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ABSTRACT

Over the last decades, the incidence of human papilloma virus (HPV) positive head and neck squamous-cell carcinoma
(HNSCC) has significantly increased. Infection with high-risk HPV types drives tumourigenesis through expression
of the oncoproteins E6 and E7. Currently, the primary treatment of HNSCC consists of radiotherapy, often combined
with platinum-based chemotherapeutics. One of the common features of HNSCC is the occurrence of tumour
hypoxia, which impairs the efficacy of radiotherapy and is a negative prognostic factor. Therefore, it is important
to detect and quantify the severity of hypoxia, as well as develop strategies to specifically target hypoxic tumours.
HPV-positive tumours are remarkably radiosensitive compared to HPV-negative tumours and consequently the
HPV-positive patients have a better prognosis. This provides an opportunity to elucidate mechanisms of radiation
sensitivity, which may reveal targets for improved therapy for HPV-negative head and neck cancers. In this review, we
will discuss the differences between HPV-positive and HPV-negative head and neck tumours and methods of hypoxia
detection and targeting in these disease types. Particular emphasis will be placed on the mechanisms by which HPV
infection impacts radiosensitivity.

INTRODUCTION

Head and neck squamous-cell carcinoma (HNSCC) is
a disease marked by its aggressiveness and likelihood of
recurrence. The most prominent risk factors include long-
standing alcohol and tobacco consumption and chronic
infection with human papilloma virus (HPV). Radio-
therapy, often combined with platinum-based chemother-
apeutics, is considered to be the standard care for treating
HNSCC. Primary care for HNSCC includes radiotherapy,
as it has been shown to have a high efficacy as well as being
a preferable option for organ conservation.' Unfortunately,
the efficacy of radiotherapy is strongly attenuated by the
presence of low oxygen (hypoxia) within tumour tissue.
Hypoxia can arise due to an imbalance between oxygen
supply and demand, caused by an altered tumour metabo-
lism, as well as aberrant tumour vasculature or poor vessel
perfusion.? Tumour hypoxia contributes to radioresistance,

primarily due to decreased radiation-induced DNA damage
in the absence of oxygen.”> HPV-positive tumours, which
represent an increasing subset of HNSCC, display marked
radiosensitivity compared to HPV-negative tumours. This
is reflected in the patient population, as HPV-positive
HNSCC patients have a 3 year survival rate of 82.4% as
compared to 57.1% in HPV-negative patients.®

