which reported that recurrence did not occur in patients with undetectable HPV
ctDNA following curative intent treatment [55]. Based on current literature, the quantification of
CtDNA levels in the bloodstream post-treatment is a promising technique for predicting cancer

recurrence in HPV-positive HNC patients.

Table 3. Studies investigating ctDNA detection in biofluids as a predictor of cancer
recurrence.

Sample | Biopsy

Reference Size Type Key Findings
o All participants with persistent ctDNA after treatment, except one, had
Blood and residual tumor(s) and cancer recurrence
[26] 235 saliva e Patients with ctDNA above baseline after treatment showed evidence of
disease
e CtDNA detection occurred up to 18 months before clinical diagnosis
o Positive post-treatment salivary HPV status is linked with a higher risk
[41] 93 Blood and | of recurrence
saliva e The overall survival was reduced in patients that had a positive HPV
status in the saliva post-treatment
e All cancer recurrences and 83% of reported deaths occurred in patients
[48] 66 Blood with HPV ctDNA at baseline
o CtDNA is a more sensitive predictor of disease recurrence than
traditional imaging
[54] 20 Blood o CtDNA was detected in 5 of the 7 plasma samples of recurrent cases but

zero cases of the recurrent-free plasma samples

e There is a significant difference in post-treatment RFS time between
groups with and without detected ctDNA post-treatment

e Detection of HPV ctDNA in two consecutive plasma samples post-
treatment has a high positive predictive value and negative predictive value
for identifying disease recurrence

o CtDNA detection can be used to facilitate earlier initiation of salvage
[55] 115 Blood therapy

e 28 patients had detectable HPV ctDNA during post-treatment
surveillance and 15 of these patients developed biopsy proven recurrence

e 16 patients had two consecutive positive HPV ctDNA blood tests and of
these patients, 15 developed biopsy proven recurrence

e A lack of ctDNA clearance post-treatment is strongly correlated with
disease recurrence

[56] 30 Blood e Patients with no ctDNA clearance were more likely to experience
disease recurrence compared to patients with complete or partial ctDNA
clearance post-treatment

e The effect of HPV ctDNA presence on disease recurrence has a hazard
ratio of 7.97

57 N/A Blood .
571 e Post-treatment measurements of HPV ctDNA are more effective at
predicting disease recurrence than baseline assessments
Tissue and | ® Baseline ctDNA was detected in all 17 patients prior to treatment
58] 17 blood e A portion of these patients experienced disease recurrence post-treatment
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o All of the patients that experienced recurrence had detectable ctDNA
108 to 253 days before clinical diagnosis

Tissueand | ¢ ctDNA was detected with a higher probability in metastatic recurrent

[59] 39 blood cancers (70%) in comparison to locoregional recurrent disease (30%)
e Many patients with detectable HPV ctDNA pre-op have detectable HPV
[61] 204 Blood | CIPNA post-op

e RFS at 18 months post-op was 83% for patients with detectable HPV
ctDNA and 100% for patients with undetectable HPV ctDNA

Abbreviations: HPV, Human papilloma virus; ctDNA, circulating tumor DNA,; pre-op, pre-operative; post-op, post-
operative.

3.4.4 Assessment of the immune microenvironment via liquid biopsy

CTCs express immune checkpoint proteins on their cell surface, as well as biomarkers which are
indicative of tumor origin (e.g., EpCAM, cytokeratins, and stem cell-like markers) [62], [63]. PD-
L1 (programmed death-ligand 1), a common immunosuppressive antigen, is found on the tumor
cells, macrophages, and dendritic cells of cancer patients [64]. When PD-L1 binds to PD-1,
immunosuppressive signals decrease T cell proliferation, thereby promoting tumor immune
evasion and contributing to metastasis and poor patient prognosis [65], [66], [67]. A systematic
search was conducted to determine whether liquid biopsies could be leveraged to assess the
immune microenvironments of HNC patients. Following the search protocol and screening
strategy (Supplemental Material), 304 manuscripts were identified. After the exclusion of nine
duplicate studies, the reviewers excluded 253 articles based on their titles and abstracts. An
additional 46 articles were excluded based on a full-text assessment (Figure 8). Of these, one

article was excluded based on the language (German).
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Figure 8. PRISMA flow diagram. This figure demonstrates the workflow used in the systematic review portion of
this article. The stepwise process included first identification, multiple rounds of screening, and final approval of the
studies that were used for analysis. The exclusion criteria used in this systematic review are listed in the screening
section of the figure. Figure created using Biorender.com.

The studies included in this review were published between 2017 and 2024 and involved
814 HNC patients from three different countries (Table S1). Most studies were based on
prospective cohorts (n = 6). The country that most characterized the immune microenvironment
of HNC patients via liquid biopsy was Greece (n = 3). The majority of the research in the field

centered around the clinical and prognostic impact of PD-L1-positive CTCs (n = 5). No studies
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using the liquid biopsy analytes ctDNA and cfDNA were identified via the search strategy.
Although data is limited, liquid biopsies have been utilized to characterize the immune systems of
HNC patients. Four studies have demonstrated that the presence of PD-L1+ CTCs was
significantly associated with worse patient outcomes [68], [69], [70], [71]. Patients who expressed
PD-L1 on their CTCs in high quantities post-curative treatment had significantly shorter PFS and
OS [71]. Likewise, the absence of PD-L1 overexpression post-curative treatment was linked with
a complete response [71]. Interestingly, the expression of PD-L2 (programmed death-ligand 2)
correlated with PD-L1 expression and was a significant predictor of PFS in HNC patients who
received immunotherapy (pembrolizumab) [69]. Chikamatsu et al. demonstrated that there is a
discordance between PD-L1 expression in the tumor tissue and in CTCs [69]. This highlights the
potential of liquid biopsies as auxiliary tools in the clinical setting. Additional studies have
demonstrated that surrogate biomarkers and chemokines could be used to assess the efficacy of
immunotherapy and chemoradiation therapy [72], [73], [74]. For example, HNC patients with
increased NANOG expression post-treatment with nivolumab showed superior disease control
[72]. Furthermore, researchers have demonstrated that HNC patients with decreased levels of both
PD-L1 and IDO1 (indoleamine 2,3-dioxygenase 1) mRNA post-treatment with chemoradiation
therapy experienced superior OS and PFS [75]. On the contrary, HNC patients with MET-positive
CTCs had significantly shorter OS in comparison to their MET-negative counterpart [72]. The risk
of bias of the studies included in the systematic review was assessed and found to be minimal
(Figure S1).

3.5 DISCUSSION

Liquid biopsies have shown promise in HPV-positive HNC, particularly through the detection of
HPV ctDNA. Indeed, levels of HPV ctDNA in the plasma and saliva have been found to vary
according to treatment response, with reductions seen following successful treatment [26], [27],
[16], [49], [52]. This marker has also been associated with reduced survival [45], larger tumor
volume, lymph node metastasis, and late clinical stages in HPV-positive OPC [42]. Similarly,
strong links between HPV ctDNA and HNC disease recurrence have been revealed [26], [54], [55],
highlighting its potential use in monitoring cancer progression and treatment responses. However,
the clinical implementation of liquid biopsies is still cautioned in HNC, as they are severely limited

by variability in the detection of ctDNA [76]. Furthermore, additional evidence is needed about
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the predictive reliability of this technology [76]. Due to conflicting results between biofluid types,
particularly saliva and blood which have shown different associations with patient outcomes in
HPV-positive HNC [49], distinct biological fluids may require tailored methodologies to optimize
the sensitivity and accuracy of their detection. Although sampling various fluid types could
enhance both sensitivity and screening efficacy [77], the feasibility of this strategy may prove to
be another challenge and must be considered when attempting to integrate multifluid sampling into
routine clinical practice. However, to ensure its successful implementation, the cost of liquid
biopsies for the diagnosis, monitoring, and management of HNC must also be elucidated. In HNC,
ctDNA detection methods have been found to have lower costs [80], though they are time
consuming and require laboratory expertise. Differences in ctDNA detection techniques, as well
as diverse analysis and interpretation methods can lead to potential difficulties with reproducibility
and inter-laboratory variability [76]. However, this concern is mitigated in the context of HPV-
positive HNC, as this subtype is characterized by distinct viral biomarkers that can be consistently
detected with relatively high specificity and sensitivity [49]. Nevertheless, further research is
needed to address the limitations of ctDNA detection before liquid biopsies can be clinically
implemented in HNC.

The immune system plays a critical role in the development, progression, and spread of
cancer [81]. The systematic review conducted in this study demonstrated that the isolation and
quantification of immunomodulatory proteins (e.g., PD-L1, TLR4, IRF-1, pSTAT3, and B7-H3)
on the surface of CTCs via liquid biopsy can be used to predict patient prognosis and treatment
outcomes [82], [83]. Pre-treatment levels of PD-L1+ CTCs are linked with poor patient prognosis,
shortened PFS, and shortened OS in many cancer types, including HNC [84], [85], [68], [70].
However, PD-L1+ patients often experience a clinical benefit when treated with
immunotherapeutic drugs [86], [87]. The administration of pembrolizumab and nivolumab has
been recently approved for the treatment of recurrent and/or metastatic HNC [88]. Therefore, the
analysis of PD-L1 expression on CTCs, as well as the analysis of circulating levels of tumoral
DNA via liquid biopsy has the potential to improve the management of HNC patients in the clinic.
However, this is a relatively novel field of research, with all articles in the systematic review being
published within the last decade. A risk of bias assessment was conducted and the majority of the

concerns stem from limited data in the field and failing to mention possible confounding factors.
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Liquid biopsies which focus on immune system characterization are paving the way for
personalized and effective cancer care. One such innovation is the EDIM-TKTL1/Apo10 Blood
Test which isolates activated monocytes to exploit the innate immune system [89]. This technology
can detect TKTL1, a marker associated with anaerobic glycolysis and metastasis, thereby allowing
clinicians to monitor treatment resistance and patient outcomes [89]. In addition, a comprehensive
liquid biopsy is currently under development which aims to simultaneously detect B cell
malignancies and the presence of CAR-T cells in the peripheral blood of cancer patients to improve
risk management and patient monitoring [90]. With extensive research and validation, liquid
biopsy technologies analyzing immune cells and immune biomarkers may eventually be approved
for widespread clinical implementation.

Currently, tissue biopsies remain the gold standard for cancer diagnosis, staging, and
grading, as they are clinically validated and provide histological evaluations of tumors, as well as
information about their spatial heterogeneity [91]. However, these techniques are invasive and
unable to monitor cancer progression in real-time [92]. Liquid biopsies offer solutions to many of
these issues, though it is crucial to emphasize the importance of their thorough validation and
standardization [92]. To address these necessities, research dedicated towards refining of existing
techniques is emphasized to promote rapid advancements in liquid biopsy technologies. While
liquid biopsies may eventually become a tool in the comprehensive management of HNC patients,
further research is needed to address the limitations of circulating alterations (e.g., CTCs and

CtDNAS) before they can be clinically implemented.

3.6 CONCLUSION

HPV ctDNA have shown promise in diagnosis, prognostic prediction, and disease monitoring in
HNC. However, their integration into routine clinical practice is challenging due to variation in
their sensitivity and specificity. The biological processes regulating the dissemination of CTCs
and ctDNA shedding from primary and metastatic tumors must be investigated further to optimize
the detection and use of these biomarkers. Furthermore, the immune microenvironment is highly
complex and plays a role in the overall survival of cancer patients. Therefore, analysis of the
immune microenvironment and immunomodulatory proteins via liquid biopsy may provide a

method to predict treatment responses and patient outcomes, however, further research is required.
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CHAPTER 4 - DISCUSSION

4.1 The Immune Microenvironment Plays a Role in Treatment Response and Survival

The immune system plays a critical role in cancer development and progression [206]. The
four studies included in the systematic review demonstrated that the presence of PD-L1+ CTCs
was linked with poor patient prognosis and decreased survival in HNC [207], [208], [209], [210].
However, PD-L1 positivity was a predictor of improved outcomes in patients undergoing
immunotherapy [211], [212]. Furthermore, the difference between PD-L1 expression in the tumor
tissue and the circulation hints at the potential applications of liquid biopsies in oncology [209].

