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Abstract: Head and neck cancer (HNC) represents a significant global health challenge, with squa-
mous cell carcinomas (SCCs) accounting for approximately 90% of all HNC cases. These malignancies,
collectively referred to as head and neck squamous cell carcinoma (HNSCC), originate from the
mucosal epithelium lining the larynx, pharynx, and oral cavity. The primary risk factors associated
with HNSCC in economically disadvantaged nations have been chronic alcohol consumption and
tobacco use. However, in more affluent countries, the landscape of HNSCC has shifted with the
identification of human papillomavirus (HPV) infection, particularly HPV-16, as a major risk factor,
especially among nonsmokers. Understanding the evolving risk factors and the distinct biological
behaviors of HPV-positive and HPV-negative HNSCC is critical for developing targeted treatment
strategies and improving patient outcomes in this complex and diverse group of cancers. Accu-
rate diagnosis of HPV-positive HNSCC is essential for developing a comprehensive model that
integrates the molecular characteristics, immune microenvironment, and clinical outcomes. The
aim of this comprehensive review was to summarize the current knowledge and advances in the
identification of DNA, RNA, and protein biomarkers in bodily fluids and tissues that have introduced
new possibilities for minimally or non-invasive cancer diagnosis, monitoring, and assessment of
therapeutic responses.
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1. Introduction

Roughly 90% of head and neck cancer (HNC) cases are squamous cell carcinomas.
Head and neck squamous cell carcinoma (HNSCC) is a broad category of tumors that arise
from the mucosal epithelium of the larynx, pharynx, and mouth cavity [1–4]. Although
alcohol and tobacco have long been associated with HNSCC in impoverished nations,
human papillomavirus (HPV) infection, particularly HPV-16, has been identified as a major
risk factor in affluent nations, especially for nonsmokers [5]. As a result, HNSCC can be
classified as HPV-positive or HPV-negative, with each showing unique molecular char-
acteristics, immunological microenvironment, and clinical outcomes [6,7]. HPV-positive
oropharyngeal cancer exhibits distinctive genetic profiles and a better prognosis in compar-
ison to HPV-negative tumors, underscoring the significance of HPV status for prognosis
in HNSCC [8]. Due to increased understanding of HPV’s role in the pathogenesis of
oropharyngeal squamous cell carcinoma (OPSCC), two separate disease entities have been
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identified: HPV-positive disease and HPV-negative illness associated with risk factors such
as alcohol and tobacco use. In addition to HPV, Epstein–Barr virus (EBV) is linked as well
to a number of head and neck malignancies, including nasopharyngeal carcinoma [9].

HPV is an important etiological factor in the development of HNSCC, particularly
oropharyngeal cancers [8,9]. This association is supported by intricate biological mech-
anisms that facilitate viral infection, integration, oncogene expression, immune evasion,
cellular transformation, and tumor progression [1,5,9]. HPV is primarily transmitted
through direct contact, mostly sexual contact, including oral sex. The virus infects the
basal epithelial cells of the mucosal surfaces in the oropharynx, gaining entry through
micro-abrasions or micro-wounds in the epithelial lining [4,6]. HPV can persist in the
host cells for a long time, with its genome sometimes integrating into the host cell DNA.
This integration is a pivotal event that disrupts the normal regulatory mechanisms of
the host cell, particularly affecting the viral E2 gene. The disruption of E2 leads to the
unregulated expression of the oncogenes E6 and E7, which are critical to HPV’s oncogenic
potential [1,2,7]. E6 promotes the degradation of the tumor suppressor protein p53 through
the ubiquitin–proteasome pathway. Under normal conditions, p53 plays a crucial role in
inducing cell cycle arrest and apoptosis in response to DNA damage. The degradation
of p53 by E6 results in uncontrolled cell division and reduced apoptosis. Additionally,
E6 activates telomerase reverse transcriptase (TERT), extending the telomeres of cells and
contributing to cellular immortality. Simultaneously, the E7 oncoprotein binds to and inac-
tivates the retinoblastoma (Rb) protein [4,7,8]. Rb typically controls cell cycle progression
at the G1–S checkpoint, and its inactivation leads to unregulated cell cycle progression
and proliferation. E7 also interacts with and activates cyclin-dependent kinases, further
promoting cell cycle progression. The interplay of these viral oncoproteins disrupts normal
cell cycle control and DNA-repair mechanisms, leading to genomic instability and an
increased likelihood of additional mutations [7]. HPV infection can induce changes in
epithelial cells that promote epithelial-to-mesenchymal transition (EMT), characterized by
increased cell motility and invasiveness, which are critical steps in cancer metastasis. The
virus also alters the expression of genes involved in cell proliferation, apoptosis, and DNA
repair, further contributing to oncogenesis [6–8].

HNSCC is a multifaceted disease influenced by various risk factors, HPV emerging
as a significant etiological agent, particularly for oropharyngeal cancers. Studies show
that patients with HPV-positive HNSCC frequently have higher immune cell infiltration,
especially T cells, associated with a lower neo-antigen mutational burden [10]. Because
of this feature, HPV-positive HNSCCs are considered “hot tumors” and are amenable to
therapies such as immunotherapy, chemotherapy, and radiation therapy [11,12].

More than 660,000 new cases of head and neck cancers are identified annually, mak-
ing it the seventh-most common malignancy worldwide [3]. Because smoking rates are
dropping and HPV-positive tumors are becoming more common, particularly in the
oropharynx, the epidemiology of HNC is changing globally [13–15]. HPV has signifi-
cantly altered the landscape of HNSCC epidemiology, introducing distinct risk factors
and mechanisms of carcinogenesis. Understanding these factors is crucial for developing
targeted prevention, screening, and treatment strategies to combat the rising incidence of
HPV-associated HNSCC.

Historically, HNSCC has been associated with several well-established risk factors.
Tobacco use is considered the leading cause, with the carcinogens in tobacco smoke causing
DNA damage that promotes cancer development. This risk is further amplified when com-
bined with heavy alcohol consumption, as the toxic metabolite acetaldehyde exacerbates
the harmful effects. Poor oral hygiene, often leading to chronic inflammation and infec-
tions, also contributes to the risk. Nutritional deficiencies, particularly diets low in fruits
and vegetables, are another contributing factor due to the lack of protective antioxidants.
Additionally, occupational exposures to certain chemicals and dusts, such as asbestos and
wood dust, have been linked to an increased risk of HNSCC [1–4]. However, the emergence
of HPV, particularly HPV type 16, as a significant risk factor for oropharyngeal cancers,
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has shifted the epidemiological profile of HNSCC. The primary route of HPV transmission
to the oropharyngeal region is through oral sex, making sexual behavior a critical factor.
Individuals with multiple sexual partners or those who engage in sexual activity at a
younger age are at higher risk of HPV infection. Furthermore, the sexual history of one’s
partner can also influence risk, as partners with multiple previous sexual partners may
increase the likelihood of HPV transmission [1–4,8,12]. The most common risk factors for
the development of HNSCC are presented in Figure 1.

Diagnostics 2024, 14, 1448 3 of 25 
 

 

asbestos and wood dust, have been linked to an increased risk of HNSCC [1–4]. However, 
the emergence of HPV, particularly HPV type 16, as a significant risk factor for oropha-
ryngeal cancers, has shifted the epidemiological profile of HNSCC. The primary route of 
HPV transmission to the oropharyngeal region is through oral sex, making sexual behav-
ior a critical factor. Individuals with multiple sexual partners or those who engage in sex-
ual activity at a younger age are at higher risk of HPV infection. Furthermore, the sexual 
history of one’s partner can also influence risk, as partners with multiple previous sexual 
partners may increase the likelihood of HPV transmission [1–4,8,12]. The most common 
risk factors for the development of HNSCC are presented in Figure 1. 

 
Figure 1. Risk factors for the development of head and neck squamous cell carcinoma. The image 
outlines the risk factors for head and neck squamous cell carcinoma (HNSCC), including alcohol 
and tobacco use, graft-versus-host disease, ultraviolet (UV) light, viruses, and occupational expo-
sure. Alcohol and tobacco use are major risk factors, as they contain carcinogens that can lead to 
cellular mutations and cancer. Graft-versus-host disease creates a proinflammatory environment 
where donor immune cells attack the recipient’s tissues after an allogeneic stem cell transplant. This 
chronic inflammation and immune dysregulation increase the risk of secondary malignancies like 
HNSCC. Ultraviolet (UV) light causes direct DNA damage, leading to mutations and cancer. Viruses 
such as Epstein–Barr Virus (EBV) and human papillomavirus (HPV-16) are known to induce onco-
genic transformations in cells, significantly raising the risk of HNSCC. Occupational exposure in-
volves contact with carcinogenic substances in certain industries, which raises the risk of cancer 
development. Examples include asbestos fibers, which increase HNSCC risk, wood dust exposure 
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Figure 1. Risk factors for the development of head and neck squamous cell carcinoma. The image
outlines the risk factors for head and neck squamous cell carcinoma (HNSCC), including alcohol
and tobacco use, graft-versus-host disease, ultraviolet (UV) light, viruses, and occupational exposure.
Alcohol and tobacco use are major risk factors, as they contain carcinogens that can lead to cellular
mutations and cancer. Graft-versus-host disease creates a proinflammatory environment where
donor immune cells attack the recipient’s tissues after an allogeneic stem cell transplant. This chronic
inflammation and immune dysregulation increase the risk of secondary malignancies like HNSCC.
Ultraviolet (UV) light causes direct DNA damage, leading to mutations and cancer. Viruses such
as Epstein–Barr Virus (EBV) and human papillomavirus (HPV-16) are known to induce oncogenic
transformations in cells, significantly raising the risk of HNSCC. Occupational exposure involves
contact with carcinogenic substances in certain industries, which raises the risk of cancer devel-
opment. Examples include asbestos fibers, which increase HNSCC risk, wood dust exposure in
carpentry, which raises the risk of nasopharyngeal cancer, and exposure to industrial chemicals like
formaldehyde and solvents in the textile, rubber, and plastic industries, as well as nickel refining
and processing.