HPV INFECTION IN HNSCC

While both alcohol-/tobacco-induced HNSCC and
HPV-associated HNSCC are subject to the same treatment
regimen, it is important to acknowledge the differences
between the disease types (Figure 1). Patients with HPV-as-
sociated HNSCC are younger, more often Caucasian
and male, and have a higher number of sexual partners.”
Recently, the rising incidence of HPV-positive HNSCC has
led to an increasing number of reports evaluating the role of
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Figure 1.0verview of the key characteristics of HPV-positive and HPV-negative HNSCC can be divided into HPV-positive and
HPV-negative subgroups, with each having unique characteristics. Overall, patients with HPV-positive tumours have a better prog-
nosis and are more radiosensitive. The overall mutation rate and frequency of p53 mutations is higher in HPV-negative tumours.
Despite their different aetiology, both HPV-negative and HPV-positive tumours display a similar degree of hypoxia. HNSCC, head
and neck squamous-cell carcinoma; HPV, human papilloma virus; TME, tumour microenvironment.
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HPYV in the treatment of HNSCC.® HPV is a member of the papil-
lomaviridae family, which are unencapsulated circular double
stranded DNA viruses comprised of 6 to 8 genes. Of over 200
types of HPV have been identified, only some of which have been
identified as “high-risk’, meaning that these types contribute to
oncogenesis. Among these, HPV-16 and HPV-18 are the most
commonly found types in HNSCC.® The HPV-16 virus is an 8 Kb
virus that encodes 2 late genes (L1 and L2) and 6 early genes (E1,
E2, E4, E5, E6, and E7). The early genes facilitate viral genome
replication, while the late genes are required for the production
of viral capsid proteins that are required for effective viral entry
into future host cells.'®!* Of the HPV genes, the E6 and E7 genes
are known to contribute most significantly to oncogenesis. The
E6 protein is able to bind the tumour suppressor protein p53
and target it for ubiquitination and subsequent proteasomal
degradation.12 Similarly, E7 binds to Retinoblastoma (Rb), also a
tumour suppressor, and facilitates proteasomal degradation.'? As
a result of proteolysis of p53 and Rb, the host cell loses the ability
to enter into apoptosis or senescence, or to arrest the cell cycle,
creating an ideal environment for viral production and oncogen-
esis. Notably, E6 and E7 proteins have been shown to interact
with dozens of other cellular proteins, indicating that there may
be other contributing pathways."> HPV-positive tumours are
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characterised by a mutational landscape that is distinct from
HPV-negative tumours. Overall the mutation rate is lower in
HPV-positive tumours and they are specifically characterised by
a lower number of p53 mutations. As E6 can effectively abrogate
p53 function, there is less evolutionary pressure for HPV-positive
tumour cells to select for p53 mutations.'*'> In HNSCC, partic-
ularly in oropharyngeal squamous-cells carcinomas (OPSCC),
HPV positivity has both prognostic and clinical implications.'¢ ™8
Numerous studies have shown a strong prognostic effect of
HPV positivity with superior loco-regional tumour control and
overall/event-free survival both in the primary and post-opera-
tive radiotherapy of HNSCC.!*"** Data from the Danish Head-
And-Neck Cancer Study Group (DAHANCA) demonstrated a
significantly superior loco-regional tumour control, event-free
and overall survival in HPV-positive OPSCCs and recently, the
results from four randomised trials were reported (RTOG9003,
DAHANCA6&7, RTOG0129, ARTSCAN), showing a signifi-
cantly better progression-free and overall survival with an
absolute survival increase at 10 years of 31.2% in HPV-positive
tumours following radiotherapy.**™® Taken together, there is
a significant amount of evidence to support that HPV-positive
tumours are more radiosensitive.
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Figure 2.Mechanisms contributing to an altered DDR and
increased radiosensitivity in HPV-positive HNSCC Infection
with HPV, and subsequent expression of E6 and E7, contribute
to an altered DDR in HNSCC tumour cells. E6, E7, and pos-
sibly other un-described mechanisms, repress DNA damage
signalling transducers and effectors, such as SMG-1, p53, and
BRCAZ2. Irradiation of HPV-positive tumour cells causes sig-
nificantly more yH2AX and RAD51 foci than in HPV-negative
tumour cells. Additionally, it is believed that HPV-positive
tumour cells have a delay in DSB repair, as measured by 53BP1
foci clearance, indicating that HPV-positive tumour cells have
impaired DSB repair mechanisms, contributing to their intrin-
sic radiosensitivity. DDR, DNA damage response; DSB, double
strand breaks; HNSCC, head and neck squamous-cell carci-
noma; HPV, human papilloma virus.
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As a result of these clinical observations, several groups have
investigated the in vitro mechanisms of radiosensitivity in
HNSCC and specifically the contribution of HPV. A number of
studies have now demonstrated that HPV-positive HNSCC cell
lines are more sensitive to irradiation in vitro.””~>* Understanding
why HPV-positive HNSCC are more susceptible to irradiation,
or HPV-negative more resistant, may lead to improved thera-
peutic approaches for both types. For OPSCCs it has been shown
that the cellular mechanism underlying the increased radiosen-
sitivity of HPV-positive HNSCC cells is, at least in part, due to a
reduced capacity for repairing radiation-induced double strand
breaks (DSB), as shown by a delayed resolution of yH2AX and
53BP1 foci (Figure 2).>* Interestingly, key components of base
excision and single strand repair, including XRCC1, DNA poly-
merase 3, PNKP and PARP-1, were found to be upregulated in

