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Abstract

Large-scale sequencing studies of head and neck squamous cell carcinoma (HNSCC) have
elucidated the genetic changes that characterize HNSCC. These findings have supported the
development of therapeutic strategies that target key components of aberrant signaling pathways
and immune dysregulation. Cumulative evidence suggests that these agents in combination with
radiotherapy may have synergistic effects. This review highlights the predictive biomarkers that
have been identified from HNSCC genomic studies and implications on the development of
molecular-targeting agents that may effectively treat patients with HNSCC, especially when
utilized in combination with radiation.

Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC) encompasses all cancers arising in the
mucosa of the oral cavity, pharynx, and larynx. HNSCC is the sixth most common cancer
worldwide and accounts for more than 600,000 new diagnoses annually as a consequence of
tobacco and alcohol use, and human papillomavirus (HPV) infection!. Even with the current
standard of care involving surgery, radiation, and chemotherapy, the five-year mortality rate
stands at approximately 50%?2. In view of these rather modest survival outcomes, even
following invasive and radical treatment modalities, the development of molecular-targeting
agents for the treatment of HNSCC has garnered considerable momentum. Until recently,
cetuximab, a monoclonal antibody against the epidermal growth factor receptor (EGFR),
was the only molecular targeting agent available for HNSCC. In 2016, the FDA approved
the use of programmed death receptor-1 (PD-1) blocking antibodies, nivolumab and
pembrolizumab, thus expanding the HNSCC treatment options. The identification of
additional therapeutic agents may further revolutionize treatment and ultimately improve
survival outcomes in HNSCC patients.
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Leveraging information from elucidating the genomic landscape of HNSCC may also guide
the development of more effective therapies to enhance radiation therapy for the treatment of
HNSCC3. Although there have been significant advances in radiation technologies, such as
the introduction of intensity modulated radiation therapy (IMRT), the impact of specific
genetic alterations in HNSCC on response to radiotherapy has not been intensively
investigated. Several studies first identified EGFR as a potential target for radiosensitization
by demonstrating that cancer cells exposed to radiation expressed increased levels of
EGFR?. In comparison to radiation alone, administration of the anti-EGFR monoclonal
antibody cetuximab with concomitant high-dose radiotherapy improved locoregional control
and reduced mortality®. Subsequent introduction of IMRT dramatically optimized radiation
treatment modalities for HNSCC treatment by decreasing long-term side effects (ex.
xerostomia and dysphagia) and extending cancer-specific survival in comparison to non-
IMRT®.78, For example, in a prospective study of 73 patients with oropharyngeal cancer,
combination chemotherapy (carboplatin and paclitaxel) with IMRT resulted in enhanced
locoregional control of tumor growth while sparing important swallowing structures to
reduce post-therapy dysphagia®. However, IMRT has its own limitations as high-dose
volumes continue to correlate with chronic dysphagia leading to nutritional deficiencies, and
higher risk for aspiration, anxiety, and depressioni0:11, In light of this, researchers
discovered that reducing IMRT dose-volumes from 61-64 Gy to 52-55 Gy resulted in fewer
swallowing disturbances’ 1213, A subsequent study indicated that patients with HPV-
positive tumors who responded well to induction chemotherapy had favorable outcomes by
combining cetuximab with reduced-dose IMRT <54 Gy (2-year progression-free
survival=96%, overall survival rate=96%, swallowing difficulties=40%, impaired
nutrition=10%) versus cetuximab in combination with higher doses of IMRT, close to 70 Gy,
in patients who did not achieve adequate response following induction (2-year progression-
free survival=80%, overall survival rate=94%, swallowing difficulties=89%, impaired
nutrition=44%)14. These results suggest that the addition of cetuximab to radiation in
patients who responded well to induction chemotherapy may allow delivery of lower
radiation doses with improved outcomes. However, concomittant administration of
cetuximab and radiotherapy is not always curative, underscoring the need to identify other
therapeutic agents that will improve HNSCC outcomes when combined with radiation.

This review will summarize our current understanding of the genetic alterations that
characterize HNSCC, with a particular focus on aberrant signaling pathways and
immunomodulatory mechanisms. We will highlight how this knowledge has direct
implications for the development of therapeutic strategies to successfully treat these lethal
cancers. We will focus on novel therapies in the context of radiation therapy with the
ultimate goal of identifying genomic alterations that can serve as predictive biomarkers.