Given the crucial aspects of HPV in the etiopathogenesis of several important cancers
and challenges in HPV diagnosis, the aim of this review was to compile information
about the methods implemented to detect, at the level of DNA, RNA and proteins, HPV
prevalence, and viral load, as well as molecules altered by HPV that have shown advantages
in the search for biomarkers for diagnosis, prognosis, monitoring, and response to treatment
in HNSCC. Studies are discussed with results of sensitivity and specificity of methods such
as circulating tumor DNA as liquid biopsy in plasma and saliva, circulating tumor tissue-
modified viral (cTTMV) HPV DNA through digital droplet PCR (ddPCR), HPV E6, and E7
mRNA. The use of miRNA profiles and some lncRNAs associated with HPV positivity as
prognostic indicators or predictive biomarkers are also discussed, as well as the correlation
of the p16INK4a indicator with fine-needle aspiration-tested E6 oncoprotein, E6/E7 mRNA,
and HPV DNA. Moreover, new technologies in HPV-positive OPSCC, such as CRISPR-
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based diagnostics, next-generation sequencing and nanodiagnostics, are described, aiming
to detect HPV viral load and to identify molecular characteristics associated with HPV
positivity impacting diagnosis, prognosis, or recurrence, including copy-number variations,
mutations driven by HPV integration, and immune cell tumor infiltration.

2. Molecular Biomarkers in HPV-Positive Head and Neck Cancer: A Focus on DNA,
RNA, and Protein Indicators

Bodily fluids have become an important material for cancer detection across many
anatomical locations because of the non-invasive method used for their collection. Crucially,
the use of biomarkers might expedite and enhance current diagnostic procedures by quickly
offering vital clinical insights on the kind, prognosis, response to therapy, and likelihood
of recurrence of the cancer, all without requiring tumor tissue specimens. Apart from
the HPV indicators, there is an increasing scientific interest in other biomarkers found in
bodily fluids, since they might be easily included into clinical practice. Many biomarkers
released by cancer cells have been thoroughly investigated for their potential as prognostic,
diagnostic, and relapse-predictive indicators [16–19].

2.1. DNA Biomarkers

In recent years, circulating tumor (ct) DNA techniques have been extensively used in
many areas of cancer treatment, including screening programs. The increasing limits of can-
cer detection in blood samples are being pushed by continuous platform and computational
technique developments, leading to the emergence of several multi-cancer early detection
(MCED) strategies in both clinical and research contexts. Still unknown, nevertheless, is
the best time to identify cancer at an advanced stage of development [20–23].

Early detection techniques based on circulating tumor DNA have great potential
to greatly improve cancer-screening initiatives, particularly for malignancies for which
there are no screening guidelines. There are just four cancer forms for which population-
level screening tests are advised, meaning that many cancer types go undiagnosed until
later stages when symptoms start to show [24,25]. The detection of asymptomatic early-
stage malignancies creates a unique opportunity to concurrently improve outcomes across
these crucial areas, as late-stage cancer diagnosis is associated with lower survival rates,
greater healthcare expenditure, and more treatment difficulties [26–28]. Viral ctDNA
biomarkers are promising in the context of precision medicine, especially in HPV-associated
OPSCC [18,19].

Cancer cells going through necrosis, apoptosis, or active secretion processes release
ctDNA, a subset of circulating free DNA (cfDNA), into the bloodstream [24–28]. The
identification of cfDNA in blood-derived materials such as serum or plasma may provide
a “liquid biopsy” specimen for cancer surveillance and/or early diagnosis, which may
eventually replace solid tumor specimens. Since it rises greatly in sequentially collected
samples from patients with HPV-positive OPSCC, the value of ctHPV DNA for early
diagnosis, post-treatment monitoring, and recurrence monitoring is rapidly expanding [29]
(Figure 2).

In a recent issue of Clinical Cancer Research, Berger and colleagues shared significant
findings on testing circulating tumor tissue-modified viral (cTTMV) human papillomavirus
DNA after treatment for oropharyngeal squamous cell carcinoma (OPSCC) [30]. Addi-
tionally, a derivative of Chera and colleagues’ work uses multianalyte digital droplet PCR
(ddPCR) to measure circulating cell-free tumor tissue-modified viral DNA (cTTMV DNA).
While the assay’s development and specific details interest researchers, clinicians focus
more on the outcomes of the test rather than its methodology [18,31].
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Figure 2. ctDNA as a biomarker in oral and oropharyngeal squamous cell carcinoma. This figure
illustrates the circulation of tumor-related materials in the bloodstream relevant to oral squamous
cell carcinoma (OSCC) and head and neck squamous cell carcinoma (HNSCC). The tumor releases
necrotic tumor cells, macrophages, circulating tumor cells (CTCs), and circulating tumor DNA
(ctDNA) into the bloodstream, shown alongside red blood cells. Macrophages as immune cells
interact with these tumor components. CTCs are live tumor cells that have shed into the bloodstream,
and ctDNA consists of fragments of tumor DNA circulating in the blood. These materials represent
various stages of tumor cell degradation and dissemination, with ctDNA a potential cancer detection
and monitoring biomarker. The figure highlights the complexity of tumor biology and the potential
for blood-based biomarkers in diagnosing and monitoring OSCC and HNSCC.

In the study conducted by Berger et al. mentioned earlier, over 1000 patients who
had completed treatment for HPV-related OPSCC underwent more than 1300 cTTMV HPV
DNA plasma assays. Of these, 80 (7.4%) tested positive, with 26 already having clinically
active cancer. Among the remaining 59 patients, 55 developed recurrent cancer, yielding a
positive predictive value (PPV) of 95% and 93% for those without evidence of relapse at
the time of testing. Conversely, the negative predictive value (NPV) was 95% among the
roughly 1200 negative tests, despite 58 patients having clinically apparent disease at testing
time. This unusual NPV endpoint is due to short follow-up and the study’s nature, based
on routine clinical care data rather than a prospectively planned trial [30].

Recent data from a phase II chemoradiation study for low-risk HPV-associated OPSCC
patients indicated a lower PPV for the TTMV HPV DNA assay. The patients’ outcomes
varied significantly by T and N status, and the biomarker’s performance might differ
across various treatment modalities, including surgery, radiation, chemoradiation, or
immunotherapy [32,33]. In this study, only 37% of patients with positive tests had evidence
of progression at two years, and the NPV for progression-free survival (PFS) was 93%.

Currently, post-treatment evaluation for OPSCC includes serial clinical examinations
and a single post-treatment imaging scan, with PET-CT recommended three months post-
radiation therapy due to its high NPV for relapse [34]. There is limited data supporting
the use of subsequent prognostic biomarkers, including PET-CT, for long-term follow-up,
which should undergo further studies [35–37]. For comparison, the recommendations for
nasopharyngeal cancer (NPC), driven by Epstein–Barr virus, suggest plasma EBV DNA
monitoring, which correlates with relapse but lacks robust prospective evaluation [38,39].
While the data from Berger et al. suggest that cTTMV HPV DNA could be a valuable
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prognostic biomarker, more controlled studies are needed to confirm its clinical utility [30].
The high PPV reported needs reconciliation with the modest PPV from other studies before
recommending widespread use. Additionally, cost–benefit analyses should be conducted
considering the substantial costs of serial testing. There is potential for using cTTMV HPV
DNA assays in early detection and treatment response assessments, but further controlled
clinical trials are necessary to optimize their use [40].

Saliva has been suggested by some research in identifying particular HPV markers
in HNC patients, in addition to biomarkers found in blood-derived specimens [41]. Com-
pared to blood, saliva is a bodily fluid that is easier to collect, yet its lower biomarker
concentrations may make it less useful. While oral HPV positivity in healthy people has
been documented in several independent studies, a significant incidence of HPV DNA
positivity in saliva and gargles has been noted in HPV-related HNSCC patients [42–44].
After therapy, oral HPV prevalence and viral load in HNSCC patients tend to decline,
although oral HPV that is persistent is linked to recurrence [45].