The systematic review also demonstrated that the TME could be leveraged to improve the
management of HNC patients. Clinicians currently exploit the immune system using
immunotherapy as a means of effectively treating many types of cancer [213]. Based on the data
presented in the manuscript, circulating immune biomarkers can be isolated and quantified via
liquid biopsy as a means of predicting patient prognosis and treatment outcomes [207], [208],
[209], [210]. However, the use of this technology to assess the immune status of cancer patients is
relatively novel and, therefore, requires extensive experimental validation before being translated
into the clinical setting.

Researchers are currently trying to develop new liquid biopsy technologies, such as the
epitope detection in monocytes — transketolase-like protein 1/apol0 blood test, which aim to
directly characterize the immune systems of cancer patients [214]. The use of liquid biopsies to
analyze ctDNA levels as well as components of the immune system may offer a well-rounded tool
to improve the management of HNC patients in the clinic. Advancements in this sector could

propel clinicians into an era of precision oncology and subsequently improve patient survival.

4.2 The Use of Liquid Biopsy and Translational Research in Oncology

Traditional biopsies are performed to obtain tissue samples from patients that will then be
examined by medical pathologists [215]. Examples of traditional biopsy techniques include fine-
needle aspiration, excisional biopsy, bone marrow biopsy, and punch biopsy [215]. These

procedures are usually invasive, can be painful, and are not repeatable [216]. Liquid biopsies, on
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the other hand, are minimally invasive and can be performed multiple times [217]. Furthermore,
they can leverage a number of bodily fluids to assess circulating analytes of interest [217].

The manuscript in Chapter 3 aimed to investigate whether liquid biopsies have applications
in HPV-related HNC. Multiple studies demonstrated that the level of HPV ctDNA in the blood
strongly correlated with response to treatment [218], [219], [220]. Likewise, studies have shown
that the level of ctDNA decreases in a time and dosage-dependent manner following curative
treatment [221]. Furthermore, multiple studies demonstrated that the detection of HPV ctDNA in
the blood at any time post-treatment was linked with disease recurrence and poor patient prognosis
[222], [223], [224]. Lastly, there is documented evidence that HPV ctDNA can be detected in the
bloodstream prior to a diagnosis via traditional techniques [225].

Unfortunately, liquid biopsies have inherent limitations that are hindering their widespread
implementation in the clinic. The main limitations are that they are not standardized, and their
specificity must be optimized [226]. With a relatively large false positivity rate for several cancers,
this relatively novel technique has the potential to increase cancer anxiety in patients [227], [228].
By increasing the specificity and sensitivity, we could lower the false positive rate and the
subsequent anxiety that comes along with a misdiagnosis [227], [228]. However, specificity is not
an issue for HPV-related HNC since viral DNA can be used as a highly specific liquid biomarker
[229], [230]. To corroborate this claim, a study performed by Siravegna et al. demonstrated that
the specificity of HPV ctDNA detection via digital droplet PCR is higher than standard diagnostic
testing with p16 immunohistochemistry [231]. In addition, the sampling of multiple biofluids, such
as the combination of blood and saliva, has been shown to further improve the sensitivity of HPV
CtDNA detection [232]. In conclusion, liquid biopsy is a less aggressive medical test that can be
used to acquire cancer-related information from body fluids. This technology could be used in the

future as a complementary exam in HPV-related HNC.
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CHAPTER 5—- CONCLUSIONS AND FUTURE DIRECTION

5.1 General Conclusions

This thesis presents a critical literature review of the strengths and weaknesses of liquid
biopsies in the context of HPV-related HNC. Liquid biopsies have promising applications in
cancer diagnosis, predicting patient prognosis, evaluating treatment response and resistance, and
assessing minimal residual disease. Furthermore, the benefits of this technology include biopsy
repeatability and minimal invasiveness.

The four studies included in the systematic review demonstrated that dynamic information
about the immune microenvironment can be characterized via circulating analytes. The isolation
and quantification of PD-L1+ CTCs via liquid biopsy may allow clinicians to better predict the
prognosis and treatment outcomes of cancer patients, including those with HNC. Although liquid
biopsies which harness the immune system show potential, extensive validation is required before
this technology becomes widespread.

In conclusion, liquid biopsies have the potential to improve the diagnosis and management
of HNC by providing a non-invasive, real-time, and comprehensive approach to tumor profiling.
However, their clinical utility is currently limited by technical, interpretative, and logistical
challenges. Continued research and development, along with rigorous clinical validation and

standardization, is essential to overcome these limitations.

5.2 Future Directions

Although the clinical applications of liquid biopsies are vast, this technology has not yet been
validated for clinical use in relation to HNC. The manuscript used in this thesis provided a critical
review of how this technology could revolutionize the current standard of care for HNC. However,
the clinical implementation of this relatively novel laboratory technique is hindered by a lack of
standardization and low analyte specificity. Future studies should compare the efficacy of common
analysis methods (ddPCR, next-generation sequencing, BEAMing, etc.) to develop a standardized
analytical protocol. In addition, a cost analysis study should be performed comparing standard
diagnostic methods used in the clinic to liquid biopsies. If the latter proves to be a more cost-

effective cancer management strategy, its adoption could pave the way for greater global

66



accessibility to cancer care. Furthermore, future studies should investigate whether HPV ctDNA
levels in the circulation are linked with patient immune status. Translating research findings into
clinical practice is essential for improving the care of cancer patients. Therefore, the findings in
this manuscript highlight promising new avenues for research and clinical trials. However, the
incorporation of liquid biopsies into clinical practice will require further validation and rigorous

testing to ensure their accuracy and reliability.

67



REFERENCES

[1] T. Fuereder, “Essential news of current guidelines: head and neck squamous cell carcinoma,”
Memo - Mag. Eur. Med. Oncol., vol. 15, no. 4, pp. 278-281, Dec. 2022, doi: 10.1007/s12254-
022-00842-5.

[2] M. Gormley, G. Creaney, A. Schache, K. Ingarfield, and D. I. Conway, “Reviewing the
epidemiology of head and neck cancer: definitions, trends and risk factors,” Br. Dent. J., vol.
233, no. 9, pp. 780786, Nov. 2022, doi: 10.1038/s41415-022-5166-X.

[3] D. Song, H. Li, H. Li, and J. Dai, “Effect of human papillomavirus infection on the immune
system and its role in the course of cervical cancer,” Oncol. Lett., vol. 10, no. 2, pp. 600-606,
Aug. 2015, doi: 10.3892/01.2015.3295.

[4] G. Anderson, M. Ebadi, K. Vo, J. Novak, A. Govindarajan, and A. Amini, “An Updated
Review on Head and Neck Cancer Treatment with Radiation Therapy,” Cancers, vol. 13, no.
19, p. 4912, Sep. 2021, doi: 10.3390/cancers13194912.

[5] K. Kobayashi, K. Hisamatsu, N. Suzui, A. Hara, H. Tomita, and T. Miyazaki, “A Review of
HPV-Related Head and Neck Cancer,” J. Clin. Med., vol. 7, no. 9, p. 241, Aug. 2018, doi:
10.3390/jcm7090241.

[6] N. Sadeghi et al., “Pathologic response to neoadjuvant chemotherapy in HPV-associated
oropharynx cancer,” Head Neck, vol. 42, no. 3, pp. 417-425, Mar. 2020, doi:
10.1002/hed.26022.

[7] D. Hanahan and R. A. Weinberg, “Hallmarks of Cancer: The Next Generation,” Cell, vol. 144,
no. 5, pp. 646-674, Mar. 2011, doi: 10.1016/j.cell.2011.02.013.

[8] R. Abou Khouzam et al., “Integrating tumor hypoxic stress in novel and more adaptable
strategies for cancer immunotherapy,” Semin. Cancer Biol., vol. 65, pp. 140-154, Oct. 2020,
doi: 10.1016/j.semcancer.2020.01.003.

[9] G.-Z. Qiu, M.-Z. Jin, J.-X. Dai, W. Sun, J.-H. Feng, and W.-L. Jin, “Reprogramming of the
Tumor in the Hypoxic Niche: The Emerging Concept and Associated Therapeutic Strategies,”
Trends Pharmacol. Sci.,, vol. 38, no. 8, pp. 669-686, Aug. 2017, doi:
10.1016/j.tips.2017.05.002.

[10] S. M. Toor, V. Sasidharan Nair, J. Decock, and E. Elkord, “Immune checkpoints in the tumor
microenvironment,” Semin. Cancer Biol.,, vol. 65, pp. 1-12, Oct. 2020, doi:
10.1016/j.semcancer.2019.06.021.

[11] D. Ackerman and M. C. Simon, “Hypoxia, lipids, and cancer: surviving the harsh tumor
microenvironment,” Trends Cell Biol., vol. 24, no. 8, pp. 472-478, Aug. 2014, doi:
10.1016/j.tcb.2014.06.001.

[12] M. S. Nakazawa, B. Keith, and M. C. Simon, “Oxygen availability and metabolic
adaptations,” Nat. Rev. Cancer, vol. 16, no. 10, pp. 663-673, Oct. 2016, doi:
10.1038/nrc.2016.84.

[13] J. C. Garcia-Canaveras, L. Chen, and J. D. Rabinowitz, “The Tumor Metabolic
Microenvironment: Lessons from Lactate,” Cancer Res., vol. 79, no. 13, pp. 3155-3162, Jul.
2019, doi: 10.1158/0008-5472.CAN-18-3726.

68



[14] E. Boedtkjer and S. F. Pedersen, “The Acidic Tumor Microenvironment as a Driver of
Cancer,” Annu. Rev. Physiol., vol. 82, no. 1, pp. 103-126, Feb. 2020, doi: 10.1146/annurev-
physiol-021119-034627.

[15] C. Corbet and O. Feron, “Tumour acidosis: from the passenger to the driver’s seat,” Nat. Rev.
Cancer, vol. 17, no. 10, pp. 577-593, Oct. 2017, doi: 10.1038/nrc.2017.77.

[16] A. H. Zahalka and P. S. Frenette, “Nerves in cancer,” Nat. Rev. Cancer, vol. 20, no. 3, pp.
143-157, Mar. 2020, doi: 10.1038/s41568-019-0237-2.

[17] A. Tiwari, R. Trivedi, and S.-Y. Lin, “Tumor microenvironment: barrier or opportunity
towards effective cancer therapy,” J. Biomed. Sci., vol. 29, no. 1, p. 83, Oct. 2022, doi:
10.1186/512929-022-00866-3.

[18] Q. Wang et al., “Role of tumor microenvironment in cancer progression and therapeutic
strategy,” Cancer Med., vol. 12, no. 10, pp. 11149-11165, May 2023, doi:
10.1002/cam4.5698.

[19] X. Ma and H. Yu, “Global burden of cancer,” Yale J. Biol. Med., vol. 79, no. 3-4, pp. 85-94,
Dec. 2006.

[20] R. L. Siegel, A. N. Giaquinto, and A. Jemal, “Cancer statistics, 2024,” CA. Cancer J. Clin.,
vol. 74, no. 1, pp. 12-49, Jan. 2024, doi: 10.3322/caac.21820.

[21] P. Anand et al., “Cancer is a Preventable Disease that Requires Major Lifestyle Changes,”
Pharm. Res., vol. 25, no. 9, pp. 2097-2116, Sep. 2008, doi: 10.1007/s11095-008-9661-9.
[22] A. Torgovnick and B. Schumacher, “DNA repair mechanisms in cancer development and

therapy,” Front. Genet., vol. 6, Apr. 2015, doi: 10.3389/fgene.2015.00157.

[23] P. Irigaray et al., “Lifestyle-related factors and environmental agents causing cancer: An
overview,” Biomed. Pharmacother., vol. 61, no. 10, pp. 640-658, Dec. 2007, doi:
10.1016/j.biopha.2007.10.006.