Genetic characterization of HNSCC

The limited survival benefits of surgery, chemotherapy, and radiation have led to the design
of alternative approaches to treat HNSCC. One potential strategy has been the identification
and molecular targeting of aberrant signaling pathways that promote HNSCC development.
Although targeted drug therapies have successfully been utilized in the treatment of other
cancers, these approaches have met with limited success to date in HNSCC. This is due, in
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part, to a limited understanding of the genetic and biologic mechanisms that contribute to
HNSCC pathology as well as the heterogeneity of HNSCC tumors (e.g. anatomic location,
clinical characteristics, and risk factors). The elucidation of the key “driving” genomic
changes that enable tumorigenesis will facilitate the development of novel therapies for
patients with HNSCC.

Over the last 6 years, landmark advancements in whole-exome sequencing and gene copy
number analyses in primary patient tumors have revealed an extensive network of molecular
changes underlying HNSCC1516.17 |n the first such studies, high-throughput next-
generation sequencing of primary HNSCC tumors performed by two different groups
identified the six most frequently mutated genes that may potentially encode key signaling
molecules for HNSCC tumorigenesis: 7P53, NOTCHI1, CDKNZA, PIK3CA, HRAS, and
PTEN genes®18. Notably, NOTCH1 is a novel gene linked to squamous cell differentiation
that had not previously been reported as a commonly mutated gene in other solid tumor
types!®16.18 Risk factors including tobacco use and HPV exposure also impacted the
mutational rate observed in the samples'®16. For instance, tumors from patients with a
history of tobacco use without evidence of HPV infection harbored 3.2-fold and 4-fold,
respectively, more mutations than tumors from nonsmokers that were HPV-positivel8.

In 2015, The Cancer Genome Atlas (TCGA) reported a robust integrative multi-platform
characterization of 279 primary HNSCC tumors from a cohort consisting of male (73%)
heavy smokers, with tumors derived from the oral cavity (62%), larynx (26%), and
oropharynx (12%); approximately 13% of the tumors were also positive for HPV17. In
addition to validating the previously identified frequently mutated genes, the TCGA study
also profiled copy number alterations (CNAs), gene and protein differential expression, and
epigenetic changes'®16:17. TCGA and earlier studies grouped genes into four broad
categories including genes important for cell survival and proliferation (7P53, HRAS,
EGFR, and PIK3CA), cell-cycle control (CDKNZA and CCNDJI), cellular differentation
(NOTCHI), and adhesion and invasion signaling (FA77)1516.17.19 The top two mutated
and/or altered genes from the TCGA cohort were 7P53 (72% mutated/87% altered) and
CDKNZA (22% mutated/58% altered), with the top 10 mutations from this study presented
in Table 1; HPV-positive tumors, however, largely lacked mutations and alterations in 7P53
and CDKN2AY’. Generally, HNSCC genomes displayed high instability, as indicated by the
presence of copy number alterations (CNASs) (amplifications or deletions) and chromosomal
fusions!’. Both HPV-positive and HPV-negative tumors possessed recurrent focal
amplifications of chromosome 3g26/28, a region containing 7P63, SOX2, and PIK3CAL'.
PIK3CA mutations were also commonly found in both tumors types, albeit at higher levels
in HPV-positive HNSCC1517.20, Consistent with changes that had been previously
recognized in lung squamous cell carcinomas, HNSCC exhibited copy number alterations
such as deletions of chromosome 3p and 8p as well as amplifications of the 3q, 5g, and 8q
chromosomal regions’:21, Among the top mutations seen in HNSCC genomes (Table 1),
TP53, CDKNZA, CASPS, and NSD1 were differentially mutated across all anatomic sites;
unlike the other gene mutations, CASP8 mutations were additionally concentrated within the
oral cavityl”. In the TCGA cohort, HPV-negative tumors (87%:; 243 of 279 tumors)
demonstrated unique DNA/RNA structural aberrations and somatic mutations!’. Recurrent
focal amplifications were evident in receptor tyrosine kinases (EGFR, ERBBZ, and FGFRI),
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while focal deletions were present in the nuclear set gene (NVSDI) and tumor suppressor
genes (FATI, NOTCH1, SMAD4, and CDKN2A)Y!. Another group found that Notch
activation and subsequent FGF1 transcriptional upregulation increased mortality in patients
with oral cavity HNSCC?2. The TCGA cohort also displayed genetic alterations in oxidative
stress regulators (NFE2L2, KEAPI, and CUL3)Y. Further, novel co-amplifications of
chromosome 11913 (CCND1, FADD, and CTTN) and 11922 (B/IRC2and YAPI) were
detected!’. Somatic mutations such as inactivating, non-synonymous mutations were notable
in four primary genes: CDKNZ2A, TP53, and WNT signaling genes (FATZ and AJUBA)Y'.
Genes involved in immune evasion (HLA-A) and chromatin remodeling (KMT2D/MLL2)
also were found to be mutated to a statistically significant degreel’. CASPS, a frequently
mutated apoptosis gene, contained missense and other inactivating mutations in the death
effector and caspase peptidase domains!’. A subset of HPV-negative tumors, referred to as
“M class” (driven by mutations but generally lacking CNAs), primarily originated in the oral
cavity and were enriched for a novel three-gene constellation of wild-type 7P53, and mutant
HRAS and CASPS, which suggested a p53-independent tumorigenesis pathwayl7:23:24, Two
HPV-negative tumors also possessed an alternative MET transcript with skipped exon 14,
which had previously been shown to promote oncogenesis in non-small cell lung
cancer’:25, Based on RNA-sequencing data, alternative splicing resulted in distinct mRNA
transcripts for 7P63and kallikrein 12 (KLK12)Y. Generally, HPV-negative HNSCCs were
more broadly distributed among different anatomic sites, relative to HPV-positive tumors,
and commonly occurred in the context of heavy alcohol and/or tobacco usel’.