2.2. RNA Biomarkers

The pathophysiology of HPV-positive HNSCC remains incompletely understood, but
it is well recognized that the primary oncoproteins of high-risk HPVs, E6 and E7, are
essential to the tumorigenesis and development of HPV-positive HNSCC [46]. Moreover,
oral HPV mRNA testing has shown sensitivity ranging from 23% to 82% in identifying
OPSCCs linked to HPV [44,47].

E6 and E7 can induce mutations and epigenetic changes in the host genome [48].
Additionally, they can deactivate the tumor suppressor proteins p53 and retinoblastoma
protein (pRb), which play crucial roles in regulating the cell cycle, maintaining genome
stability, and controlling epigenetic modifications [49]. They can also influence the host
genome’s mutation and epigenetic modifications [48]. A constantly increasing number
of studies have demonstrated that epigenetic modifications also have a major impact on
the molecular control of HPV-induced carcinogenesis and advancement [50]. Histone
post-translational covalent changes and the impacts of noncoding RNA are examples of
epigenetic control that E6 and E7 can induce [51].

2.2.1. MicroRNA

Endogenous noncoding RNAs (ncRNAs) are converted into precursor micro-RNAs
(miRNAs) in the nucleus and subsequently transported to the cytoplasm as miRNAs [52].
Through their binding to the 5′- and 3′-UTRs of their target mRNAs, miRNAs have the
ability to regulate the production of cellular proteins [52,53]. miRNAs have been primarily
linked to transcriptional and translational levels of various phases of malignant transfor-
mation of cells [54]. In particular, HPV infection has been linked to the expression level
of certain strains of miRNAs. The viral oncoproteins produced by HPV have the ability
to alter host gene expression and the number of miRNAs as it integrates into the host
genome [55,56]. Numerous studies have looked into certain miRNA expression patterns in
HNSCC tissues and cells that are positive for HPV [57]. HPV-positive and HPV-negative
samples had different levels of these miRNAs’ expression and regulation. Furthermore, the
unique expression of miRNAs in HPV-positive HNSCC considerably influences clinical fea-
tures in a manner distinct from that of HPV-negative cases. It is important to highlight the
different molecular mechanisms for miRNA function that can be observed in HPV-positive
and HPV-negative HNSCC.

Diverse techniques for detection have been employed to identify distinct miRNA
expression in HPV-positive HNSCC [57,58]. In 51 individuals with OSCC and pharyngeal
squamous cell carcinoma (PSCC), differential miRNA expressions were originally described
utilizing microarray analysis by Lajer et al. [59,60]. According to their findings, 21 miRNAs
were impacted by HPV infection and may cause different clinical traits. In HPV-positive
HNSCC, studies have now concentrated on miRNA expression profiles. In HPV-positive
OPSCC, Gougousis et al. found that overexpression of miR-15, miR-16, miR-143, miR-145,
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and the miR-106-363 cluster was seen [58]. Additionally, 30 miRNAs were expressed in
HPV-positive samples and 38 in HPV-negative samples in a study of Vojtechova et al.,
who utilized TaqMan real-time quantitative PCR (RT-PCR) arrays to evaluate differential
expression in HPV-positive and -negative tonsillar tumors [61].

Utilizing gene chip and RT-PCR technologies, next-generation sequencing (NGS)
has been used for genome differential sequence alignment [62]. miRNA profiles and
clinical information about HNSCC are included in the Cancer Genome Atlas (TCGA)
data. Variously expressed miRNAs in HPV-positive and -negative HNSCC tissues can
be screened using miRNA profiles derived from TCGA data via NGS. In Nunvar et al.’s
study, NGS analysis revealed that 70 and 116 distinct miRNAs were differently expressed
in HPV-negative and HPV-positive HNSCC, respectively [56].

In HNSCC, variations in miRNAs are useful indicators [63]. In general, miRNAs may
function as new biomarkers in HNSCC that is positive for HPV. The overexpression of miR-
205-5p, miR-182-5p, and miR-133a-3p in HPV-positive OPSCC was discovered by House
et al. and Weiss et al., and these may be used as prognostic indicators [64,65]. According to
studies by Gougousis et al. and Bersani et al., miRNAs may be identified between the T2 and
T4 stages in HPV-associated tongue squamous cell carcinoma (TSCC) and OPSCC [58,66].
They are also linked to peripheral tumor metastasis, invasion, and migration. Moreover,
miR-106a, miR-27a, and miR-9 were strongly related with the sensitivity of HPV-positive
HNSCC to radiation, but miR-139-3p was associated with the susceptibility of HPV-positive
HNSCC to chemotherapy [55,67].

2.2.2. Mechanism of Action of MicroRNA

As was already noted, miRNAs have been linked to a number of biological processes,
which has led scientists to look into their potential regulatory functions in HPV-positive
HNSCC [68,69]. As an illustration, Casarotto et al. emphasized the possible importance of
miR-139 and miR-375 in regulating the growth of HPV-related HNSCC [68]. Furthermore,
Luo et al. provided evidence of the regulatory functions of miR-518a-5p and miR-605-5p
in HPV-positive HNSCC cell proliferation, apoptosis, tumor development, and metastatic
spread [70]. By focusing on genes and pathways linked to tumor growth, apoptosis,
cell proliferation, the epithelial-to-mesenchymal transition (EMT), and secondary cancer
formation, these miRNAs serve as essential regulators.

Moreover, miRNAs may be important players in oncogenesis as tumor suppressors or
onco-miRNAs [58,71]. In HPV-positive HNSCC, a number of miRNAs, including miR-22,
miR-27, miR-92a, miR-195, and miR-211, have been found to function as oncogenic pro-
moters and regulate target genes, which in turn promotes tumorigenesis [72,73]. Research
has shown that miR-21 and miR-155 can activate target genes like phosphatase tensin
homologue (PTEN) and signal transducer and activator of transcription (STAT), promoting
the growth and invasion of OPSCC cells [57]. On the other hand, in HPV-positive HNSCC,
miRNAs such as miR-16 and miR-17 have been identified as tumor suppressors. These
miRNAs shrink tumors by downregulating certain oncogenes and reviving important
tumor suppressor proteins like p53, p21, and p16 [74].

The prognosis of HNSCC may be impacted by immunological responses and cell
autophagy according to recent research [75,76]. According to Aranda-Rivera et al., miRNAs
have the ability to control immunological responses and cell autophagy, which can affect the
outcome of HPV-positive HNSCC [77]. Furthermore, Luo et al. found that in HPV-positive
HNSCC, miR-380-5p, miR-338-5p, miR-16-1-3p, and miR-378a-3p activated immune re-
sponses, resulting in good prognosis [70]. To gain a deeper understanding of the controlling
role and mechanism of miRNAs in HPV-positive HNSCC, further comprehensive research
is required.

For patients with HNSCC, radiation therapy is one of the crucial parts of the treatment
plan. New research suggests that miRNAs control the radiation response by acting on
their target genes [78–80]. According to Fu et al. DNA-repair genomic markers can
affect how sensitive HPV-positive cancers are to radiation, and miRNAs may be able to
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modulate DNA damage by focusing on genes downstream [81]. Furthermore, Zhang
et al. discovered that via inhibiting RUNX3 and SMG1, respectively, miR-106a and miR-
27a increase radiation sensitivity in HPV-induced HNSCC [67,79]. In HPV-negative cells,
conversely, overexpression of miR-125b can reduce radiation sensitivity by lowering ICAM2
levels, a protein linked to increased radiosensitivity [57].

2.2.3. Long Noncoding RNA

Long noncoding RNAs (lncRNAs) represent a diverse group of RNA molecules with
a length exceeding 200 nucleotides. They do not possess the capacity to encode proteins,
and are involved in a number of biological processes through interactions at transcrip-
tional and translational levels with proteins, miRNAs, circRNAs, downstream RNAs, and
pseudogenes [57].

Several studies have demonstrated how lncRNAs affect cell invasion, migration,
and proliferation, which in turn affects how HNSCC tumors advance [82,83]. Moreover,
lncRNAs can operate as competing endogenous RNAs (ceRNAs), ensnaring different
RNAs to alter target gene expression, which in turn affects different tumor behaviors [84].
In host cells, HPV infection can cause aberrant lncRNA expression, which can cause
downstream molecules in important signaling cascades to become dysregulated [85,86].
There is growing evidence that different lncRNAs can be found in clinical specimens by
RT-PCR, RNA-sequencing, and bioinformatic tools [57]. This has led to the cataloguing of
aberrant lncRNA expression in HPV-positive HNSCC. Wang et al. discovered 131 lncRNAs
that were uniquely expressed in the TCGA HPV-negative HNSCC dataset [87]. Similarly,
140 lncRNA transcripts were discovered that had varying expression levels between HPV-
positive and HPV-negative HNSCC [57]. Additionally, as shown by Kopczyńska et al. and
Haque et al., HPV infection was linked to altered lncRNA expression [85,88–90].

A strong correlation between the expression levels of EGOT in HPV-positive pharyn-
geal carcinoma and certain clinical features has been found [91]. Additionally, increased
PRINS and TTTY15 were found to be positively correlated with a better outcome in HPV-
positive HNSCC [85,92]. Moreover, in HNSCC, abnormal lncRNA expression is correlated
with its resistance to chemoradiotherapy [57,93]. Lnc-IL17RA-11 levels were discovered
to have a substantial association with radiation efficiency in HPV-positive HNSCC by
Song et al. in 2019 [93]. On the other hand, lncUCA1 and lncWISP1 were associated with
radiation resistance in HPV-negative HNSCC, which shows a wide range of diagnostic
possibilities that need to be further examined [94,95].

