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Abstract: The incidence of Human-papillomavirus-positive (HPV+) tonsillar and base-of-tongue
squamous cell carcinoma (TSCC and BOTSCC, respectively) is increasing epidemically, but they have
better prognosis than equivalent HPV-negative (HPV−) cancers, with roughly 80% vs. 50% 3-year
disease-free survival, respectively. The majority of HPV+ TSCC and BOTSCC patients therefore most
likely do not require the intensified chemoradiotherapy given today to head and neck cancer patients
and would with de-escalated therapy avoid several severe side effects. Moreover, for those with poor
prognosis, survival has not improved, so better-tailored alternatives are urgently needed. In line with
refined personalized medicine, recent studies have focused on identifying predictive markers and
driver cancer genes useful for better stratifying patient treatment as well as for targeted therapy. This
review presents some of these endeavors and briefly describes some recent experimental progress
and some clinical trials with targeted therapy.

Keywords: human papillomavirus; tonsillar squamous cell carcinoma; base-of-tongue squamous
cell carcinoma; oropharyngeal squamous cell carcinoma; mutations; prognostic marker; driver genes;
targeted therapy

1. Introduction

In 2007, the International Agency for Research against Cancer (IARC) recognized
human papillomavirus (HPV) as a risk factor, besides smoking and alcohol consumption,
for oropharyngeal squamous cell carcinoma (OPSCC) and especially its specific subsite ton-
sillar squamous cell carcinoma (TSCC) [1–4]. Since then, a significant rise in the incidences
of HPV-positive (HPV+) TSCC and base-of-tongue squamous cell carcinoma (BOTSCC),
the two main HPV+ OPSCC subsites, has been seen in many countries [5–18]. Notably,
patients with HPV+ TSCC or BOTSCC have better prognosis than those with equivalent
HPV-negative (HPV−) OPSCC and head and neck squamous cell carcinoma (HNSCC),
with roughly 80% vs. 50% disease-free survival, respectively [1–4,8,16]. Treatment of
HNSCC, including OPSCC, has, however, in the past years become more aggressive with
induction chemo- or concurrent chemoradiotherapy (and sometimes targeted EGFR in-
hibitor (cetuximab) instead of chemotherapy) [19–21]. This intensified therapy, with more
side effects, is likely an overtreatment for most patients with HPV+ TSCC and BOTSCC
and has unfortunately not improved the outcome for those with poor prognosis. Therefore,
better-tailored therapy is definitely required [1–4,8,16,19–25]. To enable the stratification of
patients for de-escalated or targeted therapy, recent research has focused on exploring the
role of HPV+ status in survival per OPSCC subsite and identifying predictive biomarkers

Viruses 2021, 13, 910. https://doi.org/10.3390/v13050910 https://www.mdpi.com/journal/viruses

https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0003-4602-4297
https://www.mdpi.com/article/10.3390/v13050910?type=check_update&version=1
https://doi.org/10.3390/v13050910
https://doi.org/10.3390/v13050910
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/v13050910
https://www.mdpi.com/journal/viruses


Viruses 2021, 13, 910 2 of 18

and driver genes optimal for targeted therapy [26–50]. Below, efforts to reach these goals
as well as an introduction to some experimental progress and some clinical trials with
targeted therapy for these specific cancers are presented.

2. Special Features of HPV+ Compared to HPV− TSCC, BOTSCC, and Other OPSCC
Subsites, the Epidemic Increase, and the Definition of HPV+ Status
2.1. The Presence of HPV Is Most Evident in TSCC and BOTSCC, the Two Major OPSCC
Subsites, and There Is No Doubt about Its Prognostic Value in These Two Subsites

An association between HPV, OPSCC, and TSCC was reported in 2000, and with ra-
diotherapy and surgery, these HPV+ cases were shown to have much better prognosis than
equivalent HPV− cases (80% vs. 40–50% 5-year survival, respectively) [3,4]. Shortly after,
in 2004, a similar association of HPV with BOTSCC, but not to mobile tongue cancer, was
disclosed, with analogous better prognosis for HPV+ as compared to HPV− BOTSCC [2].
It has since then been verified in a plethora of reports that HPV prevalence is much higher
in TSCC and BOTSCC, the two major lymphoepithelial- and crypt-containing subsites
of OPSCC, as compared to that in other OPSCC subsites, e.g., the soft palate and the
pharyngeal wall [51–54]. More specifically, in a systematic review of 58 distinct cohorts,
the prevalence of HPV was 56% in TSCC/BOTSCC as compared to 19% at other OPSCC
subsites [51]. Furthermore, the favorable prognostic value of HPV in TSCC and BOTSCC
has been confirmed repeatedly and by now, there is no doubt regarding it, while the
prognostic value of HPV at other OPSCC subsites accounting for 10–20% of all OPSCC
has not really been verified so far [1–4,52–56]. Notably, in the American Joint Committee on
Cancer (AJCC) 8th Edition, the distinction of HPV+ OPSCC into different subsites was not
considered, and this is, in our opinion, of some concern, especially when conducting and
evaluating clinical trials [57,58]. Furthermore, according to the AJCC 8th Edition, an HPV+

status is defined by p16 INK4a (p16) overexpression, which also adds to the uncertainty (see
Section 2.4 below).

2.2. The Epidemic Increase in the Incidence of HPV+ OPSCC Is Most Evident in HPV+ TSCC and
BOTSCC, and There Are Changes in Patient Age over Time

In the past decades, there has been a sharp rise in the incidence of OPSCC in many
countries [5–11,13–16,18,59–63]. It is also of note that this surge is primarily due to an
increase in HPV+ cases, mainly HPV+ TSCC and BOTSCC [5–11,13–16,18,59,60,63]. This is
exceptionally clear in countries were the statistics are presented separately for different
OPSCC subsites [12,14,59–61,63]. Importantly, the epidemic rise in the incidence of HPV+

TSCC and BOTSCC emphasizes the urgency of optimizing therapy for this growing group
of patients [61]. Furthermore, despite the efforts that are made to vaccinate against HPV,
it will take decades before there will be a decline in its incidence [61]. Notably, however,
the mean age of the patients has changed over time [2,3,7,10,12,14,15,62]. Decades earlier,
patients with HPV+ cancer were on average 5–10 years younger than those with HPV−

cancer. However, recently, this discrepancy has almost disappeared, which is also of
significance when striving to better individualize therapy [2,3,7,8,10,12,14,15,62].

2.3. Some General Differences between HPV+ and HPV− TSCC and BOTSCC

Today, HPV+ and HPV− TSCC and BOTSCC are acknowledged as separate entities,
with different characteristics, where the former is linked to the oncogenic capacity of
high-risk (HR) HPVs and the latter is mainly associated with smoking and alcohol con-
sumption [1–4]. HPV+ TSCC and BOTSCC generally have normal p53, overexpress p16, are
often aneuploid, are less differentiated, present lymph node metastasis early on, and often
have cervical-cancer-like amplification of chromosome 3q, while HPV− TSCC and BOTSCC
mostly lack these characteristics [3,28,40,49,64–67]. In addition, phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) and fibroblast growth factor 3
(FGFR3) mutations, both targetable, often occur in HPV+ but not in HPV− cancer, where
p53 mutations dominate [28,40,49,67]. Still, irrespective of differentiation, or ploidy, etc.,
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HPV+ TSCC and BOTSCC patients have better prognosis than those with corresponding
HPV− cancers [1–4,64–67].

2.4. Definition of HPV+ Status in OPSCC, TSCC, and BOTSCC

HPVs are circular double-stranded DNA viruses with a genome of almost 8000 kb,
arbitrarily divided into a regulatory, an early, and a late region and enclosed in a 52–55 nm
virion [67]. Regulatory proteins E1–E2, E4–E7 are encoded for by the early region, and virus
capsid proteins L1 and L2 are encoded for by the late region [68]. In HR-HPVs, E6 and E7
are regarded as oncogenes, in which E6 binds to p53 and causes its degradation, in this way
preventing control of DNA damage, cell repair, and apoptosis, while E7 binds to Rb and
abrogates and deregulates cell cycle control [68]. The latter also triggers overexpression of
the cyclin-dependent kinase inhibitor p16INK4a (p16) [68].

The golden standard for an active oncogenic HPV infection is therefore the expression
of HPV E6 and E7 mRNA, but since this was in the past more difficult to assay for on
a regular basis, overexpression of p16 in >70% of the tumor cells was instead used as a
surrogate marker for the presence of HPV in OPSCC [68,69]. The concordance between
HPV E6 and E7 mRNA expression and p16 overexpression is, however, not complete, since
around 10–15% of TSCCs and BOTSCCs expressing p16 are not HPV+, and this discrepancy
is even greater at other OPSCC subsites and in other HNSCCs [51–54,69]. However, it has
been shown especially in TSCC and BOTSCC, as well as in OPSCC, that the presence of
HPV DNA together with the overexpression of p16 is almost equivalent to the presence of
the golden standard [69,70].

3. Treatment of Tonsillar and Base-of-Tongue Cancer
3.1. Treatment of HPV+ and HPV− Tonsillar and Base-of-Tongue Cancer and TNM-8

As already mentioned above (in Section 2.1), according to the AJCC 8th Edition, a
distinction between p16-overexpressing OPSCC and no p16 overexpression is done, not
considering the distinction of OPSCC subsites. Optimally, for better accuracy, based on
data described above, one would limit this distinction to TSCC and BOTSCC and use
HPV E6 and E7 mRNA expression or the presence of p16 overexpression together with
the presence of HPV DNA to indicate HPV+ status (in Section 2.4). This would allow for
a more stringent follow-up, especially when conducting clinical trials. However, this is
not always applied today, and for this reason, some of the clinical data on HPV+ OPSCC
should be taken with caution.

3.2. Treatment of HPV+ and HPV− TSCC and BOTSCC

Similar to HNSCC and OPSCC in general, most patients with TSCC and BOTSCC
present symptoms when their tumors are relatively large, and especially in HPV+ TSCC
and BOTSCC, lymph node metastasis upon diagnosis is common [19–21]. Initially, treat-
ment consisted of radiotherapy and subsequent surgery, if necessary, or surgery and
subsequent radiotherapy [2–4,20]. Today, depending also on the tumor burden, patients
are frequently given radiotherapy with doses up to 70 Gray (Gy), along with induction
or concomitant chemotherapy, and sometimes also epidermal growth factor receptor
(EGFR) inhibitors [19–22,71,72]. This treatment may in some cases, and more frequently
in the past, also be accompanied by modified neck node surgery in patients with lymph
node metastasis remaining after radiotherapy. Furthermore, in HNSCC patients with ad-
vanced/unresectable tumors, the possibility to add immunotherapy with PD-1 inhibitors
upfront, alone or together with chemotherapy, has been attempted and has shown positive
effects on survival [73]. Upon recurrence, salvage surgery or re-irradiation, with or without
chemotherapy, is sometimes possible, and nowadays, immunotherapy with PD-1 inhibitors
is attempted [72]. The administration of palliative treatment is always, as for all other
treatments, dependent on the patient’s performing status, and chemotherapy and/or PD-1
inhibitors are often used in parallel with painkillers [72].
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Acute side effects come along with the intensive treatment above, such as difficulty
in swallowing and eating, caused by radiation, in addition to nausea and mucositis,
accompanied by considerable weight loss, as well as local and systemic infections and
fatigue [19–22,71,72,74–76]. Moreover, when chemoradiotherapy is followed by modified
neck node surgery due to lymph node metastasis remaining after treatment, it may lead
to additional side effects [74–76]. This together with previous radiotherapy may lead to
increased fibrosis and stiffness of the neck, which can worsen the swallowing difficulties,
and patients may also present reduced mobility of the shoulder.

Long-term side effects also occur, and many patients suffer from xerostomia, alter-
ations in taste, and continued difficulties with swallowing. Some patients encounter
trismus and a hearing deficit, which may worsen [71,72,74–76]. In addition, depression is
a side effect that should be followed up and not neglected [77,78]. Radio-osteonecrosis is
also a late side effect and needs reconstruction surgery [71,72,74–76].

3.3. De-Escalation of Treatment of HPV+ OPSCC

As frequently mentioned above, HPV+ TSCC, BOTSCC, and OPSCC have been shown
to have much better prognosis than corresponding HPV− cancer, and due to the plethora
of side effects, also indicated above, efforts to de-escalate therapy have been made. For ex-
ample, attempts have been initiated to reduce radio- or chemotherapy [72,79,80]. In ECOG
1308, a study on stage III–IV OPSCC using p16 overexpression and HPV in situ hybridiza-
tion for HPV+ status, early results suggested that a response to induction chemotherapy
is correlated with a low 1-year failure rate upon reduced-dose radiation [72]. In non-
inferiority RTOG 1016, a multi-center US trial, and a similar phase III De-ESCALaTE HPV
clinical trial, randomizing patients on cetuximab or cisplatin with concurrent accelerated
intensified radiation therapy showed that the former is inferior to the latter [72,79]. More-
over, in a different report, it was shown that de-escalation of radiotherapy is associated
with worse prognoses in patients with PIK3CA mutations than those harboring wild-type
PIK3CA [26].

The latter study discloses the importance of accumulating more knowledge on the
biological significance of different biomarkers upon conducting de-escalated therapy or
embarking on different types of targeted therapies. Several studies have recently made
attempts to use different clinical characteristics and biomarkers to estimate which patients
would be eligible for de-escalated therapy [23,29,47]. However, as the latter study shows,
the situation is complex and more information is needed [23,29,47]. Below, attempts to find
prognostic markers will be presented.