HPV-positive OPSCC suggesting an increased ability to repair
certain DNA lesions.”* Together, this could indicate that the
increased basal radiosensitivity in HPV-positive HNSCC is
specifically due to impaired DSB repair, as opposed to the repair
of all types of damage. The deficiency in DSB repair combined
with increased levels of PARP-1 observed in HPV-positive
OPSCC cells suggested that PARP-1 inhibition might radiosen-
sitise HPV-positive cells. Unexpectedly, olaparib increased in
vitro radiosensitivity of HPV-negative OPSCC cells compared
to HPV-positive cells where the PARP-1 inhibitor had no signif-
icant effect on tumour cell survival.** Several other studies,
which investigated the cause of radiosensitivity in HPV-pos-
itive HNSCC, found altered DNA damage repair pathways as
well as differentially regulated cell cycle control in HPV-pos-
itive HNSCC. The viral oncoprotein E7 not only leads to loss
of Rb, but also the degradation of the acetyltransferase Tip60,
which is required for ATM activation upon DNA damage.* In
addition, E6 contributes, through an as yet undescribed mech-
anism, to the hypermethylation of the SMG-1 promoter. The
consequential reduction of SMG-1 protein expression results in
enhanced radiosensitivity, as SMG-1 is a DNA damage signalling
transducer. In support of a role for SMG-1 in radiosensitivity,
depletion of SMG-1 in HPV-negative HNSCC also increased
radiosensitivity.’® E7 was also found to contribute to altered cell
cycle regulation and DNA damage response (DDR). E7-medi-
ated degradation of Rb leads to accumulation of p16, as it is no
longer under transcriptional repression of Rb/E2E* The over-
expression of pl6 has been shown to be an important feature
in HPV-associated radiosensitivity, and is commonly used in
clinical practice to determine HPV status.” Specifically, it was
demonstrated that p16 overexpression leads to activation of the
TRIP12-RNF168-53BP1 axis, and that by repressing TRIP12, an
E3 ubiquitin-protein ligase, p16 overexpression ultimately leads
to a delayed DDR.* In another study, p16 expression was found
to impair the homologous recombination (HR) pathway, the
most faithful DSB repair mechanism, by preventing the recruit-
ment of Rad51.%® Other studies found additional evidence for
altered, delayed, or deficient DDR in HPV-positive HNSCC,
and it was shown that expression of E7 correlated with increased
yH2AX foci, albeit in human keratinocytes.** Similarly, it has
been demonstrated that HPV-positive cell lines accumulate
more 53BP1 and yH2AX foci and display a marked G,/M arrest
in response to radiation.’® This observation was supported by a
subsequent study, where it was shown that E7-transgenic mice
had retained 53BP1 and yH2AX foci without alterations in ATM
or ATR levels.”! A further study observed a deficiency in DNA
damage repair as shown by a delayed resolution of yH2AX foci,
and attributed this to a decreased BRCA2 and DNA-PK expres-
sion, which resulted in aberrant non-homologous end joining
(NHEJ]) and HR signalling. Additionally, it could be shown that,
while DNA damage repair effector proteins are affected, DNA
damage sensing mechanisms are still intact.*> An alternative or
complementary explanation for the increased radiosensitivity
in HPV-positive HNSCC could be that, while E6 mediates p53
degradation, there is still residual activity of the p53 protein.
This hypothesis was supported by the observation that further
knockdown of p53 was possible in HPV-positive HNSCC cell
lines and that this increased radiation resistance in HPV-positive
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cell lines.® Taken together, the evidence demonstrates that
HPV-positive HNSCC have altered DNA repair mechanisms,
including NHE], HR, and mismatch repair, which strongly
contributes to radiosensitivity. The roles that E6 and E7 play in
this process are evident; however it is possible that other HPV
driven mechanisms may have been overlooked.