[24] J. S. Bertram, “The molecular biology of cancer,” Mol. Aspects Med., vol. 21, no. 6, pp. 167—
223, Dec. 2000, doi: 10.1016/S0098-2997(00)00007-8.

[25] S. F. Bunting and A. Nussenzweig, “End-joining, translocations and cancer,” Nat. Rev.
Cancer, vol. 13, no. 7, pp. 443-454, Jul. 2013, doi: 10.1038/nrc3537.

[26] G. P. Pfeifer and A. Besaratinia, “Mutational spectra of human cancer,” Hum. Genet., vol.
125, no. 5-6, pp. 493-506, Jun. 2009, doi: 10.1007/s00439-009-0657-2.

[27] H. Rajagopalan and C. Lengauer, “Aneuploidy and cancer,” Nature, vol. 432, no. 7015, pp.
338-341, Nov. 2004, doi: 10.1038/nature03099.

[28] A. Shlien and D. Malkin, “Copy number variations and cancer,” Genome Med., vol. 1, no. 6,
p. 62, 2009, doi: 10.1186/gm62.

[29] J. F. Chen and Q. Yan, “The roles of epigenetics in cancer progression and metastasis,”
Biochem. J., vol. 478, no. 17, pp. 3373-3393, Sep. 2021, doi: 10.1042/BCJ20210084.

[30] T. Kouzarides, “Chromatin Modifications and Their Function,” Cell, vol. 128, no. 4, pp. 693—
705, Feb. 2007, doi: 10.1016/j.cell.2007.02.005.

69



[31] H. Easwaran, H.-C. Tsai, and S. B. Baylin, “Cancer Epigenetics: Tumor Heterogeneity,
Plasticity of Stem-like States, and Drug Resistance,” Mol. Cell, vol. 54, no. 5, pp. 716-727,
Jun. 2014, doi: 10.1016/j.molcel.2014.05.015.

[32] B. Vezzani et al., “Epigenetic Regulation: A Link between Inflammation and
Carcinogenesis,” Cancers, vol. 14, no. 5, p. 1221, Feb. 2022, doi: 10.3390/cancers14051221.

[33] C. Navarro et al., “Metabolic Reprogramming in Cancer Cells: Emerging Molecular
Mechanisms and Novel Therapeutic Approaches,” Pharmaceutics, vol. 14, no. 6, p. 1303, Jun.
2022, doi: 10.3390/pharmaceutics14061303.

[34] J. S. Brown, S. R. Amend, R. H. Austin, R. A. Gatenby, E. U. Hammarlund, and K. J. Pienta,
“Updating the Definition of Cancer,” Mol. Cancer Res., vol. 21, no. 11, pp. 1142-1147, Nov.
2023, doi: 10.1158/1541-7786.MCR-23-0411.

[35] X. Guan, “Cancer metastases: challenges and opportunities,” Acta Pharm. Sin. B, vol. 5, no.
5, pp. 402-418, Sep. 2015, doi: 10.1016/j.apsb.2015.07.005.

[36] P. Zbaren and W. Lehmann, “Frequency and Sites of Distant Metastases in Head and Neck
Squamous Cell Carcinoma: An Analysis of 101 Cases at Autopsy,” Arch. Otolaryngol. - Head
Neck  Surg.,, vol 113, no. 7, pp. 762-764,  Jul. 1987, doi:
10.1001/archotol.1987.01860070076020.

[37] P. Pisani et al., “Metastatic disease in head & neck oncology,” Acta Otorhinolaryngol. Ital.,
vol. 40, no. SUPPL. 1, pp. S1-S86, Apr. 2020, doi: 10.14639/0392-100X-suppl.1-40-2020.

[38] “onkos cancer progression and metastasis - Google Search.” Accessed: Jun. 07, 2024.
[Online]. Available:
https://www.google.com/search?sca_esv=549c059cf7ea463a&q=0onkos+cancer+progression
+and+metastasis&uds=ADvngMgMBJWLHLmgUWkA09s_YFUc_ghHHCqgfx2WHuDPmx
u4tJi9zrJuR-tmk3M49gZeYV-
UYZTQ88WWPWQzodCKEXYJCIPTaFPJSWbF6EOTNLNIuVIGAWWm_Be637dVgL5q9
wMBTf3-yhaBZ__ SkefoTzMO8AZclw6ujX_RjpZ-d940k4VcGkpd_002A0LaJRvIYKLM6C--
CRFXG1I1iBuCTwD6xZBXro5PVVz5yfm6NIitMIzbdEyXjWvCcgJ8smrWh2h8L8QpDfbzM
1HGdt3ew331WFGKeSm1SsRiCsLaXQUZvtapClm-6gwSU4pRBY ly6Q00g-
dgidFFaQ6a2n1RkC4xaj3fOHbgl3yA5Ug_SgqZ3HbPuXNLSs&udm=2&prmd=ivnsbmtz&
sa=X&ved=2ahUKEwig8NyWgcuGAxXDg4kEHRc1000QtKgLegQIDxAB&biw=1440&b
ih=779&dpr=2#vhid=6TTNILIYwoVeHM&vssid=mosaic

[39] A. Sanchez-Danés and C. Blanpain, “Deciphering the cells of origin of squamous cell
carcinomas,” Nat. Rev. Cancer, vol. 18, no. 9, pp. 549-561, Sep. 2018, doi: 10.1038/s41568-
018-0024-5.

[40] J. Yang, Z. Ren, X. Du, M. Hao, and W. Zhou, “The role of mesenchymal stem/progenitor
cells in sarcoma: update and dispute,” Stem Cell Investig., vol. 1, p. 18, 2014, doi:
10.3978/j.issn.2306-9759.2014.10.01.

[41] L. F. Méndez-Lopez, “Revisiting Epithelial Carcinogenesis,” Int. J. Mol. Sci., vol. 23, no. 13,
p. 7437, Jul. 2022, doi: 10.3390/ijms23137437.

70



[42] A. E. Whiteley, T. T. Price, G. Cantelli, and D. A. Sipkins, “Leukaemia: a model metastatic
disease,” Nat. Rev. Cancer, vol. 21, no. 7, pp. 461-475, Jul. 2021, doi: 10.1038/s41568-021-
00355-z.

[43] S. Ganeshalingam and D.-M. Koh, “Nodal staging,” Cancer Imaging Off. Publ. Int. Cancer
Imaging Soc., vol. 9, no. 1, pp. 104-111, Dec. 2009, doi: 10.1102/1470-7330.2009.0017.
[44] M. B. Amin et al., “The Eighth Edition AJCC Cancer Staging Manual: Continuing to build a
bridge from a population-based to a more ‘personalized’ approach to cancer staging,” CA.

Cancer J. Clin., vol. 67, no. 2, pp. 93-99, Mar. 2017, doi: 10.3322/caac.21388.

[45] R. D. Neal et al., “Is increased time to diagnosis and treatment in symptomatic cancer
associated with poorer outcomes? Systematic review,” Br. J. Cancer, vol. 112, no. S1, pp.
S92-S107, Mar. 2015, doi: 10.1038/bjc.2015.48.

[46] D. Hanahan and R. A. Weinberg, “The hallmarks of cancer,” Cell, vol. 100, no. 1, pp. 57-70,
Jan. 2000, doi: 10.1016/s0092-8674(00)81683-9.

[47] C. H. L. Kirten et al., “Investigating immune and non-immune cell interactions in head and
neck tumors by single-cell RNA sequencing,” Nat. Commun., vol. 12, no. 1, p. 7338, Dec.
2021, doi: 10.1038/s41467-021-27619-4.

[48] B. Gallagher, Z. Wang, M. J. Schymura, A. Kahn, and E. J. Fordyce, “Cancer incidence in
New York State acquired immunodeficiency syndrome patients,” Am. J. Epidemiol., vol. 154,
no. 6, pp. 544-556, Sep. 2001, doi: 10.1093/aje/154.6.544.

[49] T. F. Schulz, “Cancer and viral infections in immunocompromised individuals,” Int. J.
Cancer, vol. 125, no. 8, pp. 1755-1763, Oct. 2009, doi: 10.1002/ijc.24741.

[50] T. Stewart, S. C. Tsai, H. Grayson, R. Henderson, and G. Opelz, “Incidence of de-novo breast
cancer in women chronically immunosuppressed after organ transplantation,” Lancet Lond.
Engl., vol. 346, no. 8978, pp. 796-798, Sep. 1995, doi: 10.1016/s0140-6736(95)91618-0.

[51] C.-C. J. Wang, J. Sparano, and J. M. Palefsky, “Human Immunodeficiency Virus/AIDS,
Human Papillomavirus, and Anal Cancer,” Surg. Oncol. Clin. N. Am., vol. 26, no. 1, pp. 17—
31, Jan. 2017, doi: 10.1016/j.s0¢.2016.07.010.

[52] T. V. Ellerbrock et al., “Incidence of cervical squamous intraepithelial lesions in HIV-
infected women,” JAMA, vol. 283, no. 8, pp. 1031-1037, Feb. 2000, doi:
10.1001/jama.283.8.1031.

[53] R. Halpert, R. G. Fruchter, A. Sedlis, K. Butt, J. G. Boyce, and F. H. Sillman, “Human
papillomavirus and lower genital neoplasia in renal transplant patients,” Obstet. Gynecol., vol.
68, no. 2, pp. 251-258, Aug. 1986.

[54] U. Wieland, A. Kreuter, and H. Pfister, “Human papillomavirus and immunosuppression,”
Curr. Probl. Dermatol., vol. 45, pp. 154-165, 2014, doi: 10.1159/000357907.

[55] G. L. Beatty and W. L. Gladney, “Immune escape mechanisms as a guide for cancer
immunotherapy,” Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res., vol. 21, no. 4, pp. 687—
692, Feb. 2015, doi: 10.1158/1078-0432.CCR-14-1860.

71



[56] S. K. Kim and S. W. Cho, “The Evasion Mechanisms of Cancer Immunity and Drug
Intervention in the Tumor Microenvironment,” Front. Pharmacol., vol. 13, p. 868695, 2022,
doi: 10.3389/fphar.2022.868695.

[57] L. M. Coussens and Z. Werb, “Inflammation and cancer,” Nature, vol. 420, no. 6917, pp.
860-867, Dec. 2002, doi: 10.1038/nature01322.

[58] W. J. Benjamin et al., “Oral Microbiome Community Composition in Head and Neck
Squamous Cell Carcinoma,” Cancers, vol. 15, no. 9, p. 2549, Apr. 2023, doi:
10.3390/cancers15092549.

[59] G. Landskron, M. De La Fuente, P. Thuwajit, C. Thuwajit, and M. A. Hermoso, “Chronic
Inflammation and Cytokines in the Tumor Microenvironment,” J. Immunol. Res., vol. 2014,
pp. 1-19, 2014, doi: 10.1155/2014/149185.

[60] N. Vigneswaran and M. D. Williams, “Epidemiologic Trends in Head and Neck Cancer and
Aids in Diagnosis,” Oral Maxillofac. Surg. Clin. N. Am., vol. 26, no. 2, pp. 123-141, May
2014, doi: 10.1016/j.coms.2014.01.001.

[61] D. E. Johnson, B. Burtness, C. R. Leemans, V. W. Y. Lui, J. E. Bauman, and J. R. Grandis,
“Head and neck squamous cell carcinoma,” Nat. Rev. Dis. Primer, vol. 6, no. 1, p. 92, Nov.
2020, doi: 10.1038/s41572-020-00224-3.

[62] E. E. W. Cohen et al., “The Society for Immunotherapy of Cancer consensus statement on
immunotherapy for the treatment of squamous cell carcinoma of the head and neck (HNSCC),”
J. Immunother. Cancer, vol. 7, no. 1, p. 184, Dec. 2019, doi: 10.1186/s40425-019-0662-5.