4. The Search of Prognostic or Targetable Biomarkers in HPV+ and HPV− TSCC,
BOTSCC, and OPSCC by Immunohistochemistry or Viral Gene Expression

The first attempts to find biomarkers in this category of tumors were in order to
characterize whether there were specific differences between HPV+ and HPV− OPSCC, as
described above (in Section 2.3). These studies revealed some similarities between HPV+

TSCC and BOTSCC and HPV+ cervical and vulvar cancer, such as the frequent absence
of a p53 mutation and/or the amplification of parts of chromosome 3q, but neither had
a prognostic impact [64,81,82]. The specific search for prognostic or targetable markers
was embarked on somewhat later. Initial reports explored the nature of the viral genome
and markers possible to study by immunohistochemistry (IHC). Subsequently, molecular
methods, e.g., sequencing and proteomic analyses, became much more commonly used,
and some of these different categories of undertakings will be described below.

4.1. Early Studies on the Presence of HPV DNA, p16, p53, and Smoking and Survival

Many studies focused on HPV DNA, p16, p53, and smoking in OPSCC and survival,
but here, only a few will be mentioned [23,24,70,83]. Early on, it was shown that non-
smokers with HPV-DNA-positive TSCC or OPSCC or p16-overexpressing OPSCC had
better prognosis than corresponding patients who smoked [24,83]. However, this was
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likely due to the fact that having either HPV-DNA-positive or p16-overexpressing OPSCC
was a suboptimal way of defining an HPV+ tumor, since although the two correlated in
most cases, there still was a 10–15% discrepancy between the two [69]. More recently, it
has been shown that when requiring the presence of HPV DNA and p16 overexpression
to define HPV-positive status, the significance of being a smoker or a non-smoker is
not as obvious [23,70]. An extensive number of studies have also focused on the role
of p53 in HPV+ TSCC, BOTSCC, and/or OPSCC, and it has by now repeatedly been
shown that p53 mutations are less frequent in HPV+ TSCC, BOTSCC, and/or OPSCC as
compared to their HPV− counterparts [28,49,84]. Moreover, importantly, the presence of
p53 mutations in HPV-DNA-positive or p16-overexpressing or HPV-DNA-negative and
p16-overexpressing TSCC/BOTSCC or OPSCC has so far not been shown to be associated
with worse prognosis [28,49,84].

4.2. Studies on the Physical Status of the HPV Genome; Viral Load; Viral Gene Expression in
TSCC, BOTSCC, and OPSCC; and Correlation with Disease-Free Survival

The physical status of HPV in TSCC, BOTSCC, and OPSCC has been examined in
different ways and reported to be episomal or integrated or both [85–88]. However, a
specific physical state of the virus could not be correlated with survival, while a high viral
load was shown or tended to correlate with a better clinical outcome [85–88]. Furthermore,
the presence of HPV16 E2 mRNA, which could be expected to be correlated with the
presence of an episomal HPV genome, although this does not have to be the case, was
also correlated with better prognosis, as also reported in cervical cancer [88,89]. In this
context, it should be mentioned that in addition to HPV16 E2 mRNA, E5 and E7 mRNA
expression and correlation with survival were also examined due to the potential influence
of E5 and E7 on MHC class I expression and because E2 and E5 are sometimes lost upon
viral genome integration [89]. In that report, it was demonstrated that HPV16 E2, E5, and
E7 mRNA are not correlated with MHC class I expression [89].

4.3. Studies on Immune Cells in HPV+ and HPV− TSCC, BOTSCC, and OPSCC and Survival

Immunological and stem cell markers have been examined extensively, and are still
being examined, by IHC and by other means in HPV+ and HPV− OPSCC, TSCC, and
BOTSCC [33–42,45,46,48,50]. Moreover, recently, an extensive review on the OPSCC tu-
mor microenvironment with regard to options for immunotherapy presented a detailed
overview of immune cells present in the microenvironment and their potential role in
the promotion of active or suppressive immune responses in OPSCC [90]. Most reports
agree that the numbers of CD8+ lymphocytes infiltrating or surrounding the tumor are
generally higher in HPV+ TSCC, BOTSCC, and OPSCC than in respective HPV− tumors
and that having high numbers of CD8+ cells is correlated with a better outcome irre-
spective of the HPV status [23,38–41,47,90]. The prognostic value of CD4+ and FoxP3+

lymphocytes has also been examined, but in two studies, neither correlated alone with the
outcome. However, independent of the HPV status, having a low CD4+/CD8+ ratio or a
high CD8+/FoxP3+ ratio is associated with improved survival [38,39]. In another study,
however, it was shown that a high frequency of Tbet+ Tregs is associated with prolonged
disease-specific survival and this was most likely because their presence showed a high
numbers of effector T-cells [90,91]. The role of macrophages was also discussed extensively
in the same review [90]. CD68+ CD163+ M2 macrophages were often observed in OPSCC,
and a high infiltration of these macrophages was correlated with poor prognosis in two
studies on HNSCC, with most or all cases being OPSCC [92–94]. In this context, the role of
checkpoint inhibitors was also examined in OPSCC. In one study, PD-L1 expression as a
biomarker was examined in CD68+ macrophages, and in HPV− OPSCC, increased numbers
of CD68+ macrophages expressing PD-L1 suggested a favorable immune milieu [40]. In
another study, likewise, in HPV+ tumors infiltrated by CD8+ and CD68+ immune cells with
high PD-L1 expression, overall survival was favorable [95].
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4.4. Studies on the Role of Major Histocompatibility Complex (MHC) Antigen in HPV+ and
HPV− TSCC, BOTSCC, and OPSCC and Survival

The expression of antigens of the major histocompatibility complex (MHC) in TSCC
and BOTSCC has also been examined, especially since it is known that HPV16 E5 and E7
can downregulate MHC antigens [96–98]. Notably, in some studies on HPV+ TSCC and
BOTSCC, absent/low MHC class I expression was of a positive prognostic value, while
the reverse may have been anticipated, which was also observed in patients with HPV−

cancer [35,36]. In contrast to MHC class I, MHC class II expression was not shown to have
an impact on the clinical outcome in TSCC and BOTSCC irrespective of the HPV status [35].
Following up on these findings, TAP1 and TAP2 and LMP2, LMP7, and LMP10 expression,
all influencing MHC peptide antigen processing, was also examined [45,46]. It was then
disclosed that TAP2, LMP2, and LMP7 expression often declined in HPV+ cancer and
that decreased LMP7 expression and medium/high nuclear LMP10 staining correlated
with better survival in HPV+ cancer [45,46]. Hypothetically, it should be expected that
downregulation of MHC class I, and components of the antigen processing machinery, is
of evolutionary benefit for HPV infection as well as for HPV+ cancer in terms of evading
the effects of the immune system. However, HPV+ tumors have also been suggested
to be more sensitive to radiotherapy than HPV− tumors, and that could be part of the
explanation for why patients with HPV+ TSCC/BOTSCC/OPSCC fare better [99–101].
It is unclear, however, whether this really has been studied extensively. Nevertheless,
in vitro, it has been experimentally shown that upon irradiation, in some cases, there is
an increase in MHC class I expression, while in contrast, HPV16 E5 mRNA is decreased,
thereby potentially increasing the immune sensitivity of the tumors [102]. Achieving
increased immune sensitivity of HPV+ tumors would be favorable for the clinical outcome
and in concordance with experimental data obtained in vivo [103]. In the latter study,
HPV+ tumors were curable after cisplatin or radiation therapy only in mice with a normal
immune system and not in immune-incompetent mice, and it was therefore suggested that
to combat these tumors, an immune response was required [103].

4.5. Studies of Various Cell Markers, Such as Stem Cell and Suppressor Gene Markers, Defined by
IHC in HPV+ and HPV− TSCC, BOTSCC, and OPSCC and Survival

A plethora of other markers, of which some have stem cell or tumor suppressor
character, have also been studied by IHC for their possible predictive role in survival
in HPV+ TSCC, BOTSCC, and OPSCC, and here, only a few are described [33,34,42,104].
Early on, it was shown that having low CD44 intensity expression or CD98 expression
was correlated with better survival irrespective of the HPV status in the tumors, while for
tumor suppressor genes LRIG1-3, only high LRIG1 expression was correlated with a better
clinical outcome [33,34,42]. More recently, having low psoriasin expression was correlated
with better survival in HPV+ BOTSCC [50].

To summarize, immunological and general IHC analysis shows that some markers are
specific for only HPV+ or HPV− TSCC, BOTSCC, or OPSCC while many are common for
both HPV+ and HPV− tumors, as well as for many other tumors.

5. The Search for Prognostic or Targetable Biomarkers in HPV+ and HPV− TSCC,
BOTSCC, and OPSCC by Molecular Methods and the Potential Use of
Targeted Therapy

In recent years, molecular technology has improved considerably, allowing for the
possibility to perform mutational analysis by both next-generation sequencing (NGS) of
exomes and whole-genome sequencing, and the costs of these analyses have also decreased.
Furthermore, importantly, it is possible to do so with low amounts of DNA and even
with lower-quality DNA from formalin-fixed-paraffin-embedded (FFPE) material. RNA
sequencing and protein profiling have also been performed, but here and definitely for the
latter, fresh frozen material is of benefit.
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5.1. DNA Sequencing, Mutation Analysis, and Possibilities for Targeted Therapy in HPV+ and
HPV− TSCC, BOTSCC, and OPSCC

Using NGS in HNSCC, several different features have been disclosed between HPV+

and HPV− cancers, including the potential of targeting some of them [28,43,49,67,105–109].
HPV+ TSCC, BOTSCC, or OPSCC mainly presented mutations in the PIK3CA, notch
homolog 1 translocation-associated (NOTCH1), and FGFR3 genes, while HPV− tumors
mainly had mutations in TP53 and cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B)
[28,43,49,67,104–110]. The prognostic values of some of these genes have been reported,
but there are discrepancies between the studies, and the data should be taken with caution.
For example, in one study, TP53 was shown to be of prognostic value in HPV− OPSCC, but
this could not be confirmed in two other studies [28,49,110]. Mutated FGFR3, especially
the FGFR3 p.S249C variant, was also correlated with worse prognosis, similar to that in
cervical cancer in one study, but this could not be confirmed in HPV+ TSCC and BOTSCC
in a subsequent report [28,67,111,112]. Mutated PIK3CA has in this context not generally
been shown to have a prognostic value, but in one report, it was shown to have a favorable
prognostic value, while in another study, with de-intensified radiotherapy, it was correlated
with worse survival [26,28,43,46,49]. Irrespective of whether the mutated genes are prog-
nostic, the fact that some mutations are present could potentially increase the sensitivity
of these tumors to targeted therapy. Two mutant p53-re-activating compounds APR-246
and COTI-2 are currently in use in clinical trials, but their efficacy needs to be further
evaluated [113,114]. There are, however, several inhibitors targeting PIK3CA and FGFR3,
and recently, the Food and Drug Administration (FDA) approved the phosphoinositide
3-kinase inhibitor (PI3K inhibitor) alpelisib (BYL719) for clinical use for advanced breast
cancer and the FGFR inhibitor erdafitinib (JNJ-42756493) for advanced bladder cancer
[115–117]. The latter two types of inhibitors may well be of special importance for HPV+

TSCC, BOTSCC, and OPSCC, since often more than 20% and often 10%, respectively, of
such tumors harbor PIK3CA and/or FGFR3 mutations [28,49].

To conclude, gene sequencing has disclosed important information about relevant
mutations, where targeted therapy could be an important option.

5.2. MicroRNA Expression in HPV+ and HPV− TSCC, BOTSCC, and OPSCC in Relation to the
Clinical Outcome

There are many reports on microRNA (miR) expression in HPV+ and HPV− TSCC,
BOTSCC, and/or OPSCC, of which some are mentioned here [30,31,118–124]. The data
are variable, with few miRs found common between studies, and not all analysis have
taken the HPV status into account. However, miR-9, miR-155, and miR-163b were in some
reports shown to be overexpressed in HPV+ as compared to HPV− OPSCC, while miR-
31 and miR-193b were downregulated [31,118–120,122]. Recently, eight meta-signature
miRs were identified as potential biomarkers of oropharyngeal cancers, but in that study,
the correlation of these miRs with the HPV status was not reported [118]. Instead, in a
separate study, not necessarily related to TSCC, BOTCC, or OPSCC, the expression of
miR was analyzed as a function of HPV E6 and E7 mRNA expression in human foreskin
keratinocytes [125]. There is clearly a large variation between the different publications, and
reasons for the variations between the studies could be the assessment of large miR numbers
in a limited number of samples and that validation cohorts were lacking. A small number
of studies have examined miR expression in TSCC, BOTSCC, or OPSCC in association
with HPV and survival, and here also, the specific miRs differ [30,31,118]. In one study,
overexpression of miR-142-3p, miR-146a, and miR-26b was associated with better overall
survival while the expression of miR-31, miR-24, and miR-193b was negatively correlated
with outcome [118]. In another report, miR-146a, miR-155, and miR-200b expression
was correlated with specific treatments and clinical outcome in HNSCC, which included
a cohort of OPSCC and miR-146a and miR-155 were suggested to serve as surrogate
markers for immune cell infiltration [30]. We have also found a positive correlation with
survival in patients with HPV+ TSCC and BOTSCC with high miR-155 expression, while
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the opposite was observed for those with high miR-185 expression, and in that report,
miR-193b expression was not correlated with outcome [27].

To summarize, the number of publications on miR expression in relation to the clinical
outcome and HPV status in TSCC, BOTSCC, and OPSCC is still limited, and the large
variation in the data reported so far suggests that additional information is necessary before
miRs can be exploited clinically.