HYPOXIA DETECTION AND PATIENT
STRATIFICATION

In order to therapeutically exploit tumour hypoxia, overcome
hypoxia-related radiation resistance, or select patients for hypox-
ia-modifying therapy, feasible and reliable methods of detection
of clinically relevant tumour hypoxia are required. Approaches
to detect tumour hypoxia in the clinic have historically included
methods such as polarographic needle electrodes, measurement
of endogenous or exogenous hypoxia tissue markers, and hypoxia
imaging.”> Needle electrode measurements using oxygen probes
provide a direct approach to detect oxygen partial pressure
within the tumour, and have been shown to be prognostic in
HNSCC.* However, as the use of needle electrodes is an inva-
sive procedure, they are limited to accessible tumours.*” In the
clinical setting, this approach is also limited by methodological
issues such as poor spatial resolution, oxygen consumption by
the microelectrodes and biological heterogeneity of oxygenation
within tumours. A solution to this is the use of hypoxia markers
in biopsies or surgical material, obtained from the primary
tumour or distant metastases. The most commonly investigated
endogenous hypoxia markers include hypoxia inducible factor 1a
(HIF-1a), glucose transporter 1 (GLUT-1), carbonic anhydrase
IX (CAIX), vascular endothelial growth factor (VEGF), and the
serological marker, osteopontin (OPN). HIF-1a overexpression
has been associated with poor prognosis, advanced disease, an
aggressive cancer phenotype and poor response to radiotherapy
in a number of malignancies, including HNSCC.*® There is clear
clinical utility to using hypoxia-related proteins such as CAIX or
HIF-1a as surrogate markers of tumour hypoxia as they can be
easily detected in tissue samples, have low assay costs, offer the
potential of marker co-detection and the possibility of repeat-
edly detecting and monitoring biomarkers when samples are
available. Extrinsic markers of hypoxia such as EF5 and pimo-
nidazole are non-physiologic substances that are injected into
the body where they accumulate under hypoxic conditions as
a result of chemical reduction and covalent binding to macro-
molecules. EF5 and pimonidazole offer high spatial resolution,
delineating hypoxia from anoxia/necrotic areas in which exog-
enous hypoxia markers do not accumulate, and were shown to
be of prognostic value in patients with HNSCC.*”*® While these
hypoxia tissue markers, with the exception of serological OPN,
provide an excellent spatial resolution as well as information on
the chronic or acute state of hypoxia, markers such as OPN and
CAIX are not entirely hypoxia-specific and are subject to the
influence of other components of the tumour microenvironment
including local acidity and the immune infiltrate.** Hypoxia-re-
lated gene signatures have also been developed, which consist of
a number of genes that are significantly upregulated in response
to hypoxia. Evidence for the prognostic and predictive value of
specific hypoxic gene signatures is increasing.”’>* These data
demonstrated inferior clinical outcome in 323 HNSCC patients
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whose tumours were classified hypoxic according to a 15-gene
hypoxia classifier previously determined in human squamous
cell carcinoma xenograft tumours.”® This was later evaluated
using alternative gene signatures in an independent HNSCC
patient cohort (n = 302) and showed a prognostic impact of all
three of the signatures tested and a successful discrimination
of patients with low and high tumour hypoxia.”® Interestingly,
the clinical outcome of patients with hypoxic tumours could be
improved by the addition of the hypoxia modifier, nimorazole,
in patients classified according to hypoxic gene signatures.” As
both oxygen electrode measurements and tissue/blood-based
hypoxia markers only inform on tumour oxygenation at a specific
time point, they require repeated readings or biopsies in order
to monitor tumour oxygenation throughout treatment. Thus,
non-invasive approaches such as positron emission tomography
(PET) imaging with exogenous or endogenous hypoxia tracers
are more realistic methods for clinical practice.”> PET, using
the hypoxic tracer Bfluoromisonidazole (**F-MISO), has been
shown to be a feasible and reproducible approach for visualising
tumour hypoxia, offering a high correlation with tumour oxygen-
ation in many types of human cancers including HNSCC.>*~>*
Moreover, '*E-MISO-PET was able to identify HNSCC patients
who benefitted from additional treatment with the hypoxia-acti-
vated cytotoxin, tirapazamine (TPZ), and successfully predicted
the risk for tumour recurrence after radiotherapy.’ Recently,
BE_MISO-PET was used to detect tumour hypoxia during radio-
therapy of HNSCC and this subsequently identified patients at
high risk for local recurrence.®’ Other imaging-based methods
for hypoxia detection include visualisation through single
photon emission computed tomography-computed tomography
with the use of radioactive tracers, consisting of a ''In/*Zr
labelled antibody directed against endogenous hypoxic markers
such as CAIX.%? While showing promising in vitro and in vivo
data, the prognostic value of these agents in patients remain to
be determined.