[63] I.D. A. F. Muniz et al., “Therapeutic Advances and Challenges for the Management of HPV -
Associated Oropharyngeal Cancer,” Int. J. Mol. Sci., vol. 25, no. 7, p. 4009, Apr. 2024, doi:
10.3390/ijms250740009.

[64] A. Gandhi, S. Roy, A. Thakar, A. Sharma, and B. Mohanti, “Symptom burden and quality of
life in advanced head and neck cancer patients: AIIMS study of 100 patients,” Indian J. Palliat.
Care, vol. 20, no. 3, p. 189, 2014, doi: 10.4103/0973-1075.138389.

[65] A.-V. N. Guizard et al., “Diagnosis and management of head and neck cancers in a high-
incidence area in France: A population-based study,” Medicine (Baltimore), vol. 96, no. 26, p.
e7285, Jun. 2017, doi: 10.1097/MD.0000000000007285.

[66] N. Roland, G. Porter, B. Fish, and Z. Makura, “Tumour assessment and staging: United
Kingdom National Multidisciplinary Guidelines,” J. Laryngol. Otol., vol. 130, no. S2, pp.
S53-S58, May 2016, doi: 10.1017/S002221511600044X.

[67] A.Barsouk,J. S. Aluru, P. Rawla, K. Saginala, and A. Barsouk, “Epidemiology, Risk Factors,
and Prevention of Head and Neck Squamous Cell Carcinoma,” Med. Sci., vol. 11, no. 2, p. 42,
Jun. 2023, doi: 10.3390/medsci11020042.

[68] D. Hashim, E. Genden, M. Posner, M. Hashibe, and P. Boffetta, “Head and neck cancer
prevention: from primary prevention to impact of clinicians on reducing burden,” Ann. Oncol.,
vol. 30, no. 5, pp. 744-756, May 2019, doi: 10.1093/annonc/mdz084.

72



[69] S. Kamolratanakul and P. Pitisuttithum, “Human Papillomavirus Vaccine Efficacy and
Effectiveness against Cancer,” Vaccines, vol. 9, no. 12, p. 1413, Nov. 2021, doi:
10.3390/vaccines9121413.

[70] A.R.Jethwaand S. S. Khariwala, “Tobacco-related carcinogenesis in head and neck cancer,”
Cancer Metastasis Rev., vol. 36, no. 3, pp. 411-423, Sep. 2017, doi: 10.1007/s10555-017-
9689-6.

[71] M. Pinkiewicz, K. Dorobisz, and T. Zatonski, “Human Papillomavirus-Associated Head and
Neck Cancers. Where are We Now? A Systematic Review,” Cancer Manag. Res., vol. 14, pp.
3313-3324, 2022, doi: 10.2147/CMAR.S379173.

[72] M. Lechner, J. Liu, L. Masterson, and T. R. Fenton, “HPV-associated oropharyngeal cancer:
epidemiology, molecular biology and clinical management,” Nat. Rev. Clin. Oncol., vol. 19,
no. 5, pp. 306-327, May 2022, doi: 10.1038/s41571-022-00603-7.

[73] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre, and A. Jemal, “Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers
in 185 countries,” CA. Cancer J. Clin., vol. 68, no. 6, pp. 394-424, Nov. 2018, doi:
10.3322/caac.21492.

[74] M. Mourad, T. Jetmore, A. A. Jategaonkar, S. Moubayed, E. Moshier, and M. L. Urken,
“Epidemiological Trends of Head and Neck Cancer in the United States: A SEER Population
Study,” J. Oral Maxillofac. Surg., vol. 75, no. 12, pp. 2562-2572, Dec. 2017, doi:
10.1016/j.joms.2017.05.008.

[75] X. Dai, E. Gakidou, and A. D. Lopez, “Evolution of the global smoking epidemic over the
past half century: strengthening the evidence base for policy action,” Tob. Control, vol. 31,
no. 2, pp. 129-137, Mar. 2022, doi: 10.1136/tobaccocontrol-2021-056535.

[76] A. Moréan-Torres et al., “HPV oral and oropharynx infection dynamics in young population,”
Braz. J. Microbiol., vol. 52, no. 4, pp. 1991-2000, Dec. 2021, doi: 10.1007/s42770-021-
00602-3.

[77] J. Griffith, H. Marani, and H. Monkman, “COVID-19 Vaccine Hesitancy in Canada: Content
Analysis of Tweets Using the Theoretical Domains Framework,” J. Med. Internet Res., vol.
23, no. 4, p. e26874, Apr. 2021, doi: 10.2196/26874.

[78] G. W. Ryan, M. B. Miotto, C. McReynolds, S. C. Lemon, L. Pbert, and M. Trivedi,
“Pediatricians’ perspectives on COVID-19 and HPV vaccine hesitancy,” Hum. Vaccines
Immunother., vol. 19, no. 2, p. 2225388, Aug. 2023, doi: 10.1080/21645515.2023.2225388.

[79] M. T. Dorak and E. Karpuzoglu, “Gender differences in cancer susceptibility: an inadequately
addressed issue,” Front. Genet., vol. 3, p. 268, 2012, doi: 10.3389/fgene.2012.00268.

[80] M. B. Cook et al., “Sex disparities in cancer incidence by period and age,” Cancer Epidemiol.
Biomark. Prev. Publ. Am. Assoc. Cancer Res. Cosponsored Am. Soc. Prev. Oncol., vol. 18,
no. 4, pp. 1174-1182, Apr. 2009, doi: 10.1158/1055-9965.EP1-08-1118.

[81] H.-I. Kim, H. Lim, and A. Moon, “Sex Differences in Cancer: Epidemiology, Genetics and
Therapy,” Biomol. Ther.,, wvol. 26, no. 4, pp. 335-342, Jul. 2018, doi:
10.4062/biomolther.2018.103.

73



[82] X. Luo et al., “Distinguishable Prognostic miRNA Signatures of Head and Neck Squamous
Cell Cancer With or Without HPV Infection,” Front. Oncol., vol. 10, p. 614487, Feb. 2021,
doi: 10.3389/fonc.2020.614487.

[83] E. Duetal., “Long-term Survival in Head and Neck Cancer: Impact of Site, Stage, Smoking,
and Human Papillomavirus Status,” The Laryngoscope, vol. 129, no. 11, pp. 2506-2513, Nov.
2019, doi: 10.1002/lary.27807.

[84] J. Hsiao et al., “Investigating the health disparities in the association between lifestyle
behaviors and the risk of head and neck cancer,” Cancer Sci., vol. 111, no. 8, pp. 2974-2986,
Aug. 2020, doi: 10.1111/cas.14530.

[85] D. I. Conway et al., “Components of socioeconomic risk associated with head and neck
cancer: A population-based case—control study in Scotland,” Br. J. Oral Maxillofac. Surg., vol.
48, no. 1, pp. 11-17, Jan. 2010, doi: 10.1016/j.bjoms.2009.03.020.

[86] M. Hashibe etal., “Alcohol Drinking in Never Users of Tobacco, Cigarette Smoking in Never
Drinkers, and the Risk of Head and Neck Cancer: Pooled Analysis in the International Head
and Neck Cancer Epidemiology Consortium,” JNCI J. Natl. Cancer Inst., vol. 99, no. 10, pp.
777-789, May 2007, doi: 10.1093/jnci/djk179.

[87] M. Hashibe et al., “Interaction between Tobacco and Alcohol Use and the Risk of Head and
Neck Cancer: Pooled Analysis in the International Head and Neck Cancer Epidemiology
Consortium,” Cancer Epidemiol. Biomarkers Prev., vol. 18, no. 2, pp. 541-550, Feb. 2009,
doi: 10.1158/1055-9965.EP1-08-0347.

[88] T. Guo, S. Y. Kang, and E. E. W. Cohen, “Current perspectives on recurrent HPV-mediated
oropharyngeal cancer,” Front. Oncol.,, vol. 12, p. 966899, Aug. 2022, doi:
10.3389/fonc.2022.966899.

[89] E. Farmer, M. A. Cheng, C.-F. Hung, and T.-C. Wu, “Vaccination Strategies for the Control
and Treatment of HPV Infection and HPV-Associated Cancer,” in Viruses and Human Cancer,
vol. 217, T.-C. Wu, M.-H. Chang, and K.-T. Jeang, Eds., in Recent Results in Cancer Research,
vol. 217. , Cham: Springer International Publishing, 2021, pp. 157-195. doi: 10.1007/978-3-
030-57362-1_8.

[90] J. E. Tota et al., “Efficacy of the AS04-Adjuvanted HPV16/18 Vaccine: Pooled Analysis of
the Costa Rica Vaccine and PATRICIA Randomized Controlled Trials,” JNCI J. Natl. Cancer
Inst., vol. 112, no. 8, pp. 818-828, Aug. 2020, doi: 10.1093/jnci/djz222.

[91] M. Lechner, J. Liu, L. Masterson, and T. R. Fenton, “HPV-associated oropharyngeal cancer:
epidemiology, molecular biology and clinical management,” Nat. Rev. Clin. Oncol., vol. 19,
no. 5, pp. 306-327, May 2022, doi: 10.1038/s41571-022-00603-7.

[92] N. Ebrahimi etal., “Human papillomavirus vaccination in low- and middle-income countries:
progression, barriers, and future prospective,” Front. Immunol., vol. 14, p. 1150238, May
2023, doi: 10.3389/fimmu.2023.1150238.

[93] J. Duncan, M. Harris, N. Skyers, A. Bailey, and J. P. Figueroa, “A Call for Low- and Middle-
Income Countries to Commit to the Elimination of Cervical Cancer,” Lancet Reg. Health -
Am., vol. 2, p. 100036, Oct. 2021, doi: 10.1016/j.lana.2021.100036.

74



[94] M. Soheili, H. Keyvani, M. Soheili, and S. Nasseri, “Human papilloma virus: A review study
of epidemiology, carcinogenesis, diagnostic methods, and treatment of all HPV-related
cancers,” Med. J. Islam. Repub. Iran, Apr. 2021, doi: 10.47176/mjiri.35.65.

[95] K. Anna Szymonowicz and J. Chen, “Biological and clinical aspects of HPV-related
cancers,” Cancer Biol. Med., vol. 17, no. 4, pp. 864-878, 2020, doi: 10.20892/j.issn.2095-
3941.2020.0370.

[96] C. B. J. Woodman, S. I. Collins, and L. S. Young, “The natural history of cervical HPV
infection: unresolved issues,” Nat. Rev. Cancer, vol. 7, no. 1, pp. 11-22, Jan. 2007, doi:
10.1038/nrc2050.

[97] J. Bodily and L. A. Laimins, “Persistence of human papillomavirus infection: keys to
malignant progression,” Trends Microbiol., vol. 19, no. 1, pp. 33-39, Jan. 2011, doi:
10.1016/}.tim.2010.10.002.

[98] E. M. Burd, “Human Papillomavirus and Cervical Cancer,” Clin. Microbiol. Rev., vol. 16,
no. 1, pp. 1-17, Jan. 2003, doi: 10.1128/CMR.16.1.1-17.2003.

[99] C. K. Chan, G. Aimagambetova, T. Ukybassova, K. Kongrtay, and A. Azizan, “Human
Papillomavirus Infection and Cervical Cancer: Epidemiology, Screening, and Vaccination—
Review of Current Perspectives,” J. Oncol., vol. 2019, pp. 1-11, Oct. 2019, doi:
10.1155/2019/3257939.

[100] D. Eggert et al., “In vivo detection of head and neck tumors by hyperspectral imaging
combined with deep learning methods,” J. Biophotonics, vol. 15, no. 3, p. €202100167, Mar.
2022, doi: 10.1002/jbi0.202100167.

[101] K. T.Palka, R.J. Slebos, and C. H. Chung, “Update on Molecular Diagnostic Tests in Head
and Neck Cancer,” Semin. Oncol., vol. 35, no. 3, pp. 198-210, Jun. 2008, doi:
10.1053/j.seminoncol.2008.03.002.