5.3. Analysis of the Transcriptome in HPV+ and HPV− TSCC, BOTSCC, and OPSCC

Studies on the transcriptome of HPV+ and HPV− TSCC, BOTSCC, and OPSCC can be
of various kinds. There are reports describing the specific expression of HPV mRNAs in
HNSCC, while others focus on all types of mRNA. Some of these former studies have been
mentioned above [89,97,98]. Others have disclosed differences between HPV+ and HPV−

TSCC, BOTSCC, and OPSCC with regard to immune responses, apoptosis, proliferation
and the cell cycle, and the immune defense [123,126,127]. The latter would be expected
since the nature of the two types of tumors as well as their microenvironments are so
different, as also described above (Sections 4.3 and 4.4).

5.4. Protein Profiling in HPV+ and HPV− TSCC, BOTSCC, and OPSCC

There are still limited numbers of reports on protein profiling in TSCC, BOTSCC, and
OPSCC, of which three are mentioned here [43,44,128]. One report used reverse-phase
protein array profiling on a restricted set of 137 total and phosphorylated proteins and
disclosed differences between HPV+ and HPV− cancers in, e.g., the PI3K/protein kinase B
(AKT)/mammalian target of rapamycin (mTOR) receptor kinase pathways [43]. Protein
expression was also evaluated in relation to PIK3CA mutations in HPV+ OPSCC and was
found to be associated with the activation of mTOR, and the authors suggested that mTOR
inhibitors could be of use in PIK3CA-mutated HPV+ OPSCC [43]. Another study used
proteomic profiling by mass spectrometry and disclosed differences between HPV+ and
HPV− OPSCC in many pathways, of which one was increased ASS1 expression in HPV+

OPSCC [35]. More recently, we examined the expression of 167 immune-related proteins
using two Olink multiplex immunoassays in material derived from fresh frozen samples
from 42 HPV+ and 17 HPV− TSCC and BOTSCC in relation to normal tissue [128]. In
that report, some proteins tended to be associated with survival, and for HPV+ TSCC and
BOTSCC, these proteins were mainly related to angiogenesis and hypoxia [128]. Notably,
a high expression of vascular endothelial growth factor A (VEGFA) was correlated with
poorer prognosis in HPV+ cancer, and we suggested that angiogenesis-related proteins
may serve as potential targets for therapy in HPV+ TSCC and BOTSCC [128].

5.5. Microbiome Studies in HPV+ and HPV− TSCC, BOTSCC, and OPSCC

The oral microbiome is emerging as a promising biomarker of head and neck can-
cers [129]. An early study found that HNSCC patients have a significant lower diversity of
microbiota species than healthy controls and different bacterial taxonomies can be used
for distinguishing oral cancer samples from OPSCC and normal samples [130]. Moreover,
bacteria species, including Fusobacterium nucleatum and Actinobacteria, which are often
found to contribute to carcinogenesis in in vitro experiments, are often observed in greater
abundance in the HNSCC oral microbiome [129–131]. Notably, although there are large
variations in the significant changed bacteria, similar functional signatures, such as enrich-
ment of pro-inflammatory features, are demonstrated to be enriched in oral squamous cell
carcinoma patients [129].

It has also been noted that HPV infection in the cervix is associated with microbiota
changes, as has also been reported in HPV-related cervical intraepithelial neoplasia (CIN)
and cervical cancer [132,133]. However, the studies on microbiota and HPV infection in
HNSCC are limited. There are some bacteria found to be more abundant in HPV+ HNSCC,
but more large well-designed cohorts on the microbiome and HNSCC are urgently needed,
especially considering and including HPV status [130]. It is, namely, possible that HPV-
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infection-associated shifts in the composition of the microbial community may contribute
to the progression of HPV+ TSCC, BOTSCC, and OPSCC. Whether manipulating oral
microbiota can be used for improving clinical outcome is of great potential interest.

6. Targeted Therapy in HPV+ and HPV− TSCC, BOTSCC, and OPSCC; Some
Experimental Progress; and Clinical Trials

So far, apart from the use of immunotherapy, i.e., PD-1 inhibitors, we are not aware that
targeted therapy has been used extensively or compassionately specifically in HPV+ and
HPV− TSCC, BOTSCC, or OPSCC [73]. However, as mentioned above, both PI3K and FGFR
inhibitors have been FDA approved for use in advanced breast cancer and urinary bladder
cancer, respectively [116,117]. Nonetheless, there are clinical trials ongoing, targeting the
PI3K/AKT/mTOR pathway in HNSCC, with the hope that, e.g., PI3K inhibitors would be
more efficient in cancers where the PIK3CA gene is mutated [134]. In addition, others and
we have also attempted to experimentally explore the efficacy of such targeted therapy,
alone or in different combinations, on different types of solid tumor cell lines, of which some
were derived from HNSCC or more specifically from TSCC or BOTSCC. In Section 6.2, some
of these attempts are briefly presented. However, before going into these attempts in more
detail, it should be mentioned that other approaches are also ongoing for targeted therapy
in HNSCC, of which some target the regulation of NFkB signaling by ubiquitination [135].
Here, drugs such as proteosome inhibitors, e.g., bortezomib or inhibitors of apoptosis
proteins (IAP), such as Debio-113, are discussed [135]. However, the exact importance and
the specific effects of these drugs in HPV+ OPSCC need to be explored further.

6.1. Clinical Trials with PI3K, mTOR, and FGFR Inhibitors in HNSCC and Other Solid Tumors

PIK3CA encodes p110alpha protein, which is a catalytic subunit of the class I PI
3-kinases (PI3K) and is a frequently altered oncogene in human cancers, including HN-
SCC [115,134]. A number of clinical studies targeting PI3K in HNSCC have been initiated,
but none of these have specifically targeted HPV+ TSCC, BOTSCC, and OPSCC [115,134].
Buparlisib (BKM120) has been used in a monotherapy clinical trial (NCT01737450) in
patients with metastatic head and neck cancer, recurrent or progressive (PIK-ORL). Others
(NCT02145312, NTC01602315, NCT02051751, and NCT03138070) have used the FDA-
approved alpelisib (BYL719) in recurrent or metastatic HNSCC. Everolimus (RAD001),
an FDA-approved mTOR inhibitor, is presently included in clinical trials (NCT01111058,
NCT01051791, and NCT01283334) on recurrent or metastatic HNSCC.

To the best of our knowledge, there are no specific FGFR inhibitor studies on TSCC,
BOTSCC, or OPSCC. There is, however, a phase 1 clinical study NTC01703481 evaluating
the safety, pharmacokinetics, and pharmacodynamics of the FDA-approved FGFR inhibitor
erdafitinib (JNJ-42756495) in patients with solid tumors, in which patients with HNSCC
are included.

Many of the above, but not all, of the clinical trials are still ongoing, but it is impossible
to distinguish any positive effects specifically for HPV+ TSCC, BOTSCC, and OPSCC.
Nevertheless, positive effects with prolonged progression-free survival with some of the
above treatments have been documented for other types of solid tumors, such as for
breast cancer, but there are also considerable side effects accompanying these treatments
[116,117,136–140].

For example, in breast cancer patients treated with the PI3K inhibitor alpelisib (BYL719)
and fulvestrant (ICI-182780, ZD 9238, ZM 182780), hyperglycemia, rashes, and diarrhea
were frequently encountered; in some cases, pneumonitis and interstitial lung disease and,
in other cases, deaths have been reported [116,137]. In many cases, the side effects could be
treated, but this was not always the situation and targeted therapy had to be abandoned,
and as with all drugs, the benefits must outweigh the side effects.

Patients with urinary bladder cancer treated with FGFR inhibitors frequently ex-
perienced hyperphosphatemia, constipation, decreased appetite, stomatitis, dry mouth,
elevated creatinine, asthenia, and fatigue [138]. Although benefits from treatment could
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be observed, in many cases, treatment had to be terminated, here also due to toxicity, and
moreover, resistance was frequently observed upon mono-treatments [138].

In metastatic breast cancer, to avoid rapid resistance development, PI3K inhibitors,
anti HER2, PI3K, and CDK4/6 inhibitors are being used clinically in combination and also
explored experimentally [136,141]. Consequently, to avoid some of these side effects, i.e., to
be able to decrease the inhibitor doses and to avoid resistance development, some of these
inhibitors have been combined. One clinical trial, e.g., combined the CDK4/6 inhibitor
palbociclib (PD-0332991) with the PI3K/mTOR inhibitor gedatolisib (PF-05212384) for
patients with advanced squamous cell lung, pancreatic, head and neck, and other solid
tumors. Below, some experimental targeted therapies, including combinations of some of
the above inhibitors, for HNSCC, as well as TSCC and BOTSCC, will be described.

6.2. Experimental Targeted Therapy in HPV+ and HPV− TSCC, BOTSCC, and OPSCC

There have been a few experimental studies performed specifically for HPV+ and
HPV− TSCC, BOTSCC, OPSCC, and HNSCC with targeted therapy. Below, some are
described. In addition, studies including other types of solid tumors are briefly mentioned
for comparison.

In 2015, the effects of the mTOR inhibitor everolimus (RAD001), the protein kinase
inhibitor sorafenib (BAY 43-9006), and the multi-targeted tyrosine kinase inhibitor sunitinib
(SU11248) were examined in two p16− HNSCC cell lines and in an HPV+ cervical cancer
line, all shown to express mTOR and amphiregulin (AREG) [142]. Notably, however, the
HPV+ cervical cancer cell line had higher mTOR and lower AREG expression as compared
to the p16-negative cell lines [142]. The applied drugs decreased mTOR expression, which
could be of benefit for delaying tumor progression. In addition, everolimus (RAD001)
decreased AREG independent of HPV status, while sorafenib and sunitinib increased
AREG expression in the HNSCC cell lines but not in the HPV+ cervical cancer cell line [142].
The authors concluded that further studies would be necessary to evaluate HPV-dependent
therapy responses and the potential consequences for options for therapy.

In a contemporary report on the latter, six HNSCC cell lines, of which two had PIK3CA
mutations and four did not, were exposed to the PI3K inhibitor alpelisib (BYL719) [143].
It was then disclosed that the two cell lines with PIK3CA mutations were generally, but
not completely, more sensitive to alpelisib (BYL719) and had lower IC50 values than the
PIK3CA wild-type cell lines [143]. To the best of our knowledge, however, none of these
cell lines were HPV+.

Prior to the above study, a pre-clinical evaluation of the dual mTOR-PI3K inhibitor
dactolisib (BEZ235) was performed in nasopharyngeal cancer models, showing that the
inhibitor induced dose-dependent responses in all cell lines and that having a PIK3CA
mutation was not needed for a response [144]. However, there was no obvious synergistic
effect when dactolisib (BEZ235) was combined with chemotherapy [144].

More recently, we tested the effects of the PI3K inhibitor dactolisib (BEZ235) and the
FGFR inhibitor AZD4547 on the HPV+ TSCC cell line UPCI-SCC-154 and the HPV− UT-
SCC-60A cell line and found dose-dependent responses despite the fact that none of the cell
lines had a PIK3CA mutation [145]. Furthermore, when the two inhibitors were combined,
enhanced responses were disclosed [145]. The data suggest that the concentrations of the
two inhibitors could be decreased and that resistance development to the individual drugs
likely would decrease when they are used together [145].

The findings in our report are analogous to the findings in ovarian cancer cell lines,
where mTOR inhibitors (rapamycin, sirolimus) and FGFR inhibitors (infigratinib, BGJ398)
were combined and, upon combining, the inhibitors enhanced inhibitory effects on cell
growth [146]. In addition, inhibitory effects were observed on migration, and cell cycle
arrest and apoptosis were also observed [146]. Experiments were also performed in vivo,
and while treating the mice with one drug alone did not stop tumor growth, inhibition of
tumor growth was readily observed upon combination of the inhibitors [146].
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More recently, we continued our efforts on HPV+ and HPV− TSCC and BOTSCC cell
lines, with and without PIK3CA and FGFR3 mutations, and used the FDA-approved PI3K
and FGFR inhibitors alpelisib (BYL719) and erdafitinib (JNJ-42756493), respectively [147]. In
that report, we found that the cells responded in a dose-dependent way to single-inhibitor
treatments, and synergy was disclosed upon combining the two inhibitors, independent of
whether the cell lines had PIK3CA or FGFR mutations [147]. Furthermore, when combining
the inhibitors with cisplatin or docetaxel, neutral, additive, or rarely antagonistic effects
were disclosed [147]. The latter was similar to what was disclosed in [147].

CDK4/6 inhibitors have, to the best of our knowledge, not been tested extensively
experimentally in HNSCC. However, in one report, the CDK4/6 inhibitor abemaciclib
(LY2835219) was combined with metformin and enhanced activity was observed in HNSCC
cell lines [148]. Likewise, when combining the CDK4/6 inhibitor abemaciclib (LY2835219)
with an mTOR inhibitor, synergy was found both in vitro and in vivo in HNSCC cell
lines [149]. In another report, however, it was noted that cisplatin exposure caused c-Myc-
dependent resistance to CDK4/6 inhibition in HPV− HNSCC cell lines [150].

To summarize, many in vitro and in vivo experimental studies on targeted therapy
are conducted in many solid tumors today, and with time, extensive knowledge will also
accumulate on HPV+ TSCC and BOTSCC. Hopefully, these studies and other clinical trials
will bring the field forward and offer better-tailored therapy, with increased survival and
quality of life for patients with these diseases in the future.