ADVANCES IN MODIFYING AND TARGETING
TUMOUR HYPOXIA IN HNSCC

Through technological advances in radiation oncology, specifi-
cally the implementation of new treatment strategies for HNSCC
such as intensity-modulated or volumetric-modulated arc
radiotherapy, treatment-related toxicity has been significantly
reduced and further reduction may come from the introduction
of proton therapy.®>"* Treatment modification, such as addition
of concomitant chemotherapy and the use of altered fraction-
ation regimes (i.e. hyperfractionation), has improved clinical
outcome and tumour control significantly in patients with locally
advanced HNSCC.*® Moreover, the integration of biological
targeted therapy such as EGFR-inhibition (cetuximab) and the
use of hypoxic cell radiosensitisers in selected patients further
increased overall survival and locoregional tumour control.**¢”
Strategies to target and modify hypoxia-mediated radiation
resistance include hyperbaric oxygenation, the use of bioreduc-
tive compounds such as TPZ and accelerated radiotherapy with
carbogen and nicotinamide.®”*® Evidence shows a clinical impact
of hypoxic modification on therapeutic outcome, predominantly
on (loco-) regional tumour control and disease-free survival.®7?
Hypoxia offers an opportunity to target and exploit tumour
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biology in the treatment of cancer. The principle behind hypox-
ia-activated prodrugs (HAP), which include N-oxides, metal
complexes, nitro compounds and quinones, is that these inactive
prodrugs undergo enzymatic reduction at low oxygen concen-
trations leading to the generation of cytotoxic species selectively
in hypoxic cells.”*~”® TPZ, which is an aromatic N-oxide HAP,
showed favourable tumour control and increased failure-free
overall survival when added to primary radiotherapy of locally
advanced HNSCC, although there was evidence of augmented
hematologic toxicity in hypoxic tumours.®*”*”> Late phase clin-
ical trials failed to demonstrate a significant survival benefit when
TPZ was combined with radiotherapy and cisplatin for HNSCC
thereby highlighting the necessity of patient stratification for
hypoxia modulating therapies.”® Among the nitro-based HAPs,
nimorazole can be regarded as the only hypoxic radiosensitiser
that has been translated into clinical practice. The results of a large
phase III clinical trial of the DAHANCA demonstrated signifi-
cantly improved loco-regional tumour control at 4 years (49% vs
33% without nimorazole, p = 0.002) and reduced cancer-related
deaths (52% vs 41%, p = 0.002), and lead to the implementation
of nimorazole as the standard of care in Danish HNSCC cases.”’
Currently, a multicentre phase III trial (NIMRAD) is accruing
patients to confirm the DAHANCA findings (NCT01950689).
Results from this trial are likely to dictate whether hypoxia
modification using nimorazole is adopted in combination with
radiotherapy for both HPV- and HPV + HNSCC. Related strate-
gies in this field include the development of DNA-targeting HAP
such as TH-302 and PR-104, which induce cell death through
DNA crosslinking.”»’®” Despite promising data on TH-302 in
combination with radiotherapy in other cancer types, preclinical
data using HNSCC cells as tumour xenografts showed these cells
were resistant to TH-302 alone and in combination with radia-
tion.®® Recently, it was reported for HNSCC that there is higher
expression of cytochrome P450 oxidoreductase (POR) in HPV-
negative tumours. Knockdown of POR results in reduced sensi-
tivity to TH-302 under hypoxia, suggesting POR as a potential
predictive biomarker of HAP sensitivity and a possible relation-
ship between HPV status and HAP sensitivity.®' Importantly, not
only do a considerable number of HNSCC cases express signif-
icant levels of POR, but a subset of these carcinomas was classi-
fied as hypoxic by 18-F-MISO PET, confirming coincidence of
the two targets, hypoxia and POR.®'