[102] K. Tanakaetal., “Ancient Evolutionary History of Human Papillomavirus Type 16, 18 and
58 Variants Prevalent Exclusively in Japan,” Viruses, vol. 14, no. 3, p. 464, Feb. 2022, doi:
10.3390/v14030464.

[103] P. E. Castle and M. Maza, “Prophylactic HPV vaccination: past, present, and future,”
Epidemiol. Infect., vol. 144, no. 3, pp. 449-468, Feb. 2016, doi: 10.1017/S0950268815002198.

[104] H.-M. Koskimaa, T. Waterboer, M. Pawlita, S. Grénman, K. Syrjanen, and S. Syrjanen,
“Human Papillomavirus Genotypes Present in the Oral Mucosa of Newborns and their
Concordance with Maternal Cervical Human Papillomavirus Genotypes,” J. Pediatr., vol. 160,
no. 5, pp. 837-843, May 2012, doi: 10.1016/j.jpeds.2011.10.027.

[105] J. Doorbar et al., “The Biology and Life-Cycle of Human Papillomaviruses,” Vaccine, vol.
30, pp. F55-F70, Nov. 2012, doi: 10.1016/j.vaccine.2012.06.083.

[106] N. Egawa and J. Doorbar, “The low-risk papillomaviruses,” Virus Res., vol. 231, pp. 119—
127, Mar. 2017, doi: 10.1016/j.virusres.2016.12.017.

[107] E. M. Burd, “Human Papillomavirus and Cervical Cancer,” Clin. Microbiol. Rev., vol. 16,
no. 1, pp. 1-17, Jan. 2003, doi: 10.1128/CMR.16.1.1-17.2003.

75



[108] P. Dabéan-Lopez et al., “Epidemiology of human papillomavirus-associated anogenital
cancers in Granada: a three-decade population-based study,” Front. Public Health, vol. 11, p.
1205170, Sep. 2023, doi: 10.3389/fpubh.2023.1205170.

[109] K. S. Okunade, “Human papillomavirus and cervical cancer,” J. Obstet. Gynaecol., vol.
40, no. 5, pp. 602-608, Jul. 2020, doi: 10.1080/01443615.2019.1634030.

[110] L. Silva Dalla Libera et al., “Human Papillomavirus and Anal Cancer: Prevalence,
Genotype Distribution, and Prognosis Aspects from Midwestern Region of Brazil,” J. Oncol.,
vol. 2019, p. 6018269, 2019, doi: 10.1155/2019/60182609.

[111] T. B. Olesen et al., “Prevalence of human papillomavirus DNA and p16INK4a in penile
cancer and penile intraepithelial neoplasia: a systematic review and meta-analysis,” Lancet
Oncaol., vol. 20, no. 1, pp. 145-158, Jan. 2019, doi: 10.1016/S1470-2045(18)30682-X.

[112] J.Zhang, Y. Zhang, and Z. Zhang, ‘“Prevalence of human papillomavirus and its prognostic
value in vulvar cancer: A systematic review and meta-analysis,” PLOS ONE, vol. 13, no. 9, p.
e0204162, Sep. 2018, doi: 10.1371/journal.pone.0204162.

[113] L. Alemany et al., “Large contribution of human papillomavirus in vaginal neoplastic
lesions: A worldwide study in 597 samples,” Eur. J. Cancer, vol. 50, no. 16, pp. 2846—2854,
Nov. 2014, doi: 10.1016/j.ejca.2014.07.018.

[114] J. P. Gribb, J. H. Wheelock, and E. S. Park, “Human Papilloma Virus (HPV) and the
Current State of Oropharyngeal Cancer Prevention and Treatment,” Del. J. Public Health, vol.
9, no. 1, pp. 26-28, Apr. 2023, doi: 10.32481/djph.2023.04.008.

[115] N. Li, S. Franceschi, R. Howell-Jones, P. J. F. Snijders, and G. M. Clifford, “Human
papillomavirus type distribution in 30,848 invasive cervical cancers worldwide: Variation by
geographical region, histological type and year of publication,” Int. J. Cancer, vol. 128, no. 4,
pp. 927-935, Feb. 2011, doi: 10.1002/ijc.25396.

[116] Z. Z. A. Mbulawa, K. Phohlo, M. Garcia-Jardon, A.-L. Williamson, and C. B. Businge,
“High human papillomavirus (HPV)-35 prevalence among South African women with cervical
intraepithelial neoplasia warrants attention,” PLOS ONE, vol. 17, no. 3, p. e0264498, Mar.
2022, doi: 10.1371/journal.pone.0264498.

[117] M. E. Harden and K. Munger, “Human papillomavirus molecular biology,” Mutat. Res.
Mutat. Res., vol. 772, pp. 3-12, Apr. 2017, doi: 10.1016/j.mrrev.2016.07.002.

[118] K. Butz, T. Ristriani, A. Hengstermann, C. Denk, M. Scheffner, and F. Hoppe-Seyler,
“siRNA targeting of the viral E6 oncogene efficiently kills human papillomavirus-positive
cancer cells,” Oncogene, vol. 22, no. 38, pp. 5938-5945, Sep. 2003, doi:
10.1038/sj.0nc.1206894.

[119] K. Yamato et al., “New highly potent and specific E6 and E7 siRNAs for treatment of
HPV16 positive cervical cancer,” Cancer Gene Ther., vol. 15, no. 3, pp. 140-153, Mar. 2008,
doi: 10.1038/sj.cgt.7701118.

[120] A. Shai, H. C. Pitot, and P. F. Lambert, “p53 Loss Synergizes with Estrogen and
Papillomaviral Oncogenes to Induce Cervical and Breast Cancers,” Cancer Res., vol. 68, no.
8, pp. 2622-2631, Apr. 2008, doi: 10.1158/0008-5472.CAN-07-5266.

76



[121] A. Shai, T. Brake, C. Somoza, and P. F. Lambert, “The Human Papillomavirus E6
Oncogene Dysregulates the Cell Cycle and Contributes to Cervical Carcinogenesis through
Two Independent Activities,” Cancer Res., vol. 67, no. 4, pp. 1626-1635, Feb. 2007, doi:
10.1158/0008-5472.CAN-06-3344.

[122] M. V. Chiantore et al., “Human Papillomavirus and carcinogenesis: Novel mechanisms of
cell communication involving extracellular vesicles,” Cytokine Growth Factor Rev., vol. 51,
pp. 92-98, Feb. 2020, doi: 10.1016/j.cytogfr.2019.12.009.

[123] J.Li, M. J. Poi, and M.-D. Tsai, “Regulatory Mechanisms of Tumor Suppressor P16 NK4A
and Their Relevance to Cancer,” Biochemistry, vol. 50, no. 25, pp. 5566-5582, Jun. 2011, doi:
10.1021/bi200642e.

[124] C. J. Sherr and J. M. Roberts, “Living with or without cyclins and cyclin-dependent
kinases,” Genes Dev., vol. 18, no. 22, pp. 26992711, Nov. 2004, doi: 10.1101/gad.1256504.

[125] K. C. Wai, M. P. Strohl, A. Van Zante, and P. K. Ha, “Molecular Diagnostics in Human
Papillomavirus-Related Head and Neck Squamous Cell Carcinoma,” Cells, vol. 9, no. 2, p.
500, Feb. 2020, doi: 10.3390/cells9020500.

[126] J.S. Lewisetal., “p16 Positive Oropharyngeal Squamous Cell Carcinoma:An Entity With
a Favorable Prognosis Regardless of Tumor HPV Status,” Am. J. Surg. Pathol., vol. 34, no. 8,
pp. 1088-1096, Aug. 2010, doi: 10.1097/PAS.0b013e3181e84652.

[127] J.K.Schwarz,J. S. Lewis, J. Pfeifer, P. Huettner, and P. Grigsby, “Prognostic Significance
of p16 Expression in Advanced Cervical Cancer Treated With Definitive Radiotherapy,” Int.
J. Radiat. Oncol., vol. 84, no. 1, pp. 153-157, Sep. 2012, doi: 10.1016/j.ijrobp.2011.11.032.

[128] T. Ozaki and A. Nakagawara, “Role of p53 in Cell Death and Human Cancers,” Cancers,
vol. 3, no. 1, pp. 994-1013, Mar. 2011, doi: 10.3390/cancers3010994.

[129] N. Mufoz et al.,, “Epidemiologic Classification of Human Papillomavirus Types
Associated with Cervical Cancer,” N. Engl. J. Med., vol. 348, no. 6, pp. 518-527, Feb. 2003,
doi: 10.1056/NEJM0a021641.

[130] E.-K.Yim and J.-S. Park, “The Role of HPV E6 and E7 Oncoproteins in HPV-associated
Cervical Carcinogenesis,” Cancer Res. Treat, vol. 37, no. 6, p. 319, 2005, doi:
10.4143/crt.2005.37.6.319.

[131] C. Bello-Rios, S. Montafio, O. L. Garibay-Cerdenares, L. E. Araujo-Arcos, M. A. Leyva-
Vazquez, and B. Illades-Aguiar, “Modeling and Molecular Dynamics of the 3D Structure of
the HPV16 E7 Protein and Its Variants,” Int. J. Mol. Sci., vol. 22, no. 3, p. 1400, Jan. 2021,
doi: 10.3390/ijms22031400.

[132] A.J. Klingelhutz, S. A. Foster, and J. K. McDougall, “Telomerase activation by the E6
gene product of human papillomavirus type 16,” Nature, vol. 380, no. 6569, pp. 79-82, Mar.
1996, doi: 10.1038/380079a0.

[133] N.Wang et al., “Increased expression of RRM2 by human papillomavirus E7 oncoprotein
promotes angiogenesis in cervical cancer,” Br. J. Cancer, vol. 110, no. 4, pp. 1034-1044, Feb.
2014, doi: 10.1038/bjc.2013.817.

77



[134] T. Crook, K. H. Vousden, and J. A. Tidy, “Degradation of p53 can be targeted by HPV E6
sequences distinct from those required for p53 binding and trans-activation,” Cell, vol. 67, no.
3, pp. 547-556, Nov. 1991, doi: 10.1016/0092-8674(91)90529-8.

[135] A. Pal and R. Kundu, “Human Papillomavirus E6 and E7: The Cervical Cancer Hallmarks
and Targets for Therapy,” Front. Microbiol.,, vol. 10, p. 3116, Jan. 2020, doi:
10.3389/fmicb.2019.03116.

[136] S.F.Jabbar, L. Abrams, A. Glick, and P. F. Lambert, “Persistence of High-Grade Cervical
Dysplasia and Cervical Cancer Requires the Continuous Expression of the Human
Papillomavirus Type 16 E7 Oncogene,” Cancer Res., vol. 69, no. 10, pp. 44074414, May
2009, doi: 10.1158/0008-5472.CAN-09-0023.

[137] M. E. Perry, “The Regulation of the p53-mediated Stress Response by MDM2 and
MDM4,” Cold Spring Harb. Perspect. Biol., vol. 2, no. 1, pp. a000968-a000968, Jan. 2010,
doi: 10.1101/cshperspect.a000968.

[138] O. Laptenko et al., “The p53 C Terminus Controls Site-Specific DNA Binding and
Promotes Structural Changes within the Central DNA Binding Domain,” Mol. Cell, vol. 57,
no. 6, pp. 1034-1046, Mar. 2015, doi: 10.1016/j.molcel.2015.02.015.

[139] B. V. R. Louredo et al., “State-of-the-science concepts of HPV-related oropharyngeal
squamous cell carcinoma: a comprehensive review,” Oral Surg. Oral Med. Oral Pathol. Oral
Radiol., vol. 134, no. 2, pp. 190-205, Aug. 2022, doi: 10.1016/].0000.2022.03.016.

[140] M. E. Sabatini and S. Chiocca, “Human papillomavirus as a driver of head and neck
cancers,” Br. J. Cancer, vol. 122, no. 3, pp. 306-314, Feb. 2020, doi: 10.1038/s41416-019-
0602-7.