7. Concluding Remarks

HPV+ TSCC, BOTSCC, and OPSCC have only been acknowledged as specific entities
since 2007. However, despite this short time of perception, much knowledge has accumu-
lated on their biological nature and many biomarkers have been disclosed, some of which
will be useful for prognostic prediction and others for directing targeted therapy. Moreover,
today, there are vaccines that can prevent HPV16 infection, the most common HPV type
in the above tumors. Hopefully, taken together, the accumulated knowledge in this field
will improve therapy for this growing patient group, whether it is de-escalated or targeted
therapy, and will result in increased patient survival and quality of life, as well as in the
long run possible extinction of this debilitating disease.

Author Contributions: Conceptualization, A.N. and T.D.; writing—original draft preparation, A.N.
and T.D.; writing—review and editing, S.H., O.N.K., M.Z., A.Ä.-R., and J.D.; supervision, T.D. All
authors have read and agreed to the published version of the manuscript, and all have contributed,
especially to specific paragraphs.

Funding: This research was funded by the Swedish Cancer Foundation (grant nos. 20 0704 and
20 0778), the Stockholm Cancer Society (grant nos. 201092 and 201242), the Swedish Cancer and
Allergy Foundation (grant nos. 10127 and 10137), the Royal Swedish Academy of Sciences (grant no.
2017–2018), the Stockholm City Council (grant nos. 20180037 and 20200059), the Karolinska Institutet
(grant no. 2018:0007) and the Stiftelsen Clas Groschinsky Minnesfond (grant no. M19376 and M2025),
the Magnus Bergvalls stiftelse (grant no. 2020-03737), Tornspiran (grant no. 2019), and the Stiftelsen
Sigurd och Elsa Goljes Minne (LA2019-0143, LA2020-0077, LA2020-0070).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Linnea Haeggblom for carefully revising the language in this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2021, 13, 910 12 of 18

References
1. IARC. Monographs on the Evaluation of Carcinogenic Risk to Humans, Volume 90; International Agency for Research on Cancer: Lyon,

France, 2007.
2. Dahlgren, L.; Dahlstrand, H.M.; Lindquist, D.; Hogmo, A.; Bjornestal, L.; Lindholm, J.; Lundberg, B.; Dalianis, T.; Munck-Wikland,

E. Human papillomavirus is more common in base of tongue than in mobile tongue cancer and is a favorable prognostic factor in
base of tongue cancer patients. Int. J. Cancer 2004, 112, 1015–1019. [CrossRef] [PubMed]

3. Gillison, M.L.; Koch, W.M.; Capone, R.B.; Spafford, M.; Westra, W.H.; Wu, L.; Zahurak, M.L.; Daniel, R.W.; Viglione, M.; Symer,
D.E.; et al. Evidence for a causal association between human papillomavirus and a subset of head and neck cancers. J. Natl.
Cancer Inst. 2000, 92, 709–720. [CrossRef] [PubMed]

4. Mellin, H.; Friesland, S.; Lewensohn, R.; Dalianis, T.; Munck-Wikland, E. Human papillomavirus (HPV) DNA in tonsillar cancer:
Clinical correlates, risk of relapse, and survival. Int. J. Cancer 2000, 89, 300–304. [CrossRef]

5. Attner, P.; Du, J.; Nasman, A.; Hammarstedt, L.; Ramqvist, T.; Lindholm, J.; Marklund, L.; Dalianis, T.; Munck-Wikland, E. The
role of human papillomavirus in the increased incidence of base of tongue cancer. Int. J. Cancer 2010, 126, 2879–2884. [CrossRef]

6. Braakhuis, B.J.; Visser, O.; Leemans, C.R. Oral and oropharyngeal cancer in The Netherlands between 1989 and 2006: Increasing
incidence, but not in young adults. Oral Oncol. 2009, 45, e85–e89. [CrossRef]

7. Chaturvedi, A.K.; Engels, E.A.; Anderson, W.F.; Gillison, M.L. Incidence trends for human papillomavirus-related and -unrelated
oral squamous cell carcinomas in the United States. J. Clin. Oncol. 2008, 26, 612–619. [CrossRef]

8. Chaturvedi, A.K.; Engels, E.A.; Pfeiffer, R.M.; Hernandez, B.Y.; Xiao, W.; Kim, E.; Jiang, B.; Goodman, M.T.; Sibug-Saber, M.;
Cozen, W.; et al. Human papillomavirus and rising oropharyngeal cancer incidence in the United States. J. Clin. Oncol. 2011, 29,
4294–4301. [CrossRef]

9. Conway, D.I.; Stockton, D.L.; Warnakulasuriya, K.A.; Ogden, G.; Macpherson, L.M. Incidence of oral and oropharyngeal cancer
in United Kingdom (1990–1999)—Recent trends and regional variation. Oral Oncol. 2006, 42, 586–592. [CrossRef]

10. Haeggblom, L.; Attoff, T.; Yu, J.; Holzhauser, S.; Vlastos, A.; Mirzae, L.; Ahrlund-Richter, A.; Munck-Wikland, E.; Marklund,
L.; Hammarstedt-Nordenvall, L.; et al. Changes in incidence and prevalence of human papillomavirus in tonsillar and base of
tongue cancer during 2000–2016 in the Stockholm region and Sweden. Head Neck 2019, 41, 1583–1590. [CrossRef]

11. Hammarstedt, L.; Dahlstrand, H.; Lindquist, D.; Onelov, L.; Ryott, M.; Luo, J.; Dalianis, T.; Ye, W.; Munck-Wikland, E. The
incidence of tonsillar cancer in Sweden is increasing. Acta Otolaryngol. 2007, 127, 988–992. [CrossRef]

12. Hammarstedt, L.; Lindquist, D.; Dahlstrand, H.; Romanitan, M.; Dahlgren, L.O.; Joneberg, J.; Creson, N.; Lindholm, J.; Ye, W.;
Dalianis, T.; et al. Human papillomavirus as a risk factor for the increase in incidence of tonsillar cancer. Int. J. Cancer 2006, 119,
2620–2623. [CrossRef]

13. Marur, S.; D’Souza, G.; Westra, W.H.; Forastiere, A.A. HPV-associated head and neck cancer: A virus-related cancer epidemic.
Lancet Oncol. 2010, 11, 781–789. [CrossRef]

14. Nasman, A.; Attner, P.; Hammarstedt, L.; Du, J.; Eriksson, M.; Giraud, G.; Ahrlund-Richter, S.; Marklund, L.; Romanitan, M.;
Lindquist, D.; et al. Incidence of human papillomavirus (HPV) positive tonsillar carcinoma in Stockholm, Sweden: An epidemic
of viral-induced carcinoma? Int. J. Cancer 2009, 125, 362–366. [CrossRef]

15. Nasman, A.; Nordfors, C.; Holzhauser, S.; Vlastos, A.; Tertipis, N.; Hammar, U.; Hammarstedt-Nordenvall, L.; Marklund, L.;
Munck-Wikland, E.; Ramqvist, T.; et al. Incidence of human papillomavirus positive tonsillar and base of tongue carcinoma: A
stabilisation of an epidemic of viral induced carcinoma? Eur. J. Cancer 2015, 51, 55–61. [CrossRef]

16. Ramqvist, T.; Dalianis, T. Oropharyngeal cancer epidemic and human papillomavirus. Emerg. Infect. Dis. 2010,
16, 1671–1677. [CrossRef]

17. Robinson, K.L.; Macfarlane, G.J. Oropharyngeal cancer incidence and mortality in Scotland: Are rates still increasing? Oral Oncol.
2003, 39, 31–36. [CrossRef]

18. Sturgis, E.M.; Cinciripini, P.M. Trends in head and neck cancer incidence in relation to smoking prevalence: An emerging
epidemic of human papillomavirus-associated cancers? Cancer 2007, 110, 1429–1435. [CrossRef]

19. Attner, P.; Du, J.; Nasman, A.; Hammarstedt, L.; Ramqvist, T.; Lindholm, J.; Marklund, L.; Dalianis, T.; Munck-Wikland, E. Human
papillomavirus and survival in patients with base of tongue cancer. Int. J. Cancer 2011, 128, 2892–2897. [CrossRef]

20. Chen, A.Y.; Zhu, J.; Fedewa, S. Temporal trends in oropharyngeal cancer treatment and survival: 1998–2009. Laryngoscope 2014,
124, 131–138. [CrossRef]

21. Licitra, L.; Bernier, J.; Grandi, C.; Merlano, M.; Bruzzi, P.; Lefebvre, J.L. Cancer of the oropharynx. Crit. Rev. Oncol. Hematol. 2002,
41, 107–122. [CrossRef]

22. Oropharyngeal Cancer Treatment (Adult) (PDQ®)–Health Professional Version. Available online: https://www.cancer.gov/
types/head-and-neck/hp/adult/oropharyngeal-treatment-pdq (accessed on 7 April 2021).

23. Bersani, C.; Mints, M.; Tertipis, N.; Haeggblom, L.; Sivars, L.; Ahrlund-Richter, A.; Vlastos, A.; Smedberg, C.; Grun, N.; Munck-
Wikland, E.; et al. A model using concomitant markers for predicting outcome in human papillomavirus positive oropharyngeal
cancer. Oral Oncol. 2017, 68, 53–59. [CrossRef]

24. Lindquist, D.; Romanitan, M.; Hammarstedt, L.; Nasman, A.; Dahlstrand, H.; Lindholm, J.; Onelov, L.; Ramqvist, T.; Ye, W.;
Munck-Wikland, E.; et al. Human papillomavirus is a favourable prognostic factor in tonsillar cancer and its oncogenic role is
supported by the expression of E6 and E7. Mol. Oncol. 2007, 1, 350–355. [CrossRef]

http://doi.org/10.1002/ijc.20490
http://www.ncbi.nlm.nih.gov/pubmed/15386365
http://doi.org/10.1093/jnci/92.9.709
http://www.ncbi.nlm.nih.gov/pubmed/10793107
http://doi.org/10.1002/1097-0215(20000520)89:3&lt;300::AID-IJC14&gt;3.0.CO;2-G
http://doi.org/10.1002/ijc.24994
http://doi.org/10.1016/j.oraloncology.2009.03.010
http://doi.org/10.1200/JCO.2007.14.1713
http://doi.org/10.1200/JCO.2011.36.4596
http://doi.org/10.1016/j.oraloncology.2005.10.018
http://doi.org/10.1002/hed.25585
http://doi.org/10.1080/00016480601110170
http://doi.org/10.1002/ijc.22177
http://doi.org/10.1016/S1470-2045(10)70017-6
http://doi.org/10.1002/ijc.24339
http://doi.org/10.1016/j.ejca.2014.10.016
http://doi.org/10.3201/eid1611.100452
http://doi.org/10.1016/S1368-8375(02)00014-3
http://doi.org/10.1002/cncr.22963
http://doi.org/10.1002/ijc.25625
http://doi.org/10.1002/lary.24296
http://doi.org/10.1016/S1040-8428(01)00129-9
https://www.cancer.gov/types/head-and-neck/hp/adult/oropharyngeal-treatment-pdq
https://www.cancer.gov/types/head-and-neck/hp/adult/oropharyngeal-treatment-pdq
http://doi.org/10.1016/j.oraloncology.2017.03.007
http://doi.org/10.1016/j.molonc.2007.08.005


Viruses 2021, 13, 910 13 of 18

25. Strohl, M.P.; Wai, K.C.; Ha, P.K. De-intensification strategies in HPV-related oropharyngeal squamous cell carcinoma-a narrative
review. Ann. Transl. Med. 2020, 8, 1601. [CrossRef]

26. Beaty, B.T.; Moon, D.H.; Shen, C.J.; Amdur, R.J.; Weiss, J.; Grilley-Olson, J.; Patel, S.; Zanation, A.; Hackman, T.G.; Thorp, B.; et al.
PIK3CA Mutation in HPV-Associated OPSCC Patients Receiving Deintensified Chemoradiation. J. Natl. Cancer Inst. 2020, 112,
855–858. [CrossRef]

27. Bersani, C.; Mints, M.; Tertipis, N.; Haeggblom, L.; Nasman, A.; Romanitan, M.; Dalianis, T.; Ramqvist, T. 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]

28. Bersani, C.; Sivars, L.; Haeggblom, L.; DiLorenzo, S.; Mints, M.; Ahrlund-Richter, A.; Tertipis, N.; Munck-Wikland, E.; Nasman,
A.; Ramqvist, T.; et al. Targeted sequencing of tonsillar and base of tongue cancer and human papillomavirus positive unknown
primary of the head and neck reveals prognostic effects of mutated FGFR3. Oncotarget 2017, 8, 35339–35350. [CrossRef] [PubMed]

29. Gronhoj, C.; Jensen, D.H.; Dehlendorff, C.; Marklund, L.; Wagner, S.; Mehanna, H.; Munck-Wikland, E.; Ramqvist, T.; Nasman,
A.; Wittekindt, C.; et al. Development and external validation of nomograms in oropharyngeal cancer patients with known
HPV-DNA status: A European Multicentre Study (OroGrams). Br. J. Cancer 2018, 118, 1672–1681. [CrossRef]

30. Hess, A.K.; Muer, A.; Mairinger, F.D.; Weichert, W.; Stenzinger, A.; Hummel, M.; Budach, V.; Tinhofer, I. MiR-200b and miR-155 as
predictive biomarkers for the efficacy of chemoradiation in locally advanced head and neck squamous cell carcinoma. Eur. J.
Cancer 2017, 77, 3–12. [CrossRef]

31. Hui, A.B.; Lin, A.; Xu, W.; Waldron, L.; Perez-Ordonez, B.; Weinreb, I.; Shi, W.; Bruce, J.; Huang, S.H.; O’Sullivan, B.; et al.
Potentially prognostic miRNAs in HPV-associated oropharyngeal carcinoma. Clin. Cancer Res. 2013, 19, 2154–2162. [CrossRef]