Certain long noncoding RNAs have been linked to the onset and advancement of
HPV-positive HNSCC [96]. The roles of lincRNA-p21, HOTAIR, PROM1, and CCAT1 in
tumor formation and metastasis were discovered by Ma et al. and Dias et al. [96,97]. By in-
teracting with miRNAs, these lncRNAs can control the expression of mRNA [83,98,99]. For
instance, in OSCC, lncRNA BLACAT1 stimulates invasion and proliferation by sponging
miR-142-5p [83]. Nevertheless, little is known about how lncRNAs decrease tumor growth
in HPV-positive HNSCC. Based on data published by Sannigrahi et al., MEG3 functions as
a tumor suppressor and may induce cellular death by upregulating the target genes IRE1
and GRP78 [100,101]. The survival prognosis of HPV-positive HNSCC is also impacted by
abnormal expression of lncRNAs [92,102,103]. According to Guo et al., TTTY15 modifies
autophagy-related proteins or processes, which in turn influences prognosis [103]. Ac-
cording to a different study, lncRNA expression controls the immune system’s infiltration
into tumors: lower levels of lncRNA may strengthen the immune response and improve
prognosis [102]. However, additional clinical information is required to validate these
lncRNAs’ prognostic significance in HPV-associated HNSCC.

Like miRNAs, lncRNAs presumably act as molecular sponges to change downstream
genes that are important for HPV-positive HNSCC gene stability [57,93]. Therefore, lncR-
NAs have the ability to greatly increase radiation sensitivity. One example of this is
lnc-IL17RA-11, which raises radiation sensitivity by triggering the transcription of estro-
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gen receptor α [93]. On the other hand, radiation resistance is linked to lncUCA1 and
lncWISP1 [57].

The 5′-cap and 3′-poly(A) tails of circular noncoding RNA (circRNA), which is pro-
duced from precursor messenger RNA (pre-mRNA), are absent [104]. CircRNAs primarily
function as molecular sponges, contending with miRNAs or other RNAs to control a
range of biological activities [105]. The proliferation, invasion, and spread of tumors are
facilitated by dysregulated circRNA expression [106]. A possible association between the
expression of circRNA and oncoprotein in HPV-positive malignancies was presented by
Tornesello et al. [107]. Research conducted by Chen et al. and Jun et al. demonstrated
unique patterns of circRNA expression in OSCC, a cancer that frequently exhibits elevated
rates of HPV infection [108,109]. Additionally, in OSCC, Bonelli et al. linked circRNAs to
carcinogenesis, cancer spread, and resistance to treatment. Several of these relationships
were also connected to TNM staging [110].

Additionally, circRNAs affect the clinical characteristics of OSCC. Zhao et al. found
prognostic markers by correlating particular circRNAs with tumor grade and TNM stage [111].
A study by Cristóbal et al. connected some circRNAs to the migration and proliferation of
cancer in OSCC, whereas other circRNAs were connected to chemotherapy resistance [112,113].
Through sponging miRNAs and influencing target genes downstream, circRNAs seem to
control the development of tumors [110]. Further research is necessary to fully comprehend
the role of circRNA in HPV-positive HNSCC and how it regulates viral oncoproteins.

PiRNA interacts with PIWI proteins to contribute to gene silence. PiRNA is a form
of noncoding RNA that is roughly 26–30 nucleotides long [114]. PiRNA expression may
be influenced by HPV status: in HPV-positive HNSCC, specific piRNAs have been found
to be prognostic indicators [115,116]. Notably, Firmino et al. related certain piRNAs
to oncogenesis, whereas Krishnan et al. linked others to pathological stage and nodal
metastasis. PIWI proteins are frequently the target of these piRNAs’ interactions, which
control carcinogenesis and cell division [115,117]. Nevertheless, little is known about their
regulation or interaction with viral oncoproteins in HPV-positive HNSCC.

Mostly involved in RNA production and modification, snoRNA is a kind of noncoding
RNA that ranges in length from 60 to 300 nucleotides [118]. Clinical characteristics of
HNSCC were found to be associated with snoRNA expression by Xing et al., indicating that
these markers may be useful for tracking the development of tumors. Tumor progression,
histological grade, and clinical staging have all been linked to certain snoRNAs [119]. The
connection between snoRNAs and HPV infection in HNSCC, as well as their potential
regulatory function in HPV-positive HNSCC, is still mainly unknown. To fully understand
their role in carcinogenesis and clinical traits, more investigation is required.

2.3. Protein Biomarkers

In patients with oropharyngeal squamous cell carcinoma, it is advised that testing
for HPV using p16 immunohistochemistry (IHC) be conducted, with optional molecular
HPV-DNA testing added [119,120]. Although p16 IHC is a very sensitive surrogate marker
for HPV-related OPSCC, there has not been as much research on its application for other
kinds of HNSCC [121,122]. Various HPV testing techniques are used in addition to p16 IHC,
frequently in combination with p16INK4a IHC [123]. When it comes to identifying HPV
in HNSCC, E6 oncoprotein testing—like OncoE6TM—has shown encouraging sensitivity
and specificity. For example, Menegaldo et al. found that OncoE6TM had significant
sensitivity and specificity in detecting HPV16/18 E6 oncoproteins [124]. Similar to this,
Chernesky et al. evaluated the presence of oncoproteins, HPV E6, and nucleic acids in
samples collected from individuals with OPSCC, noting varying degrees of agreement with
other HPV markers and p16 antigen staining [125].

As described by Agustin et al. several HPV testing methods have different benefits
and drawbacks [126]. For example, p16 IHC is a feasible and affordable diagnostic tech-
nique, with sensitivity and specificity ranging from 80% to 90% [127]. High sensitivity but
limited specificity are the characteristics of DNA PCR techniques, despite their stability
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and reproducibility. HPV mRNA E6/E7 RT PCR provides excellent sensitivity and speci-
ficity, but its routine use is limited by the need for fresh or frozen material and technical
expertise [123,126]. HPV DNA ISH reduces the possibility of false-positive results due to
tissue contamination by allowing direct observation of the virus inside tumor cells [123].
Novel biomarkers for the treatment of HPV-related OPSCC have been investigated in recent
studies. Antibodies against the E6 protein, for example, have been linked to a significantly
elevated risk of OPSCC, frequently manifesting more than 10 years prior to diagnosis.
Although these antibodies are uncommon in healthy people, HPV-positive OPSCC pa-
tients frequently have them, especially if their tumors are connected to HPV16. While
some researchers suggest employing E6 serology to monitor HPV OPSCC, particularly for
recurrence or persistent disease, more study and validation are required before practical
application [126].

Apart from E6 antibodies, as mentioned before, ctDNA from plasma has become
popular in HPV-related cervical squamous cell carcinoma (CSCC) and HNSCC when
identified by ultra-sensitive droplet digital PCR [19,128]. High sensitivity and specificity
of ddPCR in detecting HPV16 and HPV33 subtypes in OPSCC plasma indicate possible
uses in disease response monitoring and early detection screening [19]. Furthermore, based
on residual HPV ctDNA levels after therapy, ddPCR-based HPV ctDNA detection may
help predict relapse in CSCC [128]. When it comes to the detection of cervical neoplasia
at different phases of the disease, ddPCR is more advantageous than RT-PCR because it
provides more accurate and sensitive measurement of low target DNA quantities [129].

Since ddPCR is quantitative in nature and has good sensitivity, precision, and re-
peatability, it is a promising method for detecting HPV biomarkers [29,126]. ddPCR is
particularly advantageous in clinical settings, since it is affordable and can identify samples
with low DNA concentrations, like swabs [126].