[141] A. Silva-Sanchez and T. D. Randall, “Anatomical Uniqueness of the Mucosal Immune
System (GALT, NALT, iBALT) for the Induction and Regulation of Mucosal Immunity and
Tolerance,” in Mucosal Vaccines, Elsevier, 2020, pp. 21-54. doi: 10.1016/B978-0-12-811924-
2.00002-X.

[142] T. Litwin, M. Clarke, M. Dean, and N. Wentzensen, “Somatic Host Cell Alterations in
HPV Carcinogenesis,” Viruses, vol. 9, no. 8, p. 206, Aug. 2017, doi: 10.3390/v9080206.
[143] M. K. Keck et al., “Integrative Analysis of Head and Neck Cancer Identifies Two
Biologically Distinct HPV and Three Non-HPV Subtypes,” Clin. Cancer Res., vol. 21, no. 4,

pp. 870-881, Feb. 2015, doi: 10.1158/1078-0432.CCR-14-2481.

[144] S.F.Powell, L. Vu, W. C. Spanos, and D. Pyeon, “The Key Differences between Human
Papillomavirus-Positive and -Negative Head and Neck Cancers: Biological and Clinical
Implications,” Cancers, vol. 13, no. 20, p. 5206, Oct. 2021, doi: 10.3390/cancers13205206.

[145] G. Di Credico et al., “Alcohol drinking and head and neck cancer risk: the joint effect of
intensity and duration,” Br. J. Cancer, vol. 123, no. 9, pp. 1456-1463, Oct. 2020, doi:
10.1038/s41416-020-01031-z.

[146] S. R. Schwartz, B. Yueh, J. K. McDougall, J. R. Daling, and S. M. Schwartz, “Human
Papillomavirus Infection and Survival in Oral Squamous Cell Cancer: A Population-Based

78



Study,” Otolaryngol. Neck Surg., vol. 125, no. 1, pp. 1-9, Jul. 2001, doi:
10.1067/mhn.2001.116979.

[147] S. J. Smeets et al., “Genome-wide DNA copy number alterations in head and neck
squamous cell carcinomas with or without oncogene-expressing human papillomavirus,”
Oncogene, vol. 25, no. 17, pp. 2558-2564, Apr. 2006, doi: 10.1038/sj.0nc.1209275.

[148] K. Akagi et al., “Genome-wide analysis of HPV integration in human cancers reveals
recurrent, focal genomic instability,” Genome Res., vol. 24, no. 2, pp. 185-199, Feb. 2014,
doi: 10.1101/gr.164806.113.

[149] D.E. Johnson, B. Burtness, C. R. Leemans, V. W. Y. Lui, J. E. Bauman, and J. R. Grandis,
“Head and neck squamous cell carcinoma,” Nat. Rev. Dis. Primer, vol. 6, no. 1, p. 92, Nov.
2020, doi: 10.1038/s41572-020-00224-3.

[150] M. J. Windon et al., “Increasing prevalence of human papillomavirus—positive
oropharyngeal cancers among older adults,” Cancer, vol. 124, no. 14, pp. 2993-2999, Jul.
2018, doi: 10.1002/cncr.31385.

[151] M. Canning et al., “Heterogeneity of the Head and Neck Squamous Cell Carcinoma
Immune Landscape and Its Impact on Immunotherapy,” Front. Cell Dev. Biol., vol. 7, p. 52,
Apr. 2019, doi: 10.3389/fcell.2019.00052.

[152] V. Tomai¢, “Functional Roles of E6 and E7 Oncoproteins in HPV-Induced Malignancies
at Diverse Anatomical Sites,” Cancers, vol. 8, no. 10, p. 95, Oct. 2016, doi:
10.3390/cancers8100095.

[153] R. Gallus et al., “Accuracy of pl16 IHC in Classifying HPV-Driven OPSCC in Different
Populations,” Cancers, vol. 15, no. 3, p. 656, Jan. 2023, doi: 10.3390/cancers15030656.

[154] L. M. Rooper, M. Gandhi, J. A. Bishop, and W. H. Westra, “RNA in-situ hybridization is
a practical and effective method for determining HPV status of oropharyngeal squamous cell
carcinoma including discordant cases that are p16 positive by immunohistochemistry but HPV
negative by DNA in-situ hybridization,” Oral Oncol., vol. 55, pp. 11-16, Apr. 2016, doi:
10.1016/j.oraloncology.2016.02.008.

[155] T. Kelesidis et al., “Human Papillomavirus (HPV) Detection Using In Situ Hybridization
in Histologic Samples: Correlations With Cytologic Changes and Polymerase Chain Reaction
HPV Detection,” Am. J. Clin. Pathol., vol. 136, no. 1, pp. 119-127, Jul. 2011, doi:
10.1309/AJCPO3HUQYZMWATP.

[156] H.Mehanna et al., “Prognostic implications of p16 and HPV discordance in oropharyngeal
cancer (HNCIG-EPIC-OPC): a multicentre, multinational, individual patient data analysis,”
Lancet Oncol., vol. 24, no. 3, pp. 239-251, Mar. 2023, doi: 10.1016/5S1470-2045(23)00013-
X.

[157] S. Magaki, S. A. Hojat, B. Wei, A. So, and W. H. Yong, “An Introduction to the
Performance of Immunohistochemistry,” in Biobanking, vol. 1897, W. H. Yong, Ed., in
Methods in Molecular Biology, vol. 1897. , New York, NY: Springer New York, 2019, pp.
289-298. doi: 10.1007/978-1-4939-8935-5_25.

79



[158] R. Mirzayans, B. Andrais, G. Hansen, and D. Murray, “Role of p16 INK4A in Replicative
Senescence and DNA Damage-Induced Premature Senescence in p53-Deficient Human
Cells,” Biochem. Res. Int., vol. 2012, pp. 1-8, 2012, doi: 10.1155/2012/951574.

[159] R. Gallus et al., “Accuracy of p16 IHC in Classifying HPV-Driven OPSCC in Different
Populations,” Cancers, vol. 15, no. 3, p. 656, Jan. 2023, doi: 10.3390/cancers15030656.

[160] A.S.Tao etal., “Interobserver reproducibility of cervical histology interpretation with and
without p16 immunohistochemistry,” Am. J. Clin. Pathol., p. aqae029, Mar. 2024, doi:
10.1093/ajcp/aqae029.

[161] J. Shelton, B. M. Purgina, N. A. Cipriani, W. D. Dupont, D. Plummer, and J. S. Lewis,
“pl6 immunohistochemistry in oropharyngeal squamous cell carcinoma: a comparison of
antibody clones using patient outcomes and high-risk human papillomavirus RNA status,”
Mod. Pathol., vol. 30, no. 9, pp. 1194-1203, Sep. 2017, doi: 10.1038/modpathol.2017.31.

[162] C.-L. Koo et al., “Scoring mechanisms of pl6INK4a immunohistochemistry based on
either independent nucleic stain or mixed cytoplasmic with nucleic expression can
significantly signal to distinguish between endocervical and endometrial adenocarcinomas in
a tissue microarray study,” J. Transl. Med., vol. 7, no. 1, p. 25, Dec. 2009, doi: 10.1186/1479-
5876-7-25.

[163] A.M. Soto and C. Sonnenschein, “The tissue organization field theory of cancer: A testable
replacement for the somatic mutation theory,” BioEssays, vol. 33, no. 5, pp. 332-340, May
2011, doi: 10.1002/bies.201100025.

[164] K. E. De Visser and J. A. Joyce, “The evolving tumor microenvironment: From cancer
initiation to metastatic outgrowth,” Cancer Cell, vol. 41, no. 3, pp. 374-403, Mar. 2023, doi:
10.1016/j.ccell.2023.02.016.

[165] N. M. Anderson and M. C. Simon, “The tumor microenvironment,” Curr. Biol., vol. 30,
no. 16, pp. R921-R925, Aug. 2020, doi: 10.1016/j.cub.2020.06.081.

[166] A. Marangio et al., “The Study of the Extracellular Matrix in Chronic Inflammation: A
Way to Prevent Cancer Initiation?,” Cancers, vol. 14, no. 23, p. 5903, Nov. 2022, doi:
10.3390/cancers14235903.

[167] A. Elmusrati, J. Wang, and C.-Y. Wang, “Tumor microenvironment and immune evasion
in head and neck squamous cell carcinoma,” Int. J. Oral Sci., vol. 13, no. 1, p. 24, Dec. 2021,
doi: 10.1038/s41368-021-00131-7.

[168] D. C. Hinshaw and L. A. Shevde, “The Tumor Microenvironment Innately Modulates
Cancer Progression,” Cancer Res., vol. 79, no. 18, pp. 4557-4566, Sep. 2019, doi:
10.1158/0008-5472.CAN-18-3962.

[169] N.Kuol, L. Stojanovska, K. Nurgali, and V. Apostolopoulos, “The mechanisms tumor cells
utilize to evade the host’s immune system,” Maturitas, vol. 105, pp. 8-15, Nov. 2017, doi:
10.1016/j.maturitas.2017.04.014.

[170] A. T. Ruffin, H. Li, L. Vujanovic, D. P. Zandberg, R. L. Ferris, and T. C. Bruno,
“Improving head and neck cancer therapies by immunomodulation of the tumour

80



microenvironment,” Nat. Rev. Cancer, vol. 23, no. 3, pp. 173-188, Mar. 2023, doi:
10.1038/s41568-022-00531-9.

[171] D. R. Bielenberg and B. R. Zetter, “The Contribution of Angiogenesis to the Process of
Metastasis,” Cancer J., vol. 21, no. 4, pp. 267-273, Jul. 2015, doi:
10.1097/PP0O.0000000000000138.

[172] M. Skobe et al., “Induction of tumor lymphangiogenesis by VEGF-C promotes breast
cancer metastasis,” Nat. Med., vol. 7, no. 2, pp. 192-198, Feb. 2001, doi: 10.1038/84643.
[173] M. Bied, W. W. Ho, F. Ginhoux, and C. Blériot, “Roles of macrophages in tumor
development: a spatiotemporal perspective,” Cell. Mol. Immunol., vol. 20, no. 9, pp. 983-992,

Jul. 2023, doi: 10.1038/s41423-023-01061-6.

[174] J. Wang et al., “Tumor cells induced-M2 macrophage favors accumulation of Treg in
nasopharyngeal carcinoma,” Int. J. Clin. Exp. Pathol., vol. 10, no. 8, pp. 8389-8401, 2017.
[175] M. Taberna et al., “The Multidisciplinary Team (MDT) Approach and Quality of Care,”

Front. Oncol., vol. 10, p. 85, Mar. 2020, doi: 10.3389/fonc.2020.00085.

[176] C. Sanghera and R. Sanghera, “Immunotherapy — Strategies for Expanding Its Role in the
Treatment of All Major Tumor Sites,” Cureus, Oct. 2019, doi: 10.7759/cureus.5938.

[177] A.F. Alfouzan, “Radiation therapy in head and neck cancer,” Saudi Med. J., vol. 42, no.
3, pp. 247-254, Mar. 2021, doi: 10.15537/smj.2021.42.3.20210660.

[178] R. Bhalavat et al., “Brachytherapy in head and neck malignancies:Indian Brachytherapy
Society (IBS)recommendations and guidelines,” J. Contemp. Brachytherapy, vol. 12, no. 5,
pp. 501-511, 2020, doi: 10.5114/jcb.2020.100385.

[179] A.S. Kirthi Koushik and R. C. Alva, “Brachytherapy in Head and Neck Cancers: ‘Are We
Doing It or Are We Done with It,”” Indian J. Surg. Oncol., vol. 9, no. 2, pp. 171-174, Jun.
2018, doi: 10.1007/s13193-018-0735-9.

[180] R. Baskar, K. A. Lee, R. Yeo, and K.-W. Yeoh, “Cancer and radiation therapy: current
advances and future directions,” Int. J. Med. Sci., vol. 9, no. 3, pp. 193-199, 2012, doi:
10.7150/ijms.3635.