32. Lechner, M.; Frampton, G.M.; Fenton, T.; Feber, A.; Palmer, G.; Jay, A.; Pillay, N.; Forster, M.; Cronin, M.T.; Lipson, D.; et al.
Targeted next-generation sequencing of head and neck squamous cell carcinoma identifies novel genetic alterations in HPV+ and
HPV- tumors. Genome Med. 2013, 5, 49. [CrossRef]

33. Lindquist, D.; Ahrlund-Richter, A.; Tarjan, M.; Tot, T.; Dalianis, T. Intense CD44 expression is a negative prognostic factor in
tonsillar and base of tongue cancer. Anticancer Res. 2012, 32, 153–161. [PubMed]

34. Lindquist, D.; Nasman, A.; Tarjan, M.; Henriksson, R.; Tot, T.; Dalianis, T.; Hedman, H. Expression of LRIG1 is associated with
good prognosis and human papillomavirus status in oropharyngeal cancer. Br. J. Cancer 2014, 110, 1793–1800. [CrossRef]

35. Nasman, A.; Andersson, E.; Marklund, L.; Tertipis, N.; Hammarstedt-Nordenvall, L.; Attner, P.; Nyberg, T.; Masucci, G.V.;
Munck-Wikland, E.; Ramqvist, T.; et al. HLA class I and II expression in oropharyngeal squamous cell carcinoma in relation to
tumor HPV status and clinical outcome. PLoS ONE 2013, 8, e77025. [CrossRef] [PubMed]

36. Nasman, A.; Andersson, E.; Nordfors, C.; Grun, N.; Johansson, H.; Munck-Wikland, E.; Massucci, G.; Dalianis, T.; Ramqvist, T.
MHC class I expression in HPV positive and negative tonsillar squamous cell carcinoma in correlation to clinical outcome. Int. J.
Cancer 2013, 132, 72–81. [CrossRef] [PubMed]

37. Nasman, A.; Nordfors, C.; Grun, N.; Munck-Wikland, E.; Ramqvist, T.; Marklund, L.; Lindquist, D.; Dalianis, T. Absent/weak
CD44 intensity and positive human papillomavirus (HPV) status in oropharyngeal squamous cell carcinoma indicates a very
high survival. Cancer Med. 2013, 2, 507–518. [CrossRef]

38. Nasman, A.; Romanitan, M.; Nordfors, C.; Grun, N.; Johansson, H.; Hammarstedt, L.; Marklund, L.; Munck-Wikland, E.; Dalianis,
T.; Ramqvist, T. Tumor infiltrating CD8+ and Foxp3+ lymphocytes correlate to clinical outcome and human papillomavirus (HPV)
status in tonsillar cancer. PLoS ONE 2012, 7, e38711. [CrossRef]

39. Nordfors, C.; Grun, N.; Tertipis, N.; Ahrlund-Richter, A.; Haeggblom, L.; Sivars, L.; Du, J.; Nyberg, T.; Marklund, L.; Munck-
Wikland, E.; et al. CD8+ and CD4+ tumour infiltrating lymphocytes in relation to human papillomavirus status and clinical
outcome in tonsillar and base of tongue squamous cell carcinoma. Eur. J. Cancer 2013, 49, 2522–2530. [CrossRef] [PubMed]

40. Oguejiofor, K.; Galletta-Williams, H.; Dovedi, S.J.; Roberts, D.L.; Stern, P.L.; West, C.M. Distinct patterns of infiltrating CD8+

T cells in HPV+ and CD68 macrophages in HPV- oropharyngeal squamous cell carcinomas are associated with better clinical
outcome but PD-L1 expression is not prognostic. Oncotarget 2017, 8, 14416–14427. [CrossRef]

41. Oguejiofor, K.; Hall, J.; Slater, C.; Betts, G.; Hall, G.; Slevin, N.; Dovedi, S.; Stern, P.L.; West, C.M. Stromal infiltration of CD8 T
cells is associated with improved clinical outcome in HPV-positive oropharyngeal squamous carcinoma. Br. J. Cancer 2015, 113,
886–893. [CrossRef]

42. Rietbergen, M.M.; Martens-de Kemp, S.R.; Bloemena, E.; Witte, B.I.; Brink, A.; Baatenburg de Jong, R.J.; Leemans, C.R.; Braakhuis,
B.J.; Brakenhoff, R.H. Cancer stem cell enrichment marker CD98: A prognostic factor for survival in patients with human
papillomavirus-positive oropharyngeal cancer. Eur. J. Cancer 2014, 50, 765–773. [CrossRef]

43. Sewell, A.; Brown, B.; Biktasova, A.; Mills, G.B.; Lu, Y.; Tyson, D.R.; Issaeva, N.; Yarbrough, W.G. Reverse-phase protein array
profiling of oropharyngeal cancer and significance of PIK3CA mutations in HPV-associated head and neck cancer. Clin. Cancer
Res. 2014, 20, 2300–2311. [CrossRef] [PubMed]

44. Slebos, R.J.; Jehmlich, N.; Brown, B.; Yin, Z.; Chung, C.H.; Yarbrough, W.G.; Liebler, D.C. Proteomic analysis of oropharyngeal
carcinomas reveals novel HPV-associated biological pathways. Int. J. Cancer 2013, 132, 568–579. [CrossRef] [PubMed]

45. Tertipis, N.; Haeggblom, L.; Grun, N.; Nordfors, C.; Nasman, A.; Dalianis, T.; Ramqvist, T. Reduced Expression of the Antigen
Processing Machinery Components TAP2, LMP2, and LMP7 in Tonsillar and Base of Tongue Cancer and Implications for Clinical
Outcome. Transl. Oncol. 2015, 8, 10–17. [CrossRef] [PubMed]

http://doi.org/10.21037/atm-20-2984
http://doi.org/10.1093/jnci/djz224
http://doi.org/10.1016/j.oraloncology.2018.04.021
http://doi.org/10.18632/oncotarget.15240
http://www.ncbi.nlm.nih.gov/pubmed/28525363
http://doi.org/10.1038/s41416-018-0107-9
http://doi.org/10.1016/j.ejca.2017.02.018
http://doi.org/10.1158/1078-0432.CCR-12-3572
http://doi.org/10.1186/gm453
http://www.ncbi.nlm.nih.gov/pubmed/22213301
http://doi.org/10.1038/bjc.2014.87
http://doi.org/10.1371/journal.pone.0077025
http://www.ncbi.nlm.nih.gov/pubmed/24130830
http://doi.org/10.1002/ijc.27635
http://www.ncbi.nlm.nih.gov/pubmed/22592660
http://doi.org/10.1002/cam4.90
http://doi.org/10.1371/journal.pone.0038711
http://doi.org/10.1016/j.ejca.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23571147
http://doi.org/10.18632/oncotarget.14796
http://doi.org/10.1038/bjc.2015.277
http://doi.org/10.1016/j.ejca.2013.11.010
http://doi.org/10.1158/1078-0432.CCR-13-2585
http://www.ncbi.nlm.nih.gov/pubmed/24599934
http://doi.org/10.1002/ijc.27699
http://www.ncbi.nlm.nih.gov/pubmed/22733545
http://doi.org/10.1016/j.tranon.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25749172


Viruses 2021, 13, 910 14 of 18

46. Tertipis, N.; Haeggblom, L.; Nordfors, C.; Grun, N.; Nasman, A.; Vlastos, A.; Dalianis, T.; Ramqvist, T. Correlation of LMP10
expression and clinical outcome in Human Papillomavirus (HPV) positive and HPV-Negative tonsillar and base of tongue cancer.
PLoS ONE 2014, 9, e95624. [CrossRef]

47. Tertipis, N.; Hammar, U.; Nasman, A.; Vlastos, A.; Nordfors, C.; Grun, N.; Ahrlund-Richter, A.; Sivars, L.; Haeggblom, L.;
Marklund, L.; et al. A model for predicting clinical outcome in patients with human papillomavirus-positive tonsillar and base of
tongue cancer. Eur. J. Cancer 2015, 51, 1580–1587. [CrossRef]

48. Tertipis, N.; Villabona, L.; Nordfors, C.; Nasman, A.; Ramqvist, T.; Vlastos, A.; Masucci, G.; Dalianis, T. HLA-A*02 in relation to
outcome in human papillomavirus positive tonsillar and base of tongue cancer. Anticancer Res. 2014, 34, 2369–2375.

49. Tinhofer, I.; Budach, V.; Saki, M.; Konschak, R.; Niehr, F.; Johrens, K.; Weichert, W.; Linge, A.; Lohaus, F.; Krause, M.; et al.
Targeted next-generation sequencing of locally advanced squamous cell carcinomas of the head and neck reveals druggable
targets for improving adjuvant chemoradiation. Eur. J. Cancer 2016, 57, 78–86. [CrossRef]

50. Zupancic, M.; Haeggblom, L.; Landin, D.; Marklund, L.; Dalianis, T.; Nasman, A. Psoriasin expression is associated with survival
in patients with human papillomavirus-positive base of tongue squamous cell carcinoma. Oncol. Lett. 2021, 21, 277. [CrossRef]

51. Haeggblom, L.; Ramqvist, T.; Tommasino, M.; Dalianis, T.; Nasman, A. Time to change perspectives on HPV in oropharyn-
geal cancer. A systematic review of HPV prevalence per oropharyngeal sub-site the last 3 years. Papillomavirus Res. 2017,
4, 1–11. [CrossRef]

52. Hammarstedt, L.; Holzhauser, S.; Zupancic, M.; Kapoulitsa, F.; Ursu, R.G.; Ramqvist, T.; Haeggblom, L.; Nasman, A.; Dalianis, T.;
Marklund, L. The value of p16 and HPV DNA in non-tonsillar, non-base of tongue oropharyngeal cancer. Acta Otolaryngol. 2021,
141, 89–94. [CrossRef]

53. Marklund, L.; Holzhauser, S.; de Flon, C.; Zupancic, M.; Landin, D.; Kolev, A.; Haeggblom, L.; Munck-Wikland, E.; Hammarstedt-
Nordenvall, L.; Dalianis, T.; et al. Survival of patients with oropharyngeal squamous cell carcinomas (OPSCC) in relation to
TNM 8—Risk of incorrect downstaging of HPV-mediated non-tonsillar, non-base of tongue carcinomas. Eur. J. Cancer 2020, 139,
192–200. [CrossRef]

54. Marklund, L.; Nasman, A.; Ramqvist, T.; Dalianis, T.; Munck-Wikland, E.; Hammarstedt, L. Prevalence of human papillomavirus
and survival in oropharyngeal cancer other than tonsil or base of tongue cancer. Cancer Med. 2012, 1, 82–88. [CrossRef]

55. Ljokjel, B.; Lybak, S.; Haave, H.; Olofsson, J.; Vintermyr, O.K.; Aarstad, H.J. The impact of HPV infection on survival in a
geographically defined cohort of oropharynx squamous cell carcinoma (OPSCC) patients in whom surgical treatment has been
one main treatment. Acta Otolaryngol. 2014, 134, 636–645. [CrossRef]

56. Tham, T.; Wotman, M.; Roche, A.; Kraus, D.; Costantino, P. The prognostic effect of anatomic subsite in HPV-positive oropharyn-
geal squamous cell carcinoma. Am. J. Otolaryngol. 2019, 40, 567–572. [CrossRef]

57. Huang, S.H.; Xu, W.; Waldron, J.; Siu, L.; Shen, X.; Tong, L.; Ringash, J.; Bayley, A.; Kim, J.; Hope, A.; et al. Refining American Joint
Committee on Cancer/Union for International Cancer Control TNM stage and prognostic groups for human papillomavirus-
related oropharyngeal carcinomas. J. Clin. Oncol. 2015, 33, 836–845. [CrossRef]

58. O’Sullivan, B.; Huang, S.H.; Su, J.; Garden, A.S.; Sturgis, E.M.; Dahlstrom, K.; Lee, N.; Riaz, N.; Pei, X.; Koyfman, S.A.; et al.
Development and validation of a staging system for HPV-related oropharyngeal cancer by the International Collaboration on
Oropharyngeal cancer Network for Staging (ICON-S): A multicentre cohort study. Lancet Oncol. 2016, 17, 440–451. [CrossRef]

59. Carlander, A.F.; Gronhoj Larsen, C.; Jensen, D.H.; Garnaes, E.; Kiss, K.; Andersen, L.; Olsen, C.H.; Franzmann, M.; Hogdall, E.;
Kjaer, S.K.; et al. Continuing rise in oropharyngeal cancer in a high HPV prevalence area: A Danish population-based study from
2011 to 2014. Eur. J. Cancer 2017, 70, 75–82. [CrossRef]

60. Floros, P.; Rao, A.; McCloy, R.A.; Sim, H.W.; Chin, V.T.; Leavers, B.C.; Crawford, J.A.; Gallagher, R.M. Altered presentation of
oropharyngeal cancer, a 6-year review. ANZ J. Surg. 2021. [CrossRef]

61. Nasman, A.; Du, J.; Dalianis, T. A global epidemic increase of an HPV-induced tonsil and tongue base cancer—Potential benefit
from a pan-gender use of HPV vaccine. J. Intern. Med. 2020, 287, 134–152. [CrossRef]

62. Tota, J.E.; Best, A.F.; Zumsteg, Z.S.; Gillison, M.L.; Rosenberg, P.S.; Chaturvedi, A.K. Evolution of the Oropharynx Cancer
Epidemic in the United States: Moderation of Increasing Incidence in Younger Individuals and Shift in the Burden to Older
Individuals. J. Clin. Oncol. 2019, 37, 1538–1546. [CrossRef]

63. Van Monsjou, H.S.; Balm, A.J.; van den Brekel, M.M.; Wreesmann, V.B. Oropharyngeal squamous cell carcinoma: A unique
disease on the rise? Oral Oncol. 2010, 46, 780–785. [CrossRef] [PubMed]

64. Dahlgren, L.; Mellin, H.; Wangsa, D.; Heselmeyer-Haddad, K.; Bjornestal, L.; Lindholm, J.; Munck-Wikland, E.; Auer, G.; Ried, T.;
Dalianis, T. Comparative genomic hybridization analysis of tonsillar cancer reveals a different pattern of genomic imbalances in
human papillomavirus-positive and -negative tumors. Int. J. Cancer 2003, 107, 244–249. [CrossRef] [PubMed]

65. Mellin Dahlstrand, H.; Lindquist, D.; Bjornestal, L.; Ohlsson, A.; Dalianis, T.; Munck-Wikland, E.; Elmberger, G. P16(INK4a)
correlates to human papillomavirus presence, response to radiotherapy and clinical outcome in tonsillar carcinoma. Anticancer
Res. 2005, 25, 4375–4383. [PubMed]

66. Mellin, H.; Friesland, S.; Auer, G.; Dalianis, T.; Munck-Wikland, E. Human papillomavirus and DNA ploidy in tonsillar
cancer–correlation to prognosis. Anticancer Res. 2003, 23, 2821–2828.