Utilizing Droplet Digital PCR in HPV Diagnostics

By encasing the target nucleic acid molecules in discrete, precisely defined water-in-oil
droplet partitions, ddPCR measures the absolute number of these molecules [127,130]. In
ddPCR, templates are diluted to single-molecule levels and DNA molecules are counted
using Poisson distribution assumptions [131]. Sample preparation is conducted in smaller,
precisely measured portions or partitions, each of which is processed separately. It is
similar to traditional PCR reactions using TaqMan hydrolysis probes or DNA-binding
dyes. Using Poisson distribution, positive reactions are found and measured inside each
division [131,132]. The ddPCR system consists of three main parts. First is droplet gen-
eration, meaning the usage of a droplet generator to divide samples into 20,000 uniform
nanoliter-sized droplets for accurate target amplification. Second is amplification, in which
heating the droplets leads to the amplified PCR by annealing, extending, and denaturing
them, and the third part is droplet reading. This is carried out using a droplet reader to
measure each droplet’s fluorescence in two channels [133].

ddPCR is especially useful for HPV detection in OPSCC because it provides excellent
sensitivity, specificity, and accurate quantification for detecting target DNA. Studies have
measured viral load (VL) and detected HPV DNA in CSCC using ddPCR. VL is a key
factor in determining the persistence of the virus and is used as a biomarker for prognosis
assessment and treatment response monitoring in HPV-related disorders [132,134]. ddPCR
has been used in CSCC to identify HPV in a variety of sample types, including cell lines,
formalin-fixed paraffin-embedded (FFPE) tissues, and cervical liquid cytology samples.
With no difference in VL between tumors with numerous and single HPV infections, Malin
et al. showed the great sensitivity of ddPCR in detecting HPV and VL in FFPE tissues
and cervical liquid cytology samples [132]. The ability of ddPCR to measure larger copy
numbers than qRT-PCR was highlighted by Larsson et al. when they compared the two
methods for measuring HPV VL in FFPE tissues and liquid-based cytology samples [134].
Rotondo et al. used ddPCR to measure HPV DNA in human cell lines and CIN tissues,
demonstrating its accuracy in identifying and measuring several HPV strains at once [135].
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3. Tissue-Based Biomarkers

One well-known proxy sign for oncogenic HPV infection is the overexpression of p16.
The 8th edition of the AJCC Cancer Staging Manual included specific staging for p16-positive
OPSCC due to its correlation with better survival rates in HPV-positive patients [136,137].
With a sample of 237 OPSCC patients, Barber et al. showed that p16 is an independent
predictor of improved recurrence-free survival and is associated with nodal disease at
presentation [138].

The lungs are a typical location for second primary tumors and host the majority of
distant metastases from HNSCC. It might be difficult to distinguish between a second
primary lung SCC and HNSCC metastases. In HPV-related OPSCC, distant metastases
maintain their p16 and HPV status, with constant transcriptional activity for HPV E6 and
E7 oncoproteins according to Mehrad et al. [139]. In order to distinguish between HNSCC
metastasis and second primary lung SCC, they advise conducting HPV testing using PCR
or DNA in situ hybridization in addition to morphological comparison.

A minimally invasive diagnostic technique called fine-needle aspiration (FNA) can
be used to assess suspicious neck masses. According to Chernesky et al., FNA-obtained
cells may be evaluated for malignancy and HPV E6 oncoproteins. HPV-positive HNSCC
frequently metastasizes to cervical lymph nodes. With agreements of 81.4%, 94.9%, and
91.1%, respectively, they discovered good agreement rates for p16 antigen testing of primary
oropharyngeal tumors with FNA-tested E6 oncoproteins, HPV E6/E7 mRNA, and HPV
DNA [125].

Cervical lesions may be screened for both malignant and pre-malignant lesions using
a variety of completely developed and tested procedures and algorithms. Independent
studies have proposed a number of tests for HPV-positive HNSCC, but they need to be
verified in screening programs. Indirect/surrogate HPV indicators, including p16INK4a
staining, viral DNA detection by PCR or in situ hybridization (ISH), and the identification
of E6/E7 mRNA by RT-PCR or RT-qPCR, can all be used to distinguish between HPV-
driven and non-HPV-driven HNSCC. PCR-based techniques for HPV DNA identification
in cancer tissue show excellent sensitivity but reduced specificity because of the potential
for transitory infections in the upper respiratory and digestive tracts [140]. While ISH for
HPV DNA offers details on the location of the virus within cells, it is not as sensitive as
PCR-based tests [141]. Finding full-length E6/E7 mRNA in cancer tissue—which can be
accomplished using FFPE material—is the gold standard for proving HPV’s carcinogenic
significance [141,142]. As an alternative, it has been confirmed that the spliced form
of the E6 gene, or E6*I mRNA, may be used as a marker to categorize HR HPV-positive
HNSCCs [143]. However, the requirement for specialized facilities may limit the application
of HPV mRNA detection techniques in clinical application.

Optimizing HPV Biomarker Algorithms for Accurate OPSCC Prognosis

Compared to HPV-negative OPSCCs, it seems that HPV-induced OPSCCs have a
better prognosis [144]. Thus, several studies have focused on developing algorithms for
quick HNSCC categorization. As mentioned earlier, the specificity of an algorithm is greatly
increased when many HPV markers are used, while maintaining sensitivity [145]. In order
to achieve 98–100% sensitivity and specificity in oral cavity and oropharynx FFPE samples,
Smeets and colleagues developed an algorithm that integrated the use of p16INK4a and
HPV DNA. On the other hand, p16NK4a sensitivity was 100% but specificity was only 85%
when DNA ISH was used in conjunction with it in HNSCCs [141].

Combining p16INK4a with HPV DNA PCR produced 93% sensitivity and 96% speci-
ficity for viral mRNA-positive OPSCCs, a sensitivity that was not considerably lower but
noticeably more specific than separate tests, according to a meta-analysis by Prigge et al.
that included 24 investigations [123].

While p16INK4a staining in combination with other HPV tests is a legitimate method
for HNSCC categorization, proper interpretation of p16INK4a staining requires care. More-
over, in certain HNSCCs, additional risk factors may have an impact on p16INK4a ex-
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pression, which might explain differences in p16INK4a expression and HPV DNA PCR
positivity [141,146].

p16INK4a and HPV DNA PCR have been assessed in several investigations in addition
to E6/E7 mRNA detection [147,148]. The HPV-attributable proportion was shown to be
reduced in FFPE tissues when E6 mRNA, HPV DNA PCR, and p16INK4a were detected to-
gether. It was noted in an Indian investigation that additional risk factors had an impact on
p16INK4a expression in this location, since almost 60% of HNSCC specimens testing HPV
DNA/mRNA-double-positive were p16INK4a-negative and approximately 18% of HPV
mRNA-negative HNSCCs were p16INK4a-positive [149]. Hence, integrating triage with
indirect cellular indicators such as p16INK4a and direct HPV markers like HR HPV DNA
detection complemented with mRNA could enhance the categorization of HPV-related
HNSCC. In cases where there is a disparity among HPV markers (e.g., HPV DNA−/p16+),
the analysis of mRNA aids in identifying clinically significant HPV infections. The use of
HPV DNA testing has the potential to enhance the specificity of p16INKa labeling.

4. Emerging Technologies Revolutionizing HPV-Positive HNSCC Diagnosis
4.1. CRISPR-Based Diagnostic Tools

Clustered regularly interspaced short palindromic repeat (CRISPR)-based diagnostic
instruments have surfaced as a groundbreaking method for the identification and treatment
of numerous illnesses, such as OPSCC that is positive for HPV. Utilizing the accuracy
and effectiveness of CRISPR technology—particularly the CRISPR-Cas systems—these
instruments pinpoint precise genomic sequences linked to pathogens or mutations that
cause disease [150,151].

CRISPR-based diagnostics provide a number of benefits over conventional techniques
like PCR and immunohistochemistry, which frequently have drawbacks concerning sensi-
tivity, specificity, and the speed at which viral loads can be quickly determined in the case
of HPV-positive OPSCC [152]. For early diagnosis and tracking the course of the disease,
CRISPR diagnostics can detect HPV DNA with high precision and at reduced virus levels.
The SHERLOCK platform, which stands for “specific high-sensitivity enzymatic reporter
unlocking”, is a CRISPR diagnostic tool [153,154].

The Cas13 enzyme, which SHERLOCK uses, binds to its target RNA to initiate collat-
eral cleavage activity that cleaves neighboring RNA molecules and generates a detectable
signal [155,156]. Three key phases are involved in the mechanism of CRISPR. The first
is target recognition. The HPV DNA sequence-specific guide RNA (gRNA) is used to
program the CRISPR–Cas13 complex. The Cas13 enzyme is directed to bind to the target
sequence by the gRNA when the sample contains HPV DNA [150]. The second phase is
known as “activation and cleavage”. When Cas13 binds to the HPV DNA target, it changes
its conformation, which initiates the process of collateral cleavage [157,158]. This causes
the nearby RNA molecules that are labeled with fluorescent or colorimetric reporters to
cleave non-specifically [150,158]. Finally, in the third step, signal detection is when these
reporter molecules cleave: a discernible signal—like fluorescence or a change in color—
occurs, signaling that HPV DNA is present in the sample. Due to its excellent sensitivity,
this procedure can identify very low amounts of HPV DNA, which is essential for early
diagnosis and surveillance [150].

The DETECTR (DNA endonuclease-targeted CRISPR trans reporter) system is an
additional sophisticated CRISPR diagnostic tool. The Cas12 enzyme used by DETECTR
is directed to the target DNA sequence by a gRNA, just as with Cas13. In addition to its
cleavage activity upon binding, Cas12 also targets single-stranded DNA (ssDNA) reporters.
Similar phases for target recognition, activation, and signal detection are followed by
the mechanism, which offers a flexible and extremely sensitive way to detect HPV in
OPSCC [159,160].

Portable point-of-care devices can be integrated with CRISPR-based diagnostics, en-
abling their use in a variety of clinical contexts. This is especially helpful for OPSCC
patients who are HPV-positive, as prompt and precise identification is necessary for effi-
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cient treatment planning [161]. Compared to conventional approaches, CRISPR diagnostics
have a speedy turnaround—often within an hour—that facilitates faster clinical decision-
making. Additionally, multiplexed detection—the simultaneous identification of numerous
HPV genotypes or other pertinent indicators in a single test—is made possible by CRISPR
diagnostics [162]. Understanding the entire viral landscape in OPSCC patients is important
because it will help develop more specialized and focused treatment plans [163].