[181] F.Y. Feng etal., “Intensity-Modulated Radiotherapy of Head and Neck Cancer Aiming to
Reduce Dysphagia: Early Dose—Effect Relationships for the Swallowing Structures,” Int. J.
Radiat. Oncol., vol. 68, no. 5, pp. 1289-1298, Aug. 2007, doi: 10.1016/j.ijrobp.2007.02.049.

[182] N. G. Burnet, “Defining the tumour and target volumes for radiotherapy,” Cancer Imaging,
vol. 4, no. 2, pp. 153-161, 2004, doi: 10.1102/1470-7330.2004.0054.

[183] 1. Brook, “Late side effects of radiation treatment for head and neck cancer,” Radiat. Oncol.
J., vol. 38, no. 2, pp. 84-92, Jun. 2020, doi: 10.3857/r0j.2020.00213.

[184] J. Sha, Y. Bai, H. X. Ngo, T. Okui, and T. Kanno, “Overview of Evidence-Based
Chemotherapy for Oral Cancer: Focus on Drug Resistance Related to the Epithelial-
Mesenchymal Transition,” Biomolecules, vol. 11, no. 6, p. 893, Jun. 2021, doi:
10.3390/biom11060893.

81



[185] M. T. Amjad, A. Chidharla, and A. Kasi, “Cancer Chemotherapy,” in StatPearls, Treasure
Island (FL): StatPearls Publishing, 2024. Accessed: Jun. 11, 2024. [Online]. Available:
http://www.ncbi.nlm.nih.gov/books/NBK564367/

[186] A.I. Neugutand H. G. Prigerson, “Curative, Life-Extending, and Palliative Chemotherapy:
New Outcomes Need New Names,” The Oncologist, vol. 22, no. 8, pp. 883-885, Aug. 2017,
doi: 10.1634/theoncologist.2017-0041.

[187] M. Bostan et al., “Cisplatin effect on head and neck squamous cell carcinoma cells is
modulated by ERKI1/2 protein kinases,” Exp. Ther. Med., Oct. 2019, doi:
10.3892/etm.2019.81309.

[188] 1. Altun and A. Sonkaya, “The Most Common Side Effects Experienced by Patients Were
Receiving First Cycle of Chemotherapy,” Iran. J. Public Health, vol. 47, no. 8, pp. 1218-
1219, Aug. 2018.

[189] “Hepatotoxicity Secondary to Chemotherapy,” J. Clin. Transl. Hepatol., vol. 2, no. 2, Jun.
2014, doi: 10.14218/JCTH.2014.00011.

[190] Y. Liu, C. Zheng, Y. Huang, M. He, W. W. Xu, and B. Li, “Molecular mechanisms of
chemo- and radiotherapy resistance and the potential implications for cancer treatment,”
MedComm, vol. 2, no. 3, pp. 315-340, Sep. 2021, doi: 10.1002/mco02.55.

[191] M. Kciuk et al., “Recent Advances in Molecular Mechanisms of Cancer Immunotherapy,”
Cancers, vol. 15, no. 10, p. 2721, May 2023, doi: 10.3390/cancers15102721.

[192] R. D. Schreiber, L. J. Old, and M. J. Smyth, “Cancer Immunoediting: Integrating
Immunity’s Roles in Cancer Suppression and Promotion,” Science, vol. 331, no. 6024, pp.
1565-1570, Mar. 2011, doi: 10.1126/science.1203486.

[193] P. Nenclares, A. Rullan, K. Tam, L. A. Dunn, M. St. John, and K. J. Harrington,
“Introducing Checkpoint Inhibitors Into the Curative Setting of Head and Neck Cancers:
Lessons Learned, Future Considerations,” Am. Soc. Clin. Oncol. Educ. Book, no. 42, pp. 511—
526, Jul. 2022, doi: 10.1200/EDBK _351336.

[194] L. Zhao and Y. J. Cao, “Engineered T Cell Therapy for Cancer in the Clinic,” Front.
Immunol., vol. 10, p. 2250, Oct. 2019, doi: 10.3389/fimmu.2019.02250.

[195] K. Perica, J. C. Varela, M. Oclke, and J. Schneck, “Adoptive T Cell Immunotherapy For
Cancer,” Rambam Maimonides Med. J., vol. 6, no. 1, p. e0004, Jan. 2015, doi:
10.5041/RMMJ.10179.

[196] D. Liu, X. Che, X. Wang, C. Ma, and G. Wu, “Tumor Vaccines: Unleashing the Power of
the Immune System to Fight Cancer,” Pharmaceuticals, vol. 16, no. 10, p. 1384, Sep. 2023,
doi: 10.3390/ph16101384.

[197] A.Kichloo etal., “Systemic adverse effects and toxicities associated with immunotherapy:
A review,” World J. Clin. Oncol., vol. 12, no. 3, pp. 150-163, Mar. 2021, doi:
10.5306/wjco.v12.i3.150.

[198] X. Ke and L. Shen, “Molecular targeted therapy of cancer: The progress and future
prospect,” Front. Lab. Med., wvol. 1, no. 2, pp. 69-75, Jun. 2017, doi:
10.1016/j.fim.2017.06.001.

82



[199] Q. Li, Y. Tie, A. Alu, X. Ma, and H. Shi, “Targeted therapy for head and neck cancer:
signaling pathways and clinical studies,” Signal Transduct. Target. Ther., vol. 8, no. 1, p. 31,
Jan. 2023, doi: 10.1038/s41392-022-01297-0.

[200] J. A. Silver, S. Turkdogan, C. F. Roy, T. Subramaniam, M. Henry, and N. Sadeghi, “De-
Escalation Strategies for Human Papillomavirus-Associated Oropharyngeal Squamous Cell
Carcinoma-Where Are We Now?,” Curr. Oncol. Tor. Ont, vol. 29, no. 5, pp. 3668-3697, May
2022, doi: 10.3390/curroncol29050295.

[201] N. Sadeghi et al., “Neoadjuvant chemotherapy followed by surgery for HPV -associated
locoregionally advanced oropharynx cancer,” Head Neck, vol. 42, no. 8, pp. 2145-2154, Aug.
2020, doi: 10.1002/hed.26147.

[202] B. Michela, “Liquid Biopsy: A Family of Possible Diagnostic Tools,” Diagnostics, vol. 11,
no. 8, p. 1391, Jul. 2021, doi: 10.3390/diagnostics11081391.

[203] M. Boukovala, C. B. Westphalen, and V. Probst, “Liquid biopsy into the clinics: Current
evidence and future perspectives,” J. Ligq. Biopsy, vol. 4, p. 100146, Jun. 2024, doi:
10.1016/}.jIb.2024.100146.

[204] E. Sanz-Garcia, E. Zhao, S. V. Bratman, and L. L. Siu, “Monitoring and adapting cancer
treatment using circulating tumor DNA Kkinetics: Current research, opportunities, and
challenges,” Sci. Adv., vol. 8, no. 4, p. eabi8618, Jan. 2022, doi: 10.1126/sciadv.abi8618.

[205] T. Shegekar, S. Vodithala, and A. Juganavar, “The Emerging Role of Liquid Biopsies in
Revolutionising Cancer Diagnosis and Therapy,” Cureus, Aug. 2023, doi:
10.7759/cureus.43650.

[206] H. Gonzalez, C. Hagerling, and Z. Werb, “Roles of the immune system in cancer: from
tumor initiation to metastatic progression,” Genes Dev., vol. 32, no. 19-20, pp. 1267-1284,
Oct. 2018, doi: 10.1101/gad.314617.118.

[207] A. Kulasinghe et al., “Abstract 3384: Characterization of the tumor microenvironment and
liquid biopsy in head and neck and non-small cell lung cancer,” Cancer Res., vol. 80, no.
16_Supplement, pp. 3384-3384, Aug. 2020, doi: 10.1158/1538-7445.AM2020-3384.

[208] A. Kulasinghe et al., “The prognostic significance of circulating tumor cells in head and
neck and non-small-cell lung cancer,” Cancer Med., vol. 7, no. 12, pp. 5910-5919, Dec. 2018,
doi: 10.1002/cam4.1832.

[209] K. Chikamatsu et al., “Expression of immune-regulatory molecules in circulating tumor
cells derived from patients with head and neck squamous cell carcinoma,” Oral Oncol., vol.
89, pp. 34-39, Feb. 2019, doi: 10.1016/j.oraloncology.2018.12.002.

[210] A. Strati et al., “Prognostic significance of PD-L1 expression on circulating tumor cells in
patients with head and neck squamous cell carcinoma,” Ann. Oncol., vol. 28, no. 8, pp. 1923—
1933, Aug. 2017, doi: 10.1093/annonc/mdx206.

[211] P. Winograd et al., “Evaluation of hepatocellular carcinoma circulating tumor cells
expressing programmed death-ligand 1,” HPB, vol. 20, pp. S2-S3, Mar. 2018, doi:
10.1016/j.hpb.2018.02.004.

83



[212] T. Nosaka et al., “Programmed Death Ligand 1 Expression in Circulating Tumor Cells as
a Predictor and Monitor of Response to Atezolizumab plus Bevacizumab Treatment in Patients
with Hepatocellular Carcinoma,” Cancers, vol. 16, no. 9, p. 1785, May 2024, doi:
10.3390/cancers16091785.

[213] S.L.Gupta, S. Basu, V. Soni, and R. K. Jaiswal, “Immunotherapy: an alternative promising
therapeutic approach against cancers,” Mol. Biol. Rep., vol. 49, no. 10, pp. 9903-9913, Oct.
2022, doi: 10.1007/s11033-022-07525-8.

[214] J. Coy, “EDIM-TKTL1/Apol0 Blood Test: An Innate Immune System Based Liquid
Biopsy for the Early Detection, Characterization and Targeted Treatment of Cancer,” Int. J.
Mol. Sci., vol. 18, no. 4, p. 878, Apr. 2017, doi: 10.3390/ijms18040878.

[215] F. Lopez et al., “Qualitative and Quantitative Diagnosis in Head and Neck Cancer,”
Diagnostics, vol. 11, no. 9, p. 1526, Aug. 2021, doi: 10.3390/diagnostics11091526.

[216] M. Oshi et al., “Urine as a Source of Liquid Biopsy for Cancer,” Cancers, vol. 13, no. 11,
p. 2652, May 2021, doi: 10.3390/cancers13112652.

[217] H. Wang et al., “Liquid biopsy for human cancer: cancer screening, monitoring, and
treatment,” MedComm, vol. 5, no. 6, p. €564, Jun. 2024, doi: 10.1002/mco02.564.

[218] P. Ulz et al., “Inference of transcription factor binding from cell-free DNA enables tumor
subtype prediction and early detection,” Nat. Commun., vol. 10, no. 1, p. 4666, Oct. 2019, doi:
10.1038/s41467-019-12714-4.

[219] L. Keller, Y. Belloum, H. Wikman, and K. Pantel, “Clinical relevance of blood-based
ctDNA analysis: mutation detection and beyond,” Br. J. Cancer, vol. 124, no. 2, pp. 345-358,
Jan. 2021, doi: 10.1038/s41416-020-01047-5.

[220] S.S. Aulakh, D. A. Silverman, K. Young, S. K. Dennis, and A. C. Birkeland, “The Promise
of Circulating Tumor DNA in Head and Neck Cancer,” Cancers, vol. 14, no. 12, p. 2968, Jun.
2022, doi: 10.3390/cancers14122968.

[221] F.J. Hilke et al., “Dynamics of cell-free tumour DNA correlate with treatment response of
head and neck cancer patients receiving radiochemotherapy,” Radiother. Oncol., vol. 151, pp.
182-189, Oct. 2020, doi: 10.1016/j.radonc.2020.07.027.