67. Seiwert, T.Y.; Zuo, Z.; Keck, M.K.; Khattri, A.; Pedamallu, C.S.; Stricker, T.; Brown, C.; Pugh, T.J.; Stojanov, P.; Cho, J.; et al.
Integrative and comparative genomic analysis of HPV-positive and HPV-negative head and neck squamous cell carcinomas. Clin.
Cancer Res. 2015, 21, 632–641. [CrossRef]

http://doi.org/10.1371/journal.pone.0095624
http://doi.org/10.1016/j.ejca.2015.04.024
http://doi.org/10.1016/j.ejca.2016.01.003
http://doi.org/10.3892/ol.2021.12538
http://doi.org/10.1016/j.pvr.2017.05.002
http://doi.org/10.1080/00016489.2020.1813906
http://doi.org/10.1016/j.ejca.2020.08.003
http://doi.org/10.1002/cam4.2
http://doi.org/10.3109/00016489.2014.886336
http://doi.org/10.1016/j.amjoto.2019.05.006
http://doi.org/10.1200/JCO.2014.58.6412
http://doi.org/10.1016/S1470-2045(15)00560-4
http://doi.org/10.1016/j.ejca.2016.10.015
http://doi.org/10.1111/ans.16537
http://doi.org/10.1111/joim.13010
http://doi.org/10.1200/JCO.19.00370
http://doi.org/10.1016/j.oraloncology.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20920878
http://doi.org/10.1002/ijc.11371
http://www.ncbi.nlm.nih.gov/pubmed/12949801
http://www.ncbi.nlm.nih.gov/pubmed/16334111
http://doi.org/10.1158/1078-0432.CCR-13-3310


Viruses 2021, 13, 910 15 of 18

68. Tommasino, M. The human papillomavirus family and its role in carcinogenesis. Semin. Cancer Biol. 2014, 26, 13–21. [CrossRef]
69. Smeets, S.J.; Hesselink, A.T.; Speel, E.J.; Haesevoets, A.; Snijders, P.J.; Pawlita, M.; Meijer, C.J.; Braakhuis, B.J.; Leemans, C.R.;

Brakenhoff, R.H. A novel algorithm for reliable detection of human papillomavirus in paraffin embedded head and neck cancer
specimen. Int. J. Cancer 2007, 121, 2465–2472. [CrossRef]

70. Mena, M.; Taberna, M.; Tous, S.; Marquez, S.; Clavero, O.; Quiros, B.; Lloveras, B.; Alejo, M.; Leon, X.; Quer, M.; et al. Double
positivity for HPV-DNA/p16(ink4a) is the biomarker with strongest diagnostic accuracy and prognostic value for human
papillomavirus related oropharyngeal cancer patients. Oral Oncol. 2018, 78, 137–144. [CrossRef]

71. Oropharyngeal Cancer. Available online: https://www.nccn.org/patients/guidelines/content/PDF/hn-oropharyngeal-patient.
pdf (accessed on 7 April 2021).

72. Pfister, D.G.; Spencer, S.; Adelstein, D.; Adkins, D.; Anzai, Y.; Brizel, D.M.; Bruce, J.Y.; Busse, P.M.; Caudell, J.J.; Cmelak, A.J.; et al.
Head and Neck Cancers, Version 2.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2020, 18,
873–898. [CrossRef]

73. Burtness, B.; Harrington, K.J.; Greil, R.; Soulieres, D.; Tahara, M.; de Castro, G., Jr.; Psyrri, A.; Baste, N.; Neupane, P.; Bratland,
A.; et al. Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic
squamous cell carcinoma of the head and neck (KEYNOTE-048): A randomised, open-label, phase 3 study. Lancet 2019,
394, 1915–1928. [CrossRef]

74. Kraaijenga, S.A.; Oskam, I.M.; van Son, R.J.; Hamming-Vrieze, O.; Hilgers, F.J.; van den Brekel, M.W.; van der Molen, L. Assess-
ment of voice, speech, and related quality of life in advanced head and neck cancer patients 10-years+ after chemoradiotherapy.
Oral Oncol. 2016, 55, 24–30. [CrossRef]

75. Loorents, V.; Rosell, J.; Salgado Willner, H.; Borjeson, S. Health-related quality of life up to 1 year after radiotherapy in patients
with head and neck cancer (HNC). Springerplus 2016, 5, 669. [CrossRef]

76. Wan Leung, S.; Lee, T.F.; Chien, C.Y.; Chao, P.J.; Tsai, W.L.; Fang, F.M. Health-related quality of life in 640 head and neck cancer
survivors after radiotherapy using EORTC QLQ-C30 and QLQ-H&N35 questionnaires. BMC Cancer 2011, 11, 128. [CrossRef]

77. Qualliotine, J.R.; Califano, J.A.; Li, R.J.; Gold, D.; Messing, B.; Lee, G.; Ha, P.; Fakhry, C. Human papillomavirus tumour
status is not associated with a positive depression screen for patients with oropharyngeal cancer. J. Laryngol. Otol. 2017,
131, 760–767. [CrossRef]

78. Sauder, C.; Kapsner-Smith, M.; Baylor, C.; Yorkston, K.; Futran, N.; Eadie, T. Communicative Participation and Quality of Life in
Pretreatment Oral and Oropharyngeal Head and Neck Cancer. Otolaryngol. Head Neck Surg. 2021, 164, 616–623. [CrossRef]

79. Masterson, L.; Moualed, D.; Liu, Z.W.; Howard, J.E.; Dwivedi, R.C.; Tysome, J.R.; Benson, R.; Sterling, J.C.; Sudhoff, H.; Jani,
P.; et al. De-escalation treatment protocols for human papillomavirus-associated oropharyngeal squamous cell carcinoma: A
systematic review and meta-analysis of current clinical trials. Eur. J. Cancer 2014, 50, 2636–2648. [CrossRef]

80. Mehanna, H. Update on De-intensification and Intensification Studies in HPV. In HPV Infection in Head and Neck Cancer; Recent
Results in Cancer Research; Springer: Cham, Switzerland, 2017; Volume 206, pp. 251–256. [CrossRef]

81. Crook, T.; Wrede, D.; Tidy, J.A.; Mason, W.P.; Evans, D.J.; Vousden, K.H. Clonal p53 mutation in primary cervical cancer:
Association with human-papillomavirus-negative tumours. Lancet 1992, 339, 1070–1073. [CrossRef]

82. Wilting, S.M.; Smeets, S.J.; Snijders, P.J.; van Wieringen, W.N.; van de Wiel, M.A.; Meijer, G.A.; Ylstra, B.; Leemans, C.R.; Meijer,
C.J.; Brakenhoff, R.H.; et al. Genomic profiling identifies common HPV-associated chromosomal alterations in squamous cell
carcinomas of cervix and head and neck. BMC Med. Genomics 2009, 2, 32. [CrossRef]

83. Ang, K.K.; Harris, J.; Wheeler, R.; Weber, R.; Rosenthal, D.I.; Nguyen-Tan, P.F.; Westra, W.H.; Chung, C.H.; Jordan, R.C.; Lu, C.;
et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N. Engl. J. Med. 2010, 363, 24–35. [CrossRef]

84. Hong, A.; Zhang, X.; Jones, D.; Veillard, A.S.; Zhang, M.; Martin, A.; Lyons, J.G.; Lee, C.S.; Rose, B. Relationships between p53
mutation, HPV status and outcome in oropharyngeal squamous cell carcinoma. Radiother. Oncol. 2016, 118, 342–349. [CrossRef]

85. Dahlstrand, H.M.; Dalianis, T. Presence and influence of human papillomaviruses (HPV) in Tonsillar cancer. Adv. Cancer Res.
2005, 93, 59–89. [CrossRef] [PubMed]

86. Hafkamp, H.C.; Speel, E.J.; Haesevoets, A.; Bot, F.J.; Dinjens, W.N.; Ramaekers, F.C.; Hopman, A.H.; Manni, J.J. A subset of head
and neck squamous cell carcinomas exhibits integration of HPV 16/18 DNA and overexpression of p16INK4A and p53 in the
absence of mutations in p53 exons 5–8. Int. J. Cancer 2003, 107, 394–400. [CrossRef] [PubMed]

87. Koskinen, W.J.; Chen, R.W.; Leivo, I.; Makitie, A.; Back, L.; Kontio, R.; Suuronen, R.; Lindqvist, C.; Auvinen, E.; Molijn, A.; et al.
Prevalence and physical status of human papillomavirus in squamous cell carcinomas of the head and neck. Int. J. Cancer 2003,
107, 401–406. [CrossRef]

88. Mellin, H.; Dahlgren, L.; Munck-Wikland, E.; Lindholm, J.; Rabbani, H.; Kalantari, M.; Dalianis, T. Human papillomavirus
type 16 is episomal and a high viral load may be correlated to better prognosis in tonsillar cancer. Int. J. Cancer 2002,
102, 152–158. [CrossRef] [PubMed]

89. Ramqvist, T.; Mints, M.; Tertipis, N.; Nasman, A.; Romanitan, M.; Dalianis, T. Studies on human papillomavirus (HPV) 16 E2, E5
and E7 mRNA in HPV-positive tonsillar and base of tongue cancer in relation to clinical outcome and immunological parameters.
Oral Oncol. 2015, 51, 1126–1131. [CrossRef] [PubMed]

90. Welters, M.J.P.; Santegoets, S.J.; van der Burg, S.H. The Tumor Microenvironment and Immunotherapy of Oropharyngeal
Squamous Cell Carcinoma. Front. Oncol. 2020, 10, 545385. [CrossRef]

http://doi.org/10.1016/j.semcancer.2013.11.002
http://doi.org/10.1002/ijc.22980
http://doi.org/10.1016/j.oraloncology.2018.01.010
https://www.nccn.org/patients/guidelines/content/PDF/hn-oropharyngeal-patient.pdf
https://www.nccn.org/patients/guidelines/content/PDF/hn-oropharyngeal-patient.pdf
http://doi.org/10.6004/jnccn.2020.0031
http://doi.org/10.1016/S0140-6736(19)32591-7
http://doi.org/10.1016/j.oraloncology.2016.02.001
http://doi.org/10.1186/s40064-016-2295-1
http://doi.org/10.1186/1471-2407-11-128
http://doi.org/10.1017/S0022215117001098
http://doi.org/10.1177/0194599820950718
http://doi.org/10.1016/j.ejca.2014.07.001
http://doi.org/10.1007/978-3-319-43580-0_20
http://doi.org/10.1016/0140-6736(92)90662-M
http://doi.org/10.1186/1755-8794-2-32
http://doi.org/10.1056/NEJMoa0912217
http://doi.org/10.1016/j.radonc.2016.02.009
http://doi.org/10.1016/S0065-230X(05)93002-9
http://www.ncbi.nlm.nih.gov/pubmed/15797444
http://doi.org/10.1002/ijc.11389
http://www.ncbi.nlm.nih.gov/pubmed/14506739
http://doi.org/10.1002/ijc.11381
http://doi.org/10.1002/ijc.10669
http://www.ncbi.nlm.nih.gov/pubmed/12385011
http://doi.org/10.1016/j.oraloncology.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26421862
http://doi.org/10.3389/fonc.2020.545385


Viruses 2021, 13, 910 16 of 18

91. Santegoets, S.J.; Duurland, C.L.; Jordanova, E.S.; van Ham, J.J.; Ehsan, I.; van Egmond, S.L.; Welters, M.J.P.; van der
Burg, S.H. Tbet-positive regulatory T cells accumulate in oropharyngeal cancers with ongoing tumor-specific type 1 T cell
responses. J. Immunother. Cancer 2019, 7, 14. [CrossRef]

92. Balermpas, P.; Rodel, F.; Liberz, R.; Oppermann, J.; Wagenblast, J.; Ghanaati, S.; Harter, P.N.; Mittelbronn, M.; Weiss, C.; Rodel,
C.; et al. Head and neck cancer relapse after chemoradiotherapy correlates with CD163+ macrophages in primary tumour and
CD11b+ myeloid cells in recurrences. Br. J. Cancer 2014, 111, 1509–1518. [CrossRef]