In HPV-positive OPSCC, CRISPR-based diagnostics play a more significant role than
just detection [164]. Through the monitoring of viral load both before and after therapy,
these technologies can identify possible recurrences sooner than traditional methods and
offer valuable insights into the success of the treatment. The capacity to monitor continu-
ously is essential for controlling OPSCC, as early relapse diagnosis can have a major impact
on prognosis [165].

4.2. Next-Generation Sequencing in HPV-Related Diagnostics

Since next-generation sequencing (NGS) offers high-throughput capabilities and com-
prehensive genomic insights, it has completely changed the diagnostics of HPV-related
OPSCC [166]. Understanding the molecular mechanisms behind HPV-driven carcinogene-
sis requires an in-depth examination of the HPV genome and its integration into host DNA,
which is made possible by the simultaneous sequencing of millions of DNA fragments
made possible by NGS [167]. When it comes to HPV-related OPSCC, NGS is superior to
conventional diagnostic techniques like PCR and immunohistochemistry in a number of
ways. The ability of NGS to distinguish between distinct HPV genotypes is crucial, since
different HPV types are linked to differing carcinogenic potentials and clinical outcomes.
Planning individualized treatments and risk stratification are made easier by this accurate
genotyping [167,168].

The detection of HPV DNA and RNA is a major advantage of NGS in HPV-related
OPSCC diagnostics. Viral load can be measured with NGS, giving information about the
degree of infection and how it relates to the severity of the disease. Moreover, NGS can
identify the expression of viral oncogenes E6 and E7, which are important initiators of
oncogenesis in HPV-positive malignancies, by examining viral RNA. The confirmation of
HPV causal function in the tumor is aided by this expression profiling [169].

Finding the genomic changes that HPV incorporation has caused in the host genome is
another important use. With the help of NGS, one can uncover structural differences, copy-
number variations, and mutations resulting from viral integration, providing a compre-
hensive picture of the genomic alterations linked to HPV-driven transformation [170,171].
Moreover, NGS makes it possible to analyze the transcriptome and immune cell infiltration
of the tumor, which further advances our understanding of the tumor microenvironment.
By identifying the immune evasion mechanisms used by HPV-driven malignancies, this
thorough profiling can help guide immunotherapeutic approaches [172]. Additionally, NGS
is essential for tracking the course of a disease and the effectiveness of treatment. Clinicians
can identify early indications of recurrence and minimal residual disease by comparing
successive samples, which enables prompt intervention and better patient outcomes [173].

4.3. Nanodiagnostics and Biosensor Technologies

Traditional diagnostic methods in OPSCC include histopathological examination,
imaging, and molecular testing, which, while effective, have limitations in terms of sensi-
tivity, specificity, and early detection capabilities. The field of HPV-positive oropharyngeal
cancer diagnosis and therapy is quickly changing due to advancements in biosensor and
nanodiagnostic technology. Advances in nanodiagnostics and biosensor technologies of-
fer promising alternatives that enhance diagnostic accuracy and enable earlier detection.
Nanodiagnostics influences nanotechnology for disease diagnosis at the molecular level.
This approach involves the use of nanoparticles, quantum dots, nanoshells, and nanotubes
to improve the detection of biomarkers associated with HPV and OPSCC. These cutting-
edge technologies greatly improve early diagnosis and individualized treatment plans by
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providing highly sensitive, precise, and quick detection of HPV infections and associated
oncogenic indicators [174].

Utilizing nanomaterials and nanotechnology, nanodiagnostics aims to enhance the
identification of cellular and molecular indicators linked to HPV-positive OPSCC. The
creation of assays based on nanoparticles, which are highly accurate in detecting HPV
DNA or RNA, is one well-known use. By precisely binding to HPV genetic material, these
nanoparticles can be designed to enable the accurate and efficient detection of viral presence,
even at low concentrations [175]. Examples of nanomaterials used to magnify detection
signals include magnetic, gold, and quantum dots. These materials offer ultra-sensitive
diagnostic capabilities that outperform conventional techniques like PCR. Nanoparticles
(NPs) can be engineered to bind specifically to HPV DNA/RNA or proteins expressed in
OPSCC. Gold nanoparticles (AuNPs) and magnetic nanoparticles (MNPs) are particularly
useful due to their unique optical and magnetic properties, respectively. For instance,
AuNPs conjugated with antibodies against HPV-related proteins can be used in surface
plasmon resonance (SPR) assays for highly sensitive detection. In addition, quantum
dots (QDs) are semiconductor NPs that exhibit unique optical properties such as size-
tunable light emission. QDs conjugated with molecular probes can be employed to detect
HPV DNA or RNA sequences with high sensitivity and specificity through fluorescence
resonance energy transfer (FRET) assays. Moreover, nanoshells and nanotubes can enhance
signal detection in various assays. Nanoshells can be used in combination with Raman
spectroscopy to detect molecular signatures of HPV and cancer biomarkers. Carbon
nanotubes (CNTs) can serve as highly sensitive electrochemical sensors for detecting
biomolecules at very low concentrations [176]. Nanodiagnostics can provide detailed
molecular profiles of tumors, facilitating personalized treatment strategies based on the
specific characteristics of the patient’s cancer [177].

By offering systems that combine biological recognition components with tangible
transducers to transform biological interactions into quantifiable signals, biosensor tech-
nologies supplement nanodiagnostics. Biosensors (electrochemical, optical, and microflu-
idic) are analytical devices that combine a biological sensing element with a physicochemi-
cal transducer to detect specific analytes, and their advantage is that they can be designed
for rapid and accurate diagnostics. In the context of HPV and HNC, biosensors can detect
viral DNA/RNA, proteins, and other biomarkers with high precision. Biosensors are able
to identify biomarkers that are essential for HPV-driven carcinogenesis, such as E6 and
E7 oncoproteins, in the setting of HPV-positive OPSCC and can be used for monitoring
treatment response and disease recurrence by detecting changes in biomarker levels over
time [178].

For the management of HPV-positive OPSCC, the combination of biosensor and
nanodiagnostic technologies offers a number of benefits. These include the possibility of
point-of-care testing, quick turnaround times, and high sensitivity and specificity. This
is especially helpful in environments with limited resources where traditional laboratory
infrastructure could be absent. Enhanced sensitivity of nanodiagnostic tools allows for
the detection of HPV and cancer biomarkers at earlier stages, potentially leading to earlier
intervention and improved patient outcomes. Additionally, real-time biomarker level
monitoring can help with early recurrence detection and treatment response assessment,
both of which can improve patient outcomes [175–178].

5. Biomarker-Targeted Treatment Strategies in HPV-Positive and HPV-Negative HNSCC

HPV-positive and HPV-negative HNSCC have distinct etiologies, molecular profiles,
and clinical behaviors. HPV-positive HNSCC, often found in the oropharynx, is primarily
caused by infection with high-risk HPV types, particularly HPV-16, with sexual behavior
being a significant risk factor. These cancers are more common in younger, nonsmoking
individuals. In contrast, HPV-negative HNSCC is commonly associated with tobacco and
alcohol use, usually in older patients [1–4].
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Diagnosing HPV-positive HNSCC involves detecting HPV DNA or RNA in tumor
tissues, often using PCR-based assays or in situ hybridization. Immunohistochemical
staining for p16, a surrogate marker for HPV infection, is commonly used due to its
practicality and cost-effectiveness. However, distinguishing between causal HPV infection
and incidental presence remains a challenge. Diagnosing HPV-negative HNSCC relies
on histopathological examination and identifying characteristic genetic mutations. The
absence of a viral marker like HPV complicates early detection, and the high molecular
heterogeneity poses challenges for accurate diagnosis and effective treatment stratification.
These differences necessitate varied approaches to diagnosis and treatments [1–4,179].

Concerning molecular and genetic profiles, HPV-positive HNSCC is characterized
by the expression of viral oncoproteins E6 and E7, which inactivate tumor suppressor
proteins p53 and Rb, respectively. This leads to genomic instability and dysregulation
of cell cycle control. On the other hand, HPV-negative HNSCC often exhibits mutations
in TP53, CDKN2A (p16), and other genes involved in cell cycle regulation and DNA
repair. These cancers tend to have a higher mutational burden compared to HPV-positive
tumors. Patients with HPV-positive HNSCC often present with smaller primary tumors but
larger and more cystic lymph node metastases. They generally have a better prognosis and
respond more favorably to treatment. On the other hand, patients affected by HPV-negative
HNSCC typically present with more extensive primary tumors and a higher likelihood
of locoregional recurrence. The prognosis is generally poorer compared to HPV-positive
cases [1–4,179,180].