[222] S. T. Ferrier, T. Tsering, N. Sadeghi, A. Zeitouni, and J. V. Burnier, “Blood and saliva-
derived cTDNA is a marker of residual disease after treatment and correlates with recurrence
in human papillomavirus-associated head and neck cancer,” Cancer Med., vol. 12, no. 15, pp.
15777-15787, Aug. 2023, doi: 10.1002/cam4.6191.

[223] S. T. Ferrier, A. Zeitouni, N. Sadeghi, T. Tsering, and J. V. Burnier, “Abstract 3405:
Characterizing treatment response in head and neck cancer through viral ctDNA quantification
and fragment length,” Cancer Res., vol. 82, no. 12_Supplement, pp. 3405-3405, Jun. 2022,
doi: 10.1158/1538-7445.AM2022-3405.

[224] R. Kogo et al., “Individualized circulating tumor DNA monitoring in head and neck
squamous cell carcinoma,” Cancer Med., vol. 11, no. 21, pp. 3960-3968, Nov. 2022, doi:
10.1002/cam4.4726.

84



[225] E. M. Rettig et al., “Detection of circulating tumor human papillomavirus DNA before
diagnosis of HPV-positive head and neck cancer,” Int. J. Cancer, vol. 151, no. 7, pp. 1081-
1085, Oct. 2022, doi: 10.1002/ijc.33996.

[226] J.Noor, A. Chaudhry, R. Noor, and S. Batool, “Advancements and Applications of Liquid
Biopsies in Oncology: A Narrative Review,” Cureus, Jul. 2023, doi: 10.7759/cureus.42731.

[227] S.N. Lone etal., “Liquid biopsy: a step closer to transform diagnosis, prognosis and future
of cancer treatments,” Mol. Cancer, vol. 21, no. 1, p. 79, Mar. 2022, doi: 10.1186/s12943-022-
01543-7.

[228] I. Martins et al., “Liquid Biopsies: Applications for Cancer Diagnosis and Monitoring,”
Genes, vol. 12, no. 3, p. 349, Feb. 2021, doi: 10.3390/genes12030349.

[229] B. S. Chera et al., “Plasma Circulating Tumor HPV DNA for the Surveillance of Cancer
Recurrence in HPV-Associated Oropharyngeal Cancer,” J. Clin. Oncol., vol. 38, no. 10, pp.
1050-1058, Apr. 2020, doi: 10.1200/JC0O.19.02444.

[230] S. R. Tewari et al., “Association of Plasma Circulating Tumor HPV DNA With HPV-
Related Oropharynx Cancer,” JAMA Otolaryngol. Neck Surg., vol. 148, no. 5, p. 488, May
2022, doi: 10.1001/jamaoto.2022.0159.

[231] G. Siravegna et al., “Cell-Free HPV DNA Provides an Accurate and Rapid Diagnosis of
HPV-Associated Head and Neck Cancer,” Clin. Cancer Res., vol. 28, no. 4, pp. 719-727, Feb.
2022, doi: 10.1158/1078-0432.CCR-21-3151.

[232] T. Nonaka and D. T. W. Wong, “Liquid Biopsy in Head and Neck Cancer: Promises and
Challenges,” J. Dent. Res., vol. 97, no. 6, pp. 701-708, Jun. 2018, doi:
10.1177/0022034518762071.

85



SUPPLEMENTAL MATERIAL

Search Strategy

Embase Classic+Embase <1947 to 2024 Week 24> *

1 (cancer™* or carcinoma* or neoplasm* or malignan® or metastas*).mp. [mp=title, abstract,
heading word, drug trade name, original title, device manufacturer, drug manufacturer, device
trade name, keyword heading word, floating subheading word, candidate term word]
2 "squamous cell carcinoma of head and neck"/ or oropharyngeal neoplasms/ or tonsillar
neoplasms/

lor2

Liquid Biopsy/

3
4
5 circulating tumor cell/
6 3and 4

7 (immun* or immune system).mp. [mp=title, abstract, heading word, drug trade name,
original title, device manufacturer, drug manufacturer, device trade name, keyword heading word,
floating subheading word, candidate term word]

8 5and 6

9 7 and 8

* Equivalent key words and mesh terms were used to search the Medline (Ovid) database.

86



missing summary statistics, or data conversions.

Section and Item _ Location where item is
. Checklist item
Topic # reported
TITLE
Title ‘ 1 | Identify the report as a systematic review. Page 37
ABSTRACT
Abstract ‘ 2 | See the PRISMA 2020 for Abstracts checklist. Page 38
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of existing knowledge. Page 40
Obijectives Provide an explicit statement of the objective(s) or question(s) the review addresses. Page 41
METHODS
Eligibility 5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the Page 42
criteria syntheses.
Information 6 Specify all databases, registers, websites, organisations, reference lists and other sources searched or Page 41
sources consulted to identify studies. Specify the date when each source was last searched or consulted.
Search 7 Present the full search strategies for all databases, registers and websites, including any filters and limits Supplemental Material
strategy used.
Selection 8 Specify the methods used to decide whether a study met the inclusion criteria of the review, including how Page 43
process many reviewers screened each record and each report retrieved, whether they worked independently, and
if applicable, details of automation tools used in the process.
Data 9 Specify the methods used to collect data from reports, including how many reviewers collected data from Page 43
collection each report, whether they worked independently, any processes for obtaining or confirming data from
process study investigators, and if applicable, details of automation tools used in the process.
Data items 10a | List and define all outcomes for which data were sought. Specify whether all results that were compatible Page 43
with each outcome domain in each study were sought (e.g. for all measures, time points, analyses), and if
not, the methods used to decide which results to collect.
10b | List and define all other variables for which data were sought (e.g. participant and intervention Page 43
characteristics, funding sources). Describe any assumptions made about any missing or unclear
information.
Study risk of 11 | Specify the methods used to assess risk of bias in the included studies, including details of the tool(s) Page 43
bias used, how many reviewers assessed each study and whether they worked independently, and if
assessment applicable, details of automation tools used in the process.
Effect 12 | Specify for each outcome the effect measure(s) (e.qg. risk ratio, mean difference) used in the synthesis or Page 43
measures presentation of results.
Synthesis 13a | Describe the processes used to decide which studies were eligible for each synthesis (e.g. tabulating the Page 41
methods study intervention characteristics and comparing against the planned groups for each synthesis (item #5)).
13b | Describe any methods required to prepare the data for presentation or synthesis, such as handling of Page 43

87




Section and

Checklist item

Location where item is

Topic

reported

13c | Describe any methods used to tabulate or visually display results of individual studies and syntheses. Page 43
13d | Describe any methods used to synthesize results and provide a rationale for the choice(s). If meta- Page 43
analysis was performed, describe the model(s), method(s) to identify the presence and extent of statistical
heterogeneity, and software package(s) used.
13e | Describe any methods used to explore possible causes of heterogeneity among study results (e.g. N/A (no methods were
subgroup analysis, meta-regression). used to assess
heterogeneity of results)
13f | Describe any sensitivity analyses conducted to assess robustness of the synthesized results. Page 43
Reporting 14 | Describe any methods used to assess risk of bias due to missing results in a synthesis (arising from Page 43
bias reporting biases).
assessment
Certainty 15 | Describe any methods used to assess certainty (or confidence) in the body of evidence for an outcome. N/A (no statistical
assessment methods were employed)
RESULTS
Study 16a | Describe the results of the search and selection process, from the number of records identified in the Page 50-51
selection search to the number of studies included in the review, ideally using a flow diagram.
16b | Cite studies that might appear to meet the inclusion criteria, but which were excluded, and explain why Page 50
they were excluded.
Study 17 | Cite each included study and present its characteristics. Page 51
characteristics
Risk of bias in 18 | Present assessments of risk of bias for each included study. Supplemental material
studies (Figures S1)
Results of 19 | For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate) and Page 52
individual (b) an effect estimate and its precision (e.g. confidence/credible interval), ideally using structured tables or
studies plots.
Results of 20a | For each synthesis, briefly summarise the characteristics and risk of bias among contributing studies. Page 50-52
syntheses 20b | Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the N/A (no statistical
summary estimate and its precision (e.g. confidence/credible interval) and measures of statistical methods were employed)
heterogeneity. If comparing groups, describe the direction of the effect.
20c | Present results of all investigations of possible causes of heterogeneity among study results. N/A (no statistical
methods were employed)
20d | Present results of all sensitivity analyses conducted to assess the robustness of the synthesized results. N/A (no statistical
methods were employed)
Reporting 21 | Present assessments of risk of bias due to missing results (arising from reporting biases) for each Page 52
biases synthesis assessed.

88




Section and Location where item is

Checklist item

Topic

reported

Certainty of 22 | Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. N/A (no statistical
evidence methods were employed)
DISCUSSION
Discussion 23a | Provide a general interpretation of the results in the context of other evidence. Page 53
23b | Discuss any limitations of the evidence included in the review. Page 53
23c | Discuss any limitations of the review processes used. Page 53
23d | Discuss implications of the results for practice, policy, and future research. Page 53
OTHER INFORMATION
Registration 24a | Provide registration information for the review, including register name and registration number, or state Page 41
and protocol that the review was not registered.
24b | Indicate where the review protocol can be accessed, or state that a protocol was not prepared. Page 41
24c | Describe and explain any amendments to information provided at registration or in the protocol. N/A (no amendments to
the protocol were made)
Support 25 | Describe sources of financial or non-financial support for the review, and the role of the funders or Page 55
sponsors in the review.
Competing 26 | Declare any competing interests of review authors. Page 55
interests
Availability of 27 | Report which of the following are publicly available and where they can be found: template data collection Page 55
data, code forms; data extracted from included studies; data used for all analyses; analytic code; any other materials
and other used in the review.
materials

PRISMA 2020 Checklist. Available at: https://www.prisma-statement.org/prisma-2020.

89




Cohort Studies
Article D1
Kulasinghe (2020)
Kulasinghe (2018)
Strati (2017)

Economopoulou (2020)

D5

o
~
o
=]
o
-
o

0
o

Economopoulou (2019)
Tada (2020)

000000

0000007
W

000000~

00 000:
o

D1: Did the study address a clearly focused issue?

D2: Was the cohort recruited in an acceptable way?

D3: Was the exposure accurately measured to minimize bias?

D4: Was the outcome accurately measured to minimize bias?

D5: Have the authors identified all important confounding factors?
D6: Was the follow-ups of the subjects adequate?

D7: Do you believe the results of the study?

D8: Can the results be applied to the local population?

D9: Do the results of the study fit with other available evidence?
D10: What are the implications of this study for practise?

Figure S1. Risk of bias assessment for articles in the systematic review. Eight studies were identified via the database search strategy. However, two studies
were excluded from the risk of bias assessment due to incompatible study type. Critical Appraisal Skills Programme (2023). CASP Cohort Study Checklist. [online]
Available at: https://casp-uk.net.
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Table S1. Characteristics of the studies included in the systematic review.

Author Country Study Design Sample Cancer Type Liquid Biopsy Evaluation of Evaluation of
(year) Size Analyte Patient Survival Treatment Outcome
Kulasinghe Australia Prospective cohort 350 Head and neck CTC Yes No
(2020) study cancer (PFS)
Chikamatsu Japan Prospective 30 Head and neck CTC Yes Yes
(2019) observational study cancer (PFS)
Kulasinghe Australia Prospective cohort 23 Head and neck CTC Yes No
(2018) study cancer (PFS)
Strati Greece Prospective cohort 113 Head and neck CTC Yes Yes
(2017) study cancer (OS and PFS)
Tada Japan Observational or 42 Head and neck CTC Yes No
(2021) cross-sectional cancer (0S)
study
Economopoulou Greece Prospective cohort 113 Head and neck CTC Yes Yes
(2020) study cancer (OS and PFS)
Tada Japan Prospective cohort 30 Head and neck CTC Yes Yes
(2020) study cancer (0S)
Economopoulou Greece Prospective cohort 113 Head and neck CTC Yes Yes
(2019) study cancer (OS and PFS)

Abbreviations: OS, overall survival; PFS, progression-free survival; CTC, circulating tumor cell.
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