93. Cioni, B.; Jordanova, E.S.; Hooijberg, E.; van der Linden, R.; de Menezes, R.X.; Tan, K.; Willems, S.; Elbers, J.B.W.; Broeks, A.;
Bergman, A.M.; et al. HLA class II expression on tumor cells and low numbers of tumor-associated macrophages predict clinical
outcome in oropharyngeal cancer. Head Neck 2019, 41, 463–478. [CrossRef]

94. Santegoets, S.J.; Duurland, C.L.; Jordanova, E.J.; van Ham, V.J.; Ehsan, I.; Loof, N.M.; Narang, V.; Dutertre, C.A.; Ginhoux, F.;
van Egmond, S.L.; et al. CD163+ cytokine-producing cDC2 stimulate intratumoral type 1 T cell responses in HPV16-induced
oropharyngeal cancer. J. Immunother. Cancer 2020, 8. [CrossRef]

95. Young, R.J.; Bressel, M.; Porceddu, S.; Cernelc, J.; Savas, P.; Liu, H.; Urban, D.; Thai, A.A.; Cooper, C.; Fua, T.; et al. Validation and
characterisation of prognostically significant PD-L1+ immune cells in HPV+ oropharyngeal squamous cell carcinoma. Oral Oncol.
2020, 101, 104516. [CrossRef]

96. Bottley, G.; Watherston, O.G.; Hiew, Y.L.; Norrild, B.; Cook, G.P.; Blair, G.E. High-risk human papillomavirus E7 expression reduces
cell-surface MHC class I molecules and increases susceptibility to natural killer cells. Oncogene 2008, 27, 1794–1799. [CrossRef]

97. Campo, M.S.; Graham, S.V.; Cortese, M.S.; Ashrafi, G.H.; Araibi, E.H.; Dornan, E.S.; Miners, K.; Nunes, C.; Man, S.
HPV-16 E5 down-regulates expression of surface HLA class I and reduces recognition by CD8 T cells. Virology 2010,
407, 137–142. [CrossRef] [PubMed]

98. Li, H.; Ou, X.; Xiong, J.; Wang, T. HPV16E7 mediates HADC chromatin repression and downregulation of MHC class I
genes in HPV16 tumorigenic cells through interaction with an MHC class I promoter. Biochem. Biophys. Res. Commun. 2006,
349, 1315–1321. [CrossRef] [PubMed]

99. Arenz, A.; Ziemann, F.; Mayer, C.; Wittig, A.; Dreffke, K.; Preising, S.; Wagner, S.; Klussmann, J.P.; Engenhart-Cabillic, R.;
Wittekindt, C. Increased radiosensitivity of HPV-positive head and neck cancer cell lines due to cell cycle dysregulation and
induction of apoptosis. Strahlenther. Onkol. 2014, 190, 839–846. [CrossRef] [PubMed]

100. Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.; Nickel, K.P.; Klingelhutz, A.J.;
et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res. 2013, 73, 4791–4800. [CrossRef] [PubMed]

101. Rieckmann, T.; Tribius, S.; Grob, T.J.; Meyer, F.; Busch, C.J.; Petersen, C.; Dikomey, E.; Kriegs, M. HNSCC cell lines positive
for HPV and p16 possess higher cellular radiosensitivity due to an impaired DSB repair capacity. Radiother. Oncol. 2013,
107, 242–246. [CrossRef]

102. Haeggblom, L.; Nordfors, C.; Tertipis, N.; Bersani, C.; Ramqvist, T.; Nasman, A.; Dalianis, T. Effects of irradiation on human
leukocyte antigen class I expression in human papillomavirus positive and negative base of tongue and mobile tongue squamous
cell carcinoma cell lines. Int. J. Oncol. 2017, 50. [CrossRef]

103. Spanos, W.C.; Nowicki, P.; Lee, D.W.; Hoover, A.; Hostager, B.; Gupta, A.; Anderson, M.E.; Lee, J.H. Immune response during
therapy with cisplatin or radiation for human papillomavirus-related head and neck cancer. Arch. Otolaryngol. Head Neck Surg.
2009, 135, 1137–1146. [CrossRef]

104. Nannapaneni, S.; Griffith, C.C.; Magliocca, K.R.; Chen, W.; Lyu, X.; Chen, Z.; Wang, D.; Wang, X.; Shin, D.M.; Chen, Z.G.; et al.
Co-expression of fibroblast growth factor receptor 3 with mutant p53, and its association with worse outcome in oropharyngeal
squamous cell carcinoma. PLoS ONE 2021, 16, e0247498. [CrossRef]

105. The Cancer Genome Atlas Network. Comprehensive genomic characterization of head and neck squamous cell carcinomas.
Nature 2015, 517, 576–582. [CrossRef]

106. Chung, C.H.; Guthrie, V.B.; Masica, D.L.; Tokheim, C.; Kang, H.; Richmon, J.; Agrawal, N.; Fakhry, C.; Quon, H.; Subramaniam,
R.M.; et al. Genomic alterations in head and neck squamous cell carcinoma determined by cancer gene-targeted sequencing. Ann.
Oncol. 2015, 26, 1216–1223. [CrossRef]

107. Gaykalova, D.A.; Mambo, E.; Choudhary, A.; Houghton, J.; Buddavarapu, K.; Sanford, T.; Darden, W.; Adai, A.; Hadd, A.;
Latham, G.; et al. Novel insight into mutational landscape of head and neck squamous cell carcinoma. PLoS ONE 2014,
9, e93102. [CrossRef]

108. Lui, V.W.; Hedberg, M.L.; Li, H.; Vangara, B.S.; Pendleton, K.; Zeng, Y.; Lu, Y.; Zhang, Q.; Du, Y.; Gilbert, B.R.; et al. Frequent
mutation of the PI3K pathway in head and neck cancer defines predictive biomarkers. Cancer Discov. 2013, 3, 761–769. [CrossRef]

109. Rusan, M.; Li, Y.Y.; Hammerman, P.S. Genomic landscape of human papillomavirus-associated cancers. Clin. Cancer Res. 2015, 21,
2009–2019. [CrossRef]

110. Reder, H.; Wagner, S.; Wuerdemann, N.; Langer, C.; Sandmann, S.; Braeuninger, A.; Dugas, M.; Gattenloehner, S.; Wittekindt, C.;
Klussmann, J.P. Mutation patterns in recurrent and/or metastatic oropharyngeal squamous cell carcinomas in relation to human
papillomavirus status. Cancer Med. 2021, 10, 1347–1356. [CrossRef]

111. Bersani, C.; Haeggblom, L.; Ursu, R.G.; Giusca, S.E.; Marklund, L.; Ramqvist, T.; Nasman, A.; Dalianis, T. Overexpression of FGFR3
in HPV-positive Tonsillar and Base of Tongue Cancer Is Correlated to Outcome. Anticancer Res. 2018, 38, 4683–4690. [CrossRef]

112. Rosty, C.; Aubriot, M.H.; Cappellen, D.; Bourdin, J.; Cartier, I.; Thiery, J.P.; Sastre-Garau, X.; Radvanyi, F. Clinical and biological
characteristics of cervical neoplasias with FGFR3 mutation. Mol. Cancer 2005, 4, 15. [CrossRef]

http://doi.org/10.1186/s40425-019-0497-0
http://doi.org/10.1038/bjc.2014.446
http://doi.org/10.1002/hed.25442
http://doi.org/10.1136/jitc-2020-001053
http://doi.org/10.1016/j.oraloncology.2019.104516
http://doi.org/10.1038/sj.onc.1210798
http://doi.org/10.1016/j.virol.2010.07.044
http://www.ncbi.nlm.nih.gov/pubmed/20813390
http://doi.org/10.1016/j.bbrc.2006.08.182
http://www.ncbi.nlm.nih.gov/pubmed/16979588
http://doi.org/10.1007/s00066-014-0605-5
http://www.ncbi.nlm.nih.gov/pubmed/24715240
http://doi.org/10.1158/0008-5472.CAN-13-0587
http://www.ncbi.nlm.nih.gov/pubmed/23749640
http://doi.org/10.1016/j.radonc.2013.03.013
http://doi.org/10.3892/ijo.2017.3916
http://doi.org/10.1001/archoto.2009.159
http://doi.org/10.1371/journal.pone.0247498
http://doi.org/10.1038/nature14129
http://doi.org/10.1093/annonc/mdv109
http://doi.org/10.1371/journal.pone.0093102
http://doi.org/10.1158/2159-8290.CD-13-0103
http://doi.org/10.1158/1078-0432.CCR-14-1101
http://doi.org/10.1002/cam4.3741
http://doi.org/10.21873/anticanres.12774
http://doi.org/10.1186/1476-4598-4-15


Viruses 2021, 13, 910 17 of 18

113. Bykov, V.J.; Wiman, K.G. Mutant p53 reactivation by small molecules makes its way to the clinic. FEBS Lett. 2014,
588, 2622–2627. [CrossRef]

114. Duffy, M.J.; Synnott, N.C.; O’Grady, S.; Crown, J. Targeting p53 for the treatment of cancer. Semin. Cancer Biol. 2020. [CrossRef]
115. Isaacsson Velho, P.H.; Castro, G., Jr.; Chung, C.H. Targeting the PI3K Pathway in Head and Neck Squamous Cell Carcinoma. Am.

Soc. Clin. Oncol. Educ. Book 2015, 123–128. [CrossRef]
116. Leenhardt, F.; Alexandre, M.; Jacot, W. Alpelisib for the treatment of PIK3CA-mutated, hormone receptor-positive, HER2-negative

metastatic breast cancer. Expert Opin. Pharmacother. 2021, 1–9. [CrossRef]
117. Tabernero, J.; Bahleda, R.; Dienstmann, R.; Infante, J.R.; Mita, A.; Italiano, A.; Calvo, E.; Moreno, V.; Adamo, B.; Gazzah, A.;

et al. Phase I Dose-Escalation Study of JNJ-42756493, an Oral Pan-Fibroblast Growth Factor Receptor Inhibitor, in Patients With
Advanced Solid Tumors. J. Clin. Oncol. 2015, 33, 3401–3408. [CrossRef]

118. Gao, G.; Gay, H.A.; Chernock, R.D.; Zhang, T.R.; Luo, J.; Thorstad, W.L.; Lewis, J.S., Jr.; Wang, X. A microRNA expression
signature for the prognosis of oropharyngeal squamous cell carcinoma. Cancer 2013, 119, 72–80. [CrossRef]

119. Lajer, C.B.; Garnaes, 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]

120. Lajer, C.B.; Nielsen, F.C.; Friis-Hansen, L.; Norrild, B.; Borup, R.; Garnaes, 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]

121. Li, B.; Kyung, H.M. Identification of eight meta-signature miRNAs as potential biomarkers for oropharyngeal cancers. Cancer
Genet. 2019, 233–234, 75–83. [CrossRef]

122. Miller, D.L.; Davis, J.W.; Taylor, K.H.; Johnson, J.; Shi, Z.; Williams, R.; Atasoy, U.; Lewis, J.S., Jr.; Stack, M.S. Identification of
a human papillomavirus-associated oncogenic miRNA panel in human oropharyngeal squamous cell carcinoma validated by
bioinformatics analysis of the Cancer Genome Atlas. Am. J. Pathol. 2015, 185, 679–692. [CrossRef]

123. Mirghani, H.; Ugolin, N.; Ory, C.; Lefevre, M.; Baulande, S.; Hofman, P.; St Guily, J.L.; Chevillard, S.; Lacave, R. A predictive tran-
scriptomic signature of oropharyngeal cancer according to HPV16 status exclusively. Oral Oncol. 2014, 50, 1025–1034. [CrossRef]

124. Mirghani, H.; Ugolin, N.; Ory, C.; Goislard, M.; Lefevre, M.; Baulande, S.; Hofman, P.; Guily, J.L.; Chevillard, S.; Lacave, R.
Comparative analysis of micro-RNAs in human papillomavirus-positive versus -negative oropharyngeal cancers. Head Neck 2016,
38, 1634–1642. [CrossRef]

125. Harden, M.E.; Prasad, N.; Griffiths, A.; Munger, K. Modulation of microRNA-mRNA Target Pairs by Human Papillomavirus
16 Oncoproteins. mBio 2017, 8. [CrossRef] [PubMed]

126. Martinez, I.; Wang, J.; Hobson, K.F.; Ferris, R.L.; Khan, S.A. Identification of differentially expressed genes in HPV-positive and
HPV-negative oropharyngeal squamous cell carcinomas. Eur. J. Cancer 2007, 43, 415–432. [CrossRef] [PubMed]

127. Wichmann, G.; Rosolowski, M.; Krohn, K.; Kreuz, M.; Boehm, A.; Reiche, A.; Scharrer, U.; Halama, D.; Bertolini, J.; Bauer, U.; et al.
The role of HPV RNA transcription, immune response-related gene expression and disruptive TP53 mutations in diagnostic and
prognostic profiling of head and neck cancer. Int. J. Cancer 2015, 137, 2846–2857. [CrossRef]

128. Ramqvist, T.; Nasman, A.; Franzen, B.; Bersani, C.; Alexeyenko, A.; Becker, S.; Haeggblom, L.; Kolev, A.; Dalianis, T.; Munck-
Wikland, E. Protein Expression in Tonsillar and Base of Tongue Cancer and in Relation to Human Papillomavirus (HPV) and
Clinical Outcome. Int. J. Mol. Sci. 2018, 19. [CrossRef] [PubMed]