Despite a better prognosis for HPV-positive HNSCC, the optimal extent of treatment
deintensification remains uncertain, and there is a need for reliable biomarkers to guide
therapy decisions. Moreover, the development of resistance to ICIs is a concern that
necessitates ongoing research. On the other hand, the poor prognosis and high recurrence
rates of HPV-negative HNSCC highlight the need for novel therapeutic strategies. The
molecular diversity of HPV-negative tumors complicates the development of universally
effective targeted therapies. Additionally, managing the side effects of aggressive treatment
regimens is a significant challenge [179,180].

Biomarker-targeted therapies for HNSCC focus on exploiting specific molecular abnor-
malities present in the tumors. Given the molecular and clinical differences of HPV-positive
and HPV-negative HNSCC, biomarker-targeted treatment strategies are challenging. The
expression of viral antigens (E6 and E7) makes HPV-positive tumors more immunogenic.
Immune checkpoint inhibitors (ICIs), such as pembrolizumab and nivolumab, which target
PD-1/PD-L1 pathways, have shown efficacy in treating HPV-positive HNSCC by enhanc-
ing the immune response against cancer cells [181]. In addition, vaccines targeting HPV
oncoproteins aim to provoke a robust immune response. Therapeutic vaccines, like HPV
E6/E7 peptide-based vaccines, are in clinical trials and hold promise for controlling or erad-
icating HPV-positive tumors [182]. Strategies in HPV-negative HNSCC include epidermal
growth factor receptor (EGFR) inhibitors, since the overexpression of EGFR is common in
HPV-negative HNSCC. Cetuximab, an anti-EGFR monoclonal antibody, is approved for
use in these cancers, either alone or in combination with radiation or chemotherapy [183].
In addition, small-molecule inhibitors targeting specific mutations (e.g., PI3K–Akt–mTOR
pathway inhibitors) are being investigated in clinical trials. These therapies aim to dis-
rupt aberrant signaling pathways driving cancer growth. Predictive biomarkers play a
crucial role in optimizing biological therapies for HNSCC. By identifying patients most
likely to benefit from specific treatments, these biomarkers enable personalized therapy,
improving outcomes and minimizing unnecessary toxicity. Finally, combination therapies
combining targeted therapies with conventional treatments (chemotherapy, radiation) or
immunotherapies may improve outcomes [184,185].

6. Conclusions

The distinct molecular and clinical landscapes of HPV-positive and HPV-negative
HNSCC demand tailored diagnostic and therapeutic approaches. Advances in biomarker-
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targeted treatments offer hope for improved outcomes, but significant challenges remain
in diagnosing and managing these cancers. The investigation of biomarkers in HPV-
positive HNSCC is a move towards precision medicine. Definitive diagnosis of HPV-
positive HNSCC is required to establish a model incorporating the molecular characteristics,
immune microenvironment, and clinical outcomes of these patients, revealing the potential
for HPV status in prognosis and treatment considerations. New opportunities have arisen
from better identification of DNA, RNA, and protein biomarkers in bodily fluids and tissues
for minimally or non-invasive cancer diagnosis, surveillance, and response to therapy.

Several ctDNA and specific biomarkers have been found, such as p16, E6/E7 oncopro-
teins, and different noncoding RNAs, including microRNAs and long noncoding RNAs, to
help in diagnostics, prognostics, and management. ddPCR, NGS, and novel CRISPR-based
diagnostics, for example, have shown remarkable sensitivity and specificity in detecting
HPV-related cancers.

In the future, different large-scale clinical trials need to be conducted to validate the
performance of such biomarkers in real-world patient populations. A comprehensive multi-
omics type of dataset, including genomics, transcriptomics, proteomics, and epigenomics,
will play a crucial role in unveiling intricate molecular mechanisms of HPV-positive HN-
SCC. Moreover, there is an urgent need for the advancement of diagnostic tests that are
simple and cheap to use, notably in settings where the resources are poor. That will involve
sorting out non-invasive methods, including saliva-based HPV detection.

In addition, personalized treatment strategies targeting patient-specific biomarker
profiles will enhance therapeutic efficacy and reduce toxicities, and the implementation of
routine surveillance strategies utilizing established tumor biomarkers will be indispensable
for the early detection of recurrence and to better manage acquired treatment resistance. Ex-
ploring and validating additional biomarkers in immune responses and cell autophagy will
improve prognostic predictions and therapeutic targets. Interdisciplinary collaborations are
necessary for the research, clinical, and bioinformatic teams to learn and integrate findings
coming from all the studies and make better clinical intervention. In acknowledging these
steps, the promise of precision medicine in the management of HPV-positive HNSCC can
be realized through increased potential for biomarkers and favorable patient outcomes.
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51. Gaździcka, J.; Gołąbek, K.; Strzelczyk, J.K.; Ostrowska, Z. Epigenetic modifications in head and neck cancer. Biochem. Genet. 2020,
58, 213–244. [CrossRef]

52. Hill, M.; Tran, N. miRNA interplay: Mechanisms and consequences in cancer. Dis. Model. Mech. 2021, 14, dmm.047662. [CrossRef]
[PubMed]

53. Emmett, S.; Whiteman, D.C.; Panizza, B.J.; Antonsson, A. An update on cellular MicroRNA expression in human papillomavirus-
associated head and neck squamous cell carcinoma. Oncology 2018, 95, 193–201. [CrossRef] [PubMed]

54. Kalfert, D.; Pesta, M.; Kulda, V.; Topolcan, O.; Ryska, A.; Celakovsky, P.; Laco, J.; Ludvikova, M. MicroRNA profile in site-specific
head and neck squamous cell cancer. Anticancer Res. 2015, 35, 2455–2463. [PubMed]

55. Emmett, S.E.; Stark, M.S.; Pandeya, N.; Panizza, B.; Whiteman, D.C.; Antonsson, A. MicroRNA expression is associated with
human papillomavirus status and prognosis in mucosal head and neck squamous cell carcinomas. Oral Oncol. 2021, 113, 105136.
[CrossRef] [PubMed]

56. Nunvar, J.; Pagacova, L.; Vojtechova, Z.; Azevedo, N.T.D.; Smahelova, J.; Salakova, M.; Tachezy, R.; Betka, J.; Klozar, J.; Grega, M.;
et al. Lack of conserved miRNA deregulation in HPV-induced squamous cell carcinomas. Biomolecules 2021, 11, 764. [CrossRef]
[PubMed]

57. Guo, D.; Yang, M.; Li, S.; Zhu, W.; Chen, M.; Pan, J.; Long, D.; Liu, Z.; Zhang, C. Expression and molecular regulation of
non-coding RNAs in HPV-positive head and neck squamous cell carcinoma. Front. Oncol. 2023, 13, 1122982. [CrossRef] [PubMed]

58. Gougousis, S.; Mouchtaropoulou, E.; Besli, I.; Vrochidis, P.; Skoumpas, I.; Constantinidis, I. HPV-related oropharyngeal cancer
and biomarkers based on epigenetics and microbiome profile. Front. Cell Dev. Biol. 2020, 8, 625330. [CrossRef]

59. Lajer, C.B.; Garnæs, E.; Friis-Hansen, L.; Norrild, B.; Therkildsen, M.H.; Glud, M.; Rossing, M.; Lajer, H.; Svane, D.; Skotte, L.; et al.
The role of miRNAs in human papilloma virus (HPV)-associated cancers: Bridging between HPV-related head and neck cancer
and cervical cancer. Br. J. Cancer 2012, 106, 1526–1534. [CrossRef]

60. Lajer, C.B.; Nielsen, F.C.; Friis-Hansen, L.; Norrild, B.; Borup, R.; Garnæs, E.; Rossing, M.; Specht, L.; Therkildsen, M.H.; Nauntofte,
B.; et al. Different miRNA signatures of oral and pharyngeal squamous cell carcinomas: A prospective translational study. Br. J.
Cancer 2011, 104, 830–840. [CrossRef]

61. Vojtechova, Z.; Sabol, I.; Salakova, M.; Smahelova, J.; Zavadil, J.; Turek, L.; Grega, M.; Klozar, J.; Prochazka, B.; Tachezy, R.;
et al. Comparison of the miRNA profiles in HPV-positive and HPV-negative tonsillar tumors and a model system of human
keratinocyte clones. BMC Cancer 2016, 16, 382. [CrossRef]

62. McCombie, W.R.; McPherson, J.D.; Mardis, E.R. Next-generation sequencing technologies. Cold Spring Harb. Perspect. Med. 2019,
9, a036798. [CrossRef]

63. Liu, Z.H.; Chen, L.D.; He, Y.B.; Xu, B.; Wang, K.B.; Sun, G.X.; Zhang, Z.H. Levelsof expression levels and clinical significance of
miR-503 and miR-375 in patients with esophageal squamous cell carcinoma. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 3799–3805.
[CrossRef]

64. House, R.; Majumder, M.; Janakiraman, H.; Ogretmen, B.; Kato, M.; Erkul, E.; Longnecker, R.; Kellermayer, R.; Lee, H.; Sampson,
L.; et al. Smoking-induced control of miR-133a-3p alters the expression of EGFR and HuR in HPV-infected oropharyngeal cancer.
PLoS ONE 2018, 13, e0205077. [CrossRef] [PubMed]