HPV-positive tumors are clinically distinct from HPV-negative tumors26. HPV-positive
tumors primarily originate in the oropharynx, specifically the tonsillar beds?%. Patients with
HPV-positive tumors tend to be younger and lack traditional risk factors such as alcohol and
tobacco use, which may partly explain the improved survival outcomes associated with these
tumors in comparison to their HPV-negative counterparts?6-27. The presence of HPV viral
DNA and expression of the HPV oncoproteins E6 and E7 that promote proteasomal
degradation of p53 and Rb, respectively, characterize these tumors2%. The TCGA data
confirmed an earlier study that illustrated the absence of 7P53 mutations and CDKNZA
alterations as well as a predominance of mutations and copy number alterations in genes
encoding components of the PI3 kinase (PI3K) pathway in HPV-positive tumors’:28, In the
TCGA cohort, loss of TRAF3 (TNF receptor-associated factor 3) and amplification of the
transcription factor £2F1 additionally distinguished HPV-positive tumorsl’. TRAF3is a
major regulator of the innate antiviral response against pathogens like HPV, acting by
inducing type I interferon (IFN) production2%:39, Although loss of 7RAF3had been
previously reported in hematological malignancies and nasopharyngeal carcinoma, the
TCGA study first identified this mutation in HPV-positive HNSCC17:19.31.32 Unlike HPV-
negative tumors, HPV-positive tumors noticeably lacked R7K amplification and CCND1
amplification’. Two HPV-positive tumors in the TCGA cohort possessed FGFR3-TACC3
fusion mutations that had been previously reported!’:33, Beyond the actions of E6 and E7
viral oncoproteins, earlier studies identified cancers involving both integrated and
nonintegrated forms of HPV, which displayed unique patterns of DNA methylation and
consequential differences in human and viral gene expression34. In HPV-integrated HNSCC,
viral DNA integration into the host genome has been commonly associated with alterations
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in DNA copy number, mRNA transcript abundance, and both inter- and intra-chromal
rearrangements34. For most HPV-positive tumors in the TCGA cohort, viral DNA genome
integration primarily occurred in a single genomic location and also in association with host
genome amplification”. However, a single driver mechanism for HPV integration did not
existl’.