129. Chen, Z.; Wong, P.Y.; Ng, C.W.K.; Lan, L.; Fung, S.; Li, J.W.; Cai, L.; Lei, P.; Mou, Q.; Wong, S.H.; et al. The Intersection between
Oral Microbiota, Host Gene Methylation and Patient Outcomes in Head and Neck Squamous Cell Carcinoma. Cancers 2020,
12, 3425. [CrossRef] [PubMed]

130. Guerrero-Preston, R.; Godoy-Vitorino, F.; Jedlicka, A.; Rodriguez-Hilario, A.; Gonzalez, H.; Bondy, J.; Lawson, F.; Folawiyo,
O.; Michailidi, C.; Dziedzic, A.; et al. 16S rRNA amplicon sequencing identifies microbiota associated with oral cancer, human
papilloma virus infection and surgical treatment. Oncotarget 2016, 7, 51320–51334. [CrossRef] [PubMed]

131. Hayes, R.B.; Ahn, J.; Fan, X.; Peters, B.A.; Ma, Y.; Yang, L.; Agalliu, I.; Burk, R.D.; Ganly, I.; Purdue, M.P.; et al. Association of Oral
Microbiome With Risk for Incident Head and Neck Squamous Cell Cancer. JAMA Oncol. 2018, 4, 358–365. [CrossRef]

132. Cheng, L.; Norenhag, J.; Hu, Y.O.O.; Brusselaers, N.; Fransson, E.; Ahrlund-Richter, A.; Guethnadottir, U.; Angelidou, P.; Zha,
Y.; Hamsten, M.; et al. Vaginal microbiota and human papillomavirus infection among young Swedish women. NPJ Biofilms
Microbiomes 2020, 6, 39. [CrossRef]

133. Mitra, A.; MacIntyre, D.A.; Marchesi, J.R.; Lee, Y.S.; Bennett, P.R.; Kyrgiou, M. The vaginal microbiota, human papillomavirus
infection and cervical intraepithelial neoplasia: What do we know and where are we going next? Microbiome 2016, 4, 58. [CrossRef]

134. Jung, K.; Kang, H.; Mehra, R. Targeting phosphoinositide 3-kinase (PI3K) in head and neck squamous cell carcinoma (HNSCC).
Cancers Head Neck 2018, 3, 3. [CrossRef]

135. Morgan, E.L.; Chen, Z.; Van Waes, C. Regulation of NFkappaB Signalling by Ubiquitination: A Potential Therapeutic Target in
Head and Neck Squamous Cell Carcinoma? Cancers 2020, 12, 2877. [CrossRef]

136. Agostinetto, E.; Debien, V.; Marta, G.N.; Lambertini, M.; Piccart-Gebhart, M.; de Azambuja, E. CDK4/6 and PI3K inhibitors: A
new promise for patients with HER2-positive breast cancer. Eur. J. Clin. Investig. 2021, e13535. [CrossRef]

http://doi.org/10.1016/j.febslet.2014.04.017
http://doi.org/10.1016/j.semcancer.2020.07.005
http://doi.org/10.14694/EdBook_AM.2015.35.123
http://doi.org/10.1080/14656566.2021.1873952
http://doi.org/10.1200/JCO.2014.60.7341
http://doi.org/10.1002/cncr.27696
http://doi.org/10.1038/bjc.2012.109
http://doi.org/10.1038/bjc.2011.29
http://doi.org/10.1016/j.cancergen.2018.10.004
http://doi.org/10.1016/j.ajpath.2014.11.018
http://doi.org/10.1016/j.oraloncology.2014.07.019
http://doi.org/10.1002/hed.24487
http://doi.org/10.1128/mBio.02170-16
http://www.ncbi.nlm.nih.gov/pubmed/28049151
http://doi.org/10.1016/j.ejca.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17079134
http://doi.org/10.1002/ijc.29649
http://doi.org/10.3390/ijms19040978
http://www.ncbi.nlm.nih.gov/pubmed/29587383
http://doi.org/10.3390/cancers12113425
http://www.ncbi.nlm.nih.gov/pubmed/33218162
http://doi.org/10.18632/oncotarget.9710
http://www.ncbi.nlm.nih.gov/pubmed/27259999
http://doi.org/10.1001/jamaoncol.2017.4777
http://doi.org/10.1038/s41522-020-00146-8
http://doi.org/10.1186/s40168-016-0203-0
http://doi.org/10.1186/s41199-018-0030-z
http://doi.org/10.3390/cancers12102877
http://doi.org/10.1111/eci.13535


Viruses 2021, 13, 910 18 of 18

137. Andre, F.; Ciruelos, E.; Rubovszky, G.; Campone, M.; Loibl, S.; Rugo, H.S.; Iwata, H.; Conte, P.; Mayer, I.A.; Kaufman,
B.; et al. Alpelisib for PIK3CA-Mutated, Hormone Receptor-Positive Advanced Breast Cancer. N. Engl. J. Med. 2019,
380, 1929–1940. [CrossRef]

138. Bahleda, R.; Italiano, A.; Hierro, C.; Mita, A.; Cervantes, A.; Chan, N.; Awad, M.; Calvo, E.; Moreno, V.; Govindan, R.; et al.
Multicenter Phase I Study of Erdafitinib (JNJ-42756493), Oral Pan-Fibroblast Growth Factor Receptor Inhibitor, in Patients with
Advanced or Refractory Solid Tumors. Clin. Cancer Res. 2019, 25, 4888–4897. [CrossRef]

139. Bertho, M.; Patsouris, A.; Augereau, P.; Robert, M.; Frenel, J.S.; Blonz, C.; Campone, M. A pharmacokinetic evaluation of alpelisib
for the treatment of HR+, HER2-negative, PIK3CA-mutated advanced or metastatic breast cancer. Expert Opin. Drug Metab.
Toxicol. 2021, 17, 139–152. [CrossRef]

140. Kardoust Parizi, M.; Margulis, V.; Lotan, Y.; Mori, K.; Shariat, S.F. Fibroblast growth factor receptor: A systematic review
and meta-analysis of prognostic value and therapeutic options in patients with urothelial bladder carcinoma. Urol. Oncol.
2021. [CrossRef]

141. O’Brien, N.A.; McDermott, M.S.J.; Conklin, D.; Luo, T.; Ayala, R.; Salgar, S.; Chau, K.; DiTomaso, E.; Babbar, N.; Su, F.; et al.
Targeting activated PI3K/mTOR signaling overcomes acquired resistance to CDK4/6-based therapies in preclinical models of
hormone receptor-positive breast cancer. Breast Cancer Res. 2020, 22, 89. [CrossRef]

142. Aderhold, C.; Faber, A.; Umbreit, C.; Birk, R.; Weiss, C.; Sommer, J.U.; Hormann, K.; Schultz, J.D. Targeting mTOR and AREG
with everolimus, sunitinib and sorafenib in HPV-positive and-negative SCC. Anticancer Res. 2015, 35, 1951–1959.

143. Keam, B.; Kim, S.; Ahn, Y.O.; Kim, T.M.; Lee, S.H.; Kim, D.W.; Heo, D.S. In vitro anticancer activity of PI3K alpha selective
inhibitor BYL719 in head and neck cancer. Anticancer Res. 2015, 35, 175–182.

144. Ma, B.B.; Lui, V.W.; Hui, C.W.; Lau, C.P.; Wong, C.H.; Hui, E.P.; Ng, M.H.; Cheng, S.H.; Tsao, S.W.; Tsang, C.M.; et al. Preclinical
evaluation of the mTOR-PI3K inhibitor BEZ235 in nasopharyngeal cancer models. Cancer Lett. 2014, 343, 24–32. [CrossRef]

145. Holzhauser, S.; Kostopoulou, O.N.; Ohmayer, A.; Lange, B.K.A.; Ramqvist, T.; Andonova, T.; Bersani, C.; Wickstrom, M.; Dalianis,
T. In vitro antitumor effects of FGFR and PI3K inhibitors on human papillomavirus positive and negative tonsillar and base of
tongue cancer cell lines. Oncol. Lett. 2019, 18, 6249–6260. [CrossRef] [PubMed]

146. Cai, W.; Song, B.; Ai, H. Combined inhibition of FGFR and mTOR pathways is effective in suppressing ovarian cancer. Am. J.
Transl. Res. 2019, 11, 1616–1625. [PubMed]

147. Holzhauser, S.; Wild, N.; Zupancic, M.; Ursu, R.G.; Bersani, C.; Nasman, A.; Kostopoulou, O.N.; Dalianis, T. Targeted therapy
with PI3K and FGFR inhibitors on human papillomavirus positive and negative tonsillar and base of tongue cancer lines with
and without corresponding mutations. Front. Oncol. 2021, 11. [CrossRef]

148. Hu, Q.; Peng, J.; Jiang, L.; Li, W.; Su, Q.; Zhang, J.; Li, H.; Song, M.; Cheng, B.; Xia, J.; et al. Metformin as a senostatic
drug enhances the anticancer efficacy of CDK4/6 inhibitor in head and neck squamous cell carcinoma. Cell Death Dis. 2020,
11, 925. [CrossRef] [PubMed]

149. Ku, B.M.; Yi, S.Y.; Koh, J.; Bae, Y.H.; Sun, J.M.; Lee, S.H.; Ahn, J.S.; Park, K.; Ahn, M.J. The CDK4/6 inhibitor LY2835219
has potent activity in combination with mTOR inhibitor in head and neck squamous cell carcinoma. Oncotarget 2016,
7, 14803–14813. [CrossRef]

150. Robinson, A.M.; Rathore, R.; Redlich, N.J.; Adkins, D.R.; VanArsdale, T.; Van Tine, B.A.; Michel, L.S. Cisplatin exposure causes
c-Myc-dependent resistance to CDK4/6 inhibition in HPV-negative head and neck squamous cell carcinoma. Cell Death Dis. 2019,
10, 867. [CrossRef]

http://doi.org/10.1056/NEJMoa1813904
http://doi.org/10.1158/1078-0432.CCR-18-3334
http://doi.org/10.1080/17425255.2021.1844662
http://doi.org/10.1016/j.urolonc.2021.01.025
http://doi.org/10.1186/s13058-020-01320-8
http://doi.org/10.1016/j.canlet.2013.09.007
http://doi.org/10.3892/ol.2019.10973
http://www.ncbi.nlm.nih.gov/pubmed/31788102
http://www.ncbi.nlm.nih.gov/pubmed/30972187
http://doi.org/10.3389/fonc.2021.640490
http://doi.org/10.1038/s41419-020-03126-0
http://www.ncbi.nlm.nih.gov/pubmed/33116117
http://doi.org/10.18632/oncotarget.7543
http://doi.org/10.1038/s41419-019-2098-8

	Introduction 
	Special Features of HPV+ Compared to HPV- TSCC, BOTSCC, and Other OPSCC Subsites, the Epidemic Increase, and the Definition of HPV+ Status 
	The Presence of HPV Is Most Evident in TSCC and BOTSCC, the Two Major OPSCC Subsites, and There Is No Doubt about Its Prognostic Value in These Two Subsites 
	The Epidemic Increase in the Incidence of HPV+ OPSCC Is Most Evident in HPV+ TSCC and BOTSCC, and There Are Changes in Patient Age over Time 
	Some General Differences between HPV+ and HPV- TSCC and BOTSCC 
	Definition of HPV+ Status in OPSCC, TSCC, and BOTSCC 

	Treatment of Tonsillar and Base-of-Tongue Cancer 
	Treatment of HPV+ and HPV- Tonsillar and Base-of-Tongue Cancer and TNM-8 
	Treatment of HPV+ and HPV- TSCC and BOTSCC 
	De-Escalation of Treatment of HPV+ OPSCC 

	The Search of Prognostic or Targetable Biomarkers in HPV+ and HPV- TSCC, BOTSCC, and OPSCC by Immunohistochemistry or Viral Gene Expression 
	Early Studies on the Presence of HPV DNA, p16, p53, and Smoking and Survival 
	Studies on the Physical Status of the HPV Genome; Viral Load; Viral Gene Expression in TSCC, BOTSCC, and OPSCC; and Correlation with Disease-Free Survival 
	Studies on Immune Cells in HPV+ and HPV- TSCC, BOTSCC, and OPSCC and Survival 
	Studies on the Role of Major Histocompatibility Complex (MHC) Antigen in HPV+ and HPV- TSCC, BOTSCC, and OPSCC and Survival 
	Studies of Various Cell Markers, Such as Stem Cell and Suppressor Gene Markers, Defined by IHC in HPV+ and HPV- TSCC, BOTSCC, and OPSCC and Survival 

	The Search for Prognostic or Targetable Biomarkers in HPV+ and HPV- TSCC, BOTSCC, and OPSCC by Molecular Methods and the Potential Use of Targeted Therapy 
	DNA Sequencing, Mutation Analysis, and Possibilities for Targeted Therapy in HPV+ and HPV- TSCC, BOTSCC, and OPSCC 
	MicroRNA Expression in HPV+ and HPV- TSCC, BOTSCC, and OPSCC in Relation to the Clinical Outcome 
	Analysis of the Transcriptome in HPV+ and HPV- TSCC, BOTSCC, and OPSCC 
	Protein Profiling in HPV+ and HPV- TSCC, BOTSCC, and OPSCC 
	Microbiome Studies in HPV+ and HPV- TSCC, BOTSCC, and OPSCC 

	Targeted Therapy in HPV+ and HPV- TSCC, BOTSCC, and OPSCC; Some Experimental Progress; and Clinical Trials 
	Clinical Trials with PI3K, mTOR, and FGFR Inhibitors in HNSCC and Other Solid Tumors 
	Experimental Targeted Therapy in HPV+ and HPV- TSCC, BOTSCC, and OPSCC 

	Concluding Remarks 
	References