65. Weiss, B.G.; Anczykowski, M.Z.; Ihler, F.; Bertlich, M.; Spiegel, J.L.; Haubner, F.; Przypadlo, C.M.; Heindl, L.M.; Hoffmann, T.K.;
Sauter, A.; et al. MicroRNA-182-5p and microRNA-205-5p as potential biomarkers for prognostic stratification of p16-positive
oropharyngeal squamous cell carcinoma. Cancer Biomark. 2022, 33, 331–347. [CrossRef]

66. Bersani, C.; Mints, M.; Tertipis, N.; Haeggblom, L.; Näsman, A.; Romanitan, M.; Marklund, L.; Dalianis, T.; Ramqvist, T.;
Munck-Wikland, E.; et al. MicroRNA-155, -185 and -193b as biomarkers in human papillomavirus positive and negative tonsillar
and base of tongue squamous cell carcinoma. Oral Oncol. 2018, 82, 8–16. [CrossRef] [PubMed]

67. Zhang, C.; Chen, H.; Deng, Z.; Long, D.; Xu, L.; Liu, Z. DGCR8/miR-106 axis enhances radiosensitivity of head and neck
squamous cell carcinomas by downregulating RUNX3. Front. Med. 2020, 7, 582097. [CrossRef]

68. Casarotto, M.; Fanetti, G.; Guerrieri, R.; Palazzari, E.; Lupato, V.; Steffan, A.; Baggio, V.; Del Vecchio, C.; Giorgi, C.; Barzan, L.;
et al. Beyond MicroRNAs: Emerging role of other non-coding RNAs in HPV-driven cancers. Cancers 2020, 12, 1246. [CrossRef]

69. Castro-Oropeza, R.; Piña-Sánchez, P. Epigenetic and transcriptomic regulation landscape in HPV+ cancers: Biological and clinical
implications. Front. Genet. 2022, 13, 886613. [CrossRef]

70. Luo, X.J.; Zheng, M.; Cao, M.X.; Zhang, W.L.; Huang, M.C.; Dai, L.; Wu, S.Y.; Liu, M.Z.; Liao, X.B.; Wang, H.Y.; et al. Distinguish-
able prognostic miRNA signatures of head and neck squamous cell cancer with or without HPV infection. Front. Oncol. 2020, 10,
614487. [CrossRef]

71. Salazar-Ruales, C.; Arguello, J.V.; López-Cortés, A.; Cabrera-Andrade, A.; García-Cárdenas, J.M.; Guevara-Ramírez, P.; Leone, P.E.;
Paz-Y-Miño, C.; Ortiz, M.; Cabrera, A.; et al. Salivary MicroRNAs for early detection of head and neck squamous cell carcinoma:
A case-control study in the high altitude mestizo Ecuadorian population. BioMed Res. Int. 2018, 2018, 9792730. [CrossRef]
[PubMed]

72. Sannigrahi, M.K.; Sharma, R.; Singh, V.; Panda, N.K.; Rattan, V.; Khullar, M. Role of host miRNA hsa-miR-139-3p in HPV-16-
Induced carcinomas. Clin. Cancer Res. 2017, 23, 3884–3895. [CrossRef] [PubMed]

https://doi.org/10.1016/bs.adgen.2015.12.001
https://doi.org/10.1007/s10528-019-09941-1
https://doi.org/10.1242/dmm.047662
https://www.ncbi.nlm.nih.gov/pubmed/33973623
https://doi.org/10.1159/000489786
https://www.ncbi.nlm.nih.gov/pubmed/29920485
https://www.ncbi.nlm.nih.gov/pubmed/25862914
https://doi.org/10.1016/j.oraloncology.2020.105136
https://www.ncbi.nlm.nih.gov/pubmed/33422804
https://doi.org/10.3390/biom11050764
https://www.ncbi.nlm.nih.gov/pubmed/34065237
https://doi.org/10.3389/fonc.2023.1122982
https://www.ncbi.nlm.nih.gov/pubmed/37064141
https://doi.org/10.3389/fcell.2020.625330
https://doi.org/10.1038/bjc.2012.109
https://doi.org/10.1038/bjc.2011.29
https://doi.org/10.1186/s12885-016-2430-y
https://doi.org/10.1101/cshperspect.a036798
https://doi.org/10.26355/eurrev_201905_17806
https://doi.org/10.1371/journal.pone.0205077
https://www.ncbi.nlm.nih.gov/pubmed/30289952
https://doi.org/10.3233/CBM-203149
https://doi.org/10.1016/j.oraloncology.2018.04.021
https://www.ncbi.nlm.nih.gov/pubmed/29909906
https://doi.org/10.3389/fmed.2020.582097
https://doi.org/10.3390/cancers12051246
https://doi.org/10.3389/fgene.2022.886613
https://doi.org/10.3389/fonc.2020.614487
https://doi.org/10.1155/2018/9792730
https://www.ncbi.nlm.nih.gov/pubmed/30584540
https://doi.org/10.1158/1078-0432.CCR-16-2936
https://www.ncbi.nlm.nih.gov/pubmed/28143871


Diagnostics 2024, 14, 1448 20 of 24

73. Orosz, E.; Gombos, K.; Petrevszky, N.; Csonka, D.; Haber, I.; Kaszas, B.; Gergely, L.; Csereklyei, M.; Bajzik, G.; Polgar, C.; et al.
Visualization of mucosal field in HPV positive and negative oropharyngeal squamous cell carcinomas: Combined genomic and
radiology based 3D model. Sci. Rep. 2020, 10, 40. [CrossRef]

74. He, H.; Liu, X.; Liu, Y.; Zhang, M.; Lai, Y.; Hao, Y.; Wang, Q.; Shi, D.; Wang, N.; Luo, X.G.; et al. Human Papillomavirus E6/E7 and
Long Noncoding RNA TMPOP2 Mutually Upregulated Gene Expression in Cervical Cancer Cells. J. Virol. 2019, 93, e01808-18.
[CrossRef]

75. Shen, L.; Li, N.; Zhou, Q.; Li, Z.; Shen, L. Development and validation of an autophagy-related LncRNA prognostic signature in
head and neck squamous cell carcinoma. Front. Oncol. 2021, 11, 743611. [CrossRef]

76. Chen, L.; Zhou, Y.; Sun, Q.; Zhou, J.; Pan, H.; Sui, X. Regulation of autophagy by MiRNAs and their emerging roles in
tumorigenesis and cancer treatment. Int. Rev. Cell Mol. Biol. 2017, 334, 1–26. [CrossRef] [PubMed]

77. Aranda-Rivera, A.K.; Cruz-Gregorio, A.; Briones-Herrera, A.; Pedraza-Chaverri, J. Regulation of autophagy by high- and low-risk
human papillomaviruses. Rev. Med. Virol. 2021, 31, e2169. [CrossRef] [PubMed]

78. Vahabi, M.; Pulito, C.; Sacconi, A.; Donzelli, S.; D’Andrea, M.; Manciocco, V.; Pellini, R.; Pacini, L.; Sanguineti, G.; Strigari, L.;
et al. miR-96-5p targets PTEN expression affecting radio-chemosensitivity of HNSCC cells. J. Exp. Clin. Cancer Res. 2019, 38, 141.
[CrossRef]

79. Long, D.; Xu, L.; Deng, Z.; Guo, D.; Zhang, Y.; Liu, Z.; Wang, Y.; Shi, H.; Zhang, L.; Liu, J.; et al. HPV16 E6 enhances the
radiosensitivity in HPV-positive human head and neck squamous cell carcinoma by regulating the miR-27a-3p/SMG1 axis. Infect.
Agent. Cancer 2021, 16, 56. [CrossRef]

80. Inoue, H.; Hirasaki, M.; Kogashiwa, Y.; Kuba, K.; Ebihara, Y.; Nakahira, M.; Saito, K.; Onitsuka, T.; Nakashima, T. Predicting the
radiosensitivity of HPV-negative oropharyngeal squamous cell carcinoma using miR-130b. Acta Otolaryngol. 2021, 141, 640–645.
[CrossRef]

81. Fu, E.; Liu, T.; Yu, S.; Chen, X.; Song, L.; Lou, H.; Sun, Y.; Shi, Q.; Zhao, Y.; Li, J.; et al. M2 macrophages reduce the radiosensitivity
of head and neck cancer by releasing HB−EGF. Oncol. Rep. 2020, 44, 698–710. [CrossRef]

82. Feng, Q.; Zhang, H.; Yao, D.; Chen, W.D.; Wang, Y.D. Emerging Role of Non-Coding RNAs in Esophageal Squamous Cell
Carcinoma. Int. J. Mol. Sci. 2019, 21, 258. [CrossRef]

83. Dai, D.; Feng, X.D.; Zhu, W.Q.; Bao, Y.N. LncRNA BLACAT1 regulates the viability, migration and invasion of oral squamous cell
carcinoma cells by targeting miR-142-5p. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 10313–10323. [CrossRef]

84. Ma, X.; Zhang, Q.; Du, J.; Tang, J.; Tan, B. Integrated analysis of ceRNA regulatory network associated with tumor stage in cervical
cancer. Front. Genet. 2021, 12, 618753. [CrossRef]
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