An alternative method for targeting solid tumours is the use of
non-pathogenic anaerobic or facultative anaerobic bacteria such
as Clostridia, Salmonella or Bifidobacteria.**® The rationale
behind this approach is that the unique properties of the tumour
microenvironment including hypoxia, anoxia and necrosis
can be used as a selective target since they provide favourable
conditions for anaerobic bacteria to colonise.** Moreover, anaer-
obic bacteria may be used as delivery vehicles for gene-based
therapies in order to express anti-cancer proteins within solid
tumours.*> However, studies in HNSCC have yet to be carried
out and the efficacy and persistence of gene transfer and blood-
stream stability remain major challenges.®® Notably, hypoxia may
not be the only element of the tumour microenvironment that is
responsible for selective bacterial colonisation in solid tumours,
as immune infiltrate, tumour vasculature and pH constitute

other crucial factors that play an important role in anaerobic
bacterial targeting of solid tumours.®”

HPV AND THE TUMOUR MICROENVIRONMENT
Aside from the intrinsic cellular radiosensitivity of HPV-
positive HNSCGC, it is important to recognise that other factors,
such as the tumour microenvironment, contribute to the in vivo
response to radiation. HPV-positive tumours have been found
to have striking differences in the tumour microenvironment.
E6 and E7 specific antibodies were detected in sera of HPV-
positive HNSCC patients, and correlated with improved survival,
indicating that there is an active immune response against HPV
in patients.®®® Multiple studies show that in HPV-positive
HNSCC, a shift towards more CD4+ and CD8+ effector T-cells
(as opposed to naive T-cells) could be observed. This HPV-
mediated shift in immune response was also associated with
increased production of pro-inflammatory cytokines TNF-a and
IEN-y, and a distinct B-cell signature.”®** While these studies
did not establish a causal link for increased radiosensitivity, it has
been hypothesised that in HPV-positive HNSCC, cell injury and
local inflammation after irradiation may effectively contribute
to increased antigen presentation and enhanced recruitment
of cytotoxic immune cells.?” Taken together, it is clear that the
immune system is involved in the systemic and local anti-tu-
mour response in terms of radiotherapy response. While strong
causal relationships are still lacking, several studies suggest that
the immune cell rich tumour microenvironment of HPV-posi-
tive HNSCC may contribute to their increased radiosensitivity.

Clinical data suggest there is no significant difference in the level,
nor distribution of hypoxia in HPV-positive and HPV-negative
tumours, as measured by a 15-gene hypoxia classifier and '*F-
MISO PET>** To date, the expression of two of the key viral
proteins, E6 and E7, have been shown to be altered in response
to hypoxic conditions. In response to hypoxia, the interaction
between E6, the ubiquitin ligase E6GAP and p53 is abrogated,
and therefore p53 can be stabilised in response to hypoxia in
HPV-positive cell lines.”* More recently, exposure to hypoxia was
also found to repress the expression of both E6 and E7 in a range
of cervical cell lines.” Interestingly, repression of E6 and E7 did
not induce senescence in these cells, yet rather forced them into a
dormant state, which upon reoxygenation was quickly reversed.
It was suggested that the repression of E6 and E7 could provide
a mechanism to escape E6/E7 specific therapeutic approaches,
such as E6/E7 vaccines, or perhaps anti-tumour immune cells, as
well as that the dormant tumour cells may serve as a reservoir for
repopulation after reoxygenation.”

In HPV-positive tumours there is evidence for immune-re-
lated phenomena, such as increased intratumoural immune-
cell infiltration, that could further potentiate the response to
therapy including radiotherapy.”® However, there are also data
suggesting that tumour infiltrating lymphocytes may not be
limited to HPV-positive tumours.” This underlines the neces-
sity for further studies evaluating the prognostic impact of the
immune component on the outcome after radiotherapy for
HNSCC, specifically in the context of HPV infection. Hypoxia
can directly affect the immune cells present in the tumour and
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their function. Exposure to hypoxia alters IL-6, IL-10 and TGF-f
cytokine levels and the expression of PDLI, the last of which is
mediated by HIF-1a.”® Yet, there is no evidence that HPV-pos-
itivity is associated with HIF-1a expression in OPSCC and the
prognostic impact of other hypoxia-related parameters such
as CAIX or microvascular density seems to be independent
of HPV-status.”'?° Additionally, hypoxic tumours appear to
contain various types of immune cells, such as regulatory T-cells,
tumour-associated macrophages, myeloid- derived suppressor
cells, which together, exert an immunosuppressive function.'®!
While it has not yet directly been investigated, it is highly likely
that hypoxia will affect the immune-permissive tumour micro-
environment of HPV-positive tumours, and shift its balance
towards a more immunosuppressive state. Further investigation
of both the altered DDR and effects of the immune system in
HPV-positiveHNSCC could lead to useful therapeutic targets/
strategies for the treatment of HPV-negative tumours.

HPV, HYPOXIA AND RADIATION RESPONSE

An in vitro study showed that, as expected, both HPV-positive
and HPV-negative HNSCC cell lines display decreased radio-
sensitivity when irradiated in hypoxic conditions. The oxygen
enhancement ratios were found to be similar (2.3-2.9) when
both HPV-positive and HPV-negative cell lines were irradiated
under hypoxia.” As previously mentioned, it has been confirmed
that HPV-positive tumours have a similar degree and distri-
bution of hypoxia compared to HPV-negative tumours.!”**%
In vivo it has been demonstrated that in HPV-positive xenograft
tumours in nude mice, cell proliferation decreased significantly
upon irradiation, as opposed to HPV-negative tumours. Further-
more, after irradiation, the hypoxic fraction was reduced over
time in HPV-positive tumours.'%* This observation is supported
by earlier observations that irradiation of HPV-positive cell
lines induces a G,/M arrest, and can thereby effectively repress
cell proliferation and thus oxygen consumption.’** Together,
this suggests that the higher radiosensitivity of HPV-positive
tumours may be caused by a radiation-induced decrease of the
hypoxic fraction and proliferating cells.'”* These mechanisms,
while not yet fully understood, may prove to be essential in
determining the optimal use of hypoxia modification therapy in
HNSCC. While in vitro, hypoxic HPV-positive cell lines could
be radiosensitised by nimorazole, there is no clinical evidence of
its efficacy in patient populations.?’ Indeed, clinical studies have
shown that patients have improved locoregional control when
combining irradiation with nimorazole, but that this effect is
limited to HPV-negative HNSCC patients.'®*>!%* This suggests

Gottgens et af

hypoxia modification may be a less effective and unnecessary
treatment option for HPV-positive HNSCC. Further studies
will be required to determine the added value of hypoxia modi-
fication in HNSCC and to bring more clarity to the mecha-
nisms involved. Additionally, these future studies would require
a consistent and well-defined manner of measuring tumour
hypoxia and detecting HPV status.

SUMMARY

HNSCC can be divided in two distinct tumour types based on
HPYV infection, and the incidence of HPV-positive HNSCC has
been increasing over the last decades. It has been conclusively
demonstrated that patients with HPV-positive tumours have a
better overall prognosis, and that these tumours are more sensi-
tive to radiotherapy. However, so far there have been no changes
in the treatment strategy for either HPV-positive or HPV-nega-
tive HNSCC. By investigating the mechanisms causing HPV-pos-
itive tumours to be more sensitive, possible targets for treatment
of HPV-negative HNSCC could be identified. HPV-positive
tumours express the E6 and E7 oncoproteins, which are a causal
factor for oncogenesis. In addition, the tumour microenviron-
ment of HPV-positive tumours contains elevated numbers of
immune cells and pro-inflammatory cytokines, which may
contribute to a more efficient tumour clearance after irradia-
tion. Hypoxia, an overall negative prognostic marker, affects
HPV-positive and HPV-negative HNSCC equally, reducing the
effectiveness of radiotherapy. Several methods to detect and
quantify levels of hypoxia have been established, and can be used
clinically to predict treatment response. Concurrently, hypox-
ia-targeting or hypoxia-modifying therapies have been devel-
oped which can effectively radiosensitise hypoxic tumour cells.
Despite observations that HPV-positive tumours have an equal
hypoxic fraction as HPV-negative tumours, hypoxia-modifying
strategies such as nimorazole treatment have been shown to
be ineffective in HPV-positive HNSCC. This contributes to the
notion that HPV-positive and HPV-negative HNSCC are two
distinct disease types, which require individual treatment opti-
misation. Further, and larger, studies are needed in the future
to determine mechanisms that contribute to radiosensitivity,
optimal treatment strategies, and the effect hypoxia has on this.
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