Since HPV-positive tumors are traditionally associated with more favorable outcomes in
contrast to HPV-negative tumors, a number of studies have evaluated the effects of treatment
de-escalation for HPV-positive HNSCC through reduced radiation and/or chemotherapy
doses?:35:36_ According to a preclinical study, HPV-positive HNSCC cell lines displayed
greater sensitivity to radiation via reduced DNA double-strand break repair capacity in
comparison to HPV-negative cell lines3”. Additionally, patients with HPV-positive tumors
had higher two-year overall survival rates after treatment with induction chemotherapy
followed by chemoradiation in comparison to patients with HPV-negative tumors36. Based
on these observations, several ongoing clinical trials have aimed to formulate protocols for
treatment de-escalation, including reduction of radiation doses, without compromising
disease control3®38:39, In a phase 2 clinical trial of forty-three patients with favorable-risk,
HPV-positive oropharyngeal squamous cell cancer, decreased radiation dose of 60 Gy (vs.
standard doses of 70 Gy) and concurrent administration with weekly low-dose cisplatin (vs.
high-dose cisplatin) resulted in extremely favorable outcomes (86% pathologic complete
response) as well as a decrease in treatment-related side-effects?. Futhermore, thirty-three
patients with locally metastasized HPV-positive HNSCC and absence of tumor hypoxia (a
well-established poor prognostic factor in HNSCC) received reduced radiation doses of 60
Gy; these individuals responded with a 100% two-year locoregional control rate and a 100%
overall survival rate*1:42. A well-defined manner of identifying candidates for treatment de-
escalation will be essential for successful implementation of radiation doses tailored to
patients with HPV-positive HNSCC.

Gene expression subtypes of HNSCC

In addition to classifying HNSCC based on genetic alterations, histology, and tumor sites,
HNSCC can also be categorized into gene expression subtypes with potential biological and
clinical relevance*344. Despite some variability in nomenclature in different studies, four
distinct subtypes have been proposed: atypical, mesenchymal, basal, and classical*344. The
atypical subtype involves a large majority of HPV-positive tumors that lack gain-of-function
of the 7p chromosome (a region containing the EGFR gene), which was consistent with
previous observations associating HPV-positivity to low EGFR expression244:45, In contrast
to the atypical subtype, the other subtypes exhibit gain-of-function of 7p*4:45. Basal and
classical subtypes are characterized by loss of the 9p region, which contains the COKNZA
gene (encodes p16, a known biomarker of HPV-oncoprotein function); loss of 9p is not
observed in the atypical subtype24°546:47 Data from the TCGA data also segregates into the
atypical (24%), mesenchymal (27%), basal (31%), and classical (18%) subtypes, which have
been analyzed for specific somatic alterations!’. Consistent with previous observations, the
atypical subtype possesses an enrichment of HPV-positive tumors with activating mutations
of PIK3CA and lacking in chromosome 7 amplifications’. The mesenchymal subtype
involves high levels of alterations to innate immunity genes such as increased expression of
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CD56, a natural killer cell marker, and low frequency of HLA | mutations’. The basal
subtype includes NOTCHI inactivation, HRAS-CASP8 co-mutation, co-amplification of
11013/g22, and fewer alterations of chromosome 3q containing the SOX2genel’. The
classical subtype is notable for 7253 mutation, loss of CDKN2ZA, chromosome 3q
amplification, alteration of oxidative stress genes (KEAPR, NFE2L2or CULJ), heavy
smoking history, and predominance of the larynx sub-sitel’. DNA methylation, microRNA
(miRNA), and reverse-phase protein array data from the TCGA cohort demonstrated NSD1
hypomethylation and loss-of-function mutations in addition to wild-type NOTCH1I in the
atypical and classical subtypesl’. NiSD1 encodes the histone 3 Lys 36 (H3K36
methyltransferase) and is associated with DNA hypomethylation. Since the TCGA report, a
subsequent study defined a subset of HNSCC that possessed novel recurrent mutations
encoding p.Lys36 Met (K36M) alterations in H3 histone genes, which in addition to NSD1
mutations, corresponded to a specific DNA methylation cluster responsible for blocking cell
differentiation and promoting oncogenesis#®. Furthermore, deletion of newly-identified
mMiRNAs let-7¢-5p and 100-5p in HNSCC tumors led to increased expression of the
following target genes: cell cycle regulator CDKB®, transcription factor £2F1, mitosis
regulator PLKZ, and transcription factor HMG2AY". The miRNA let-7c was most often
altered in HPV-negative tumors?’.

Epidemiologic considerations

A meta-analysis of HNSCC gene expression data validated by eleven independent
microarray datasets has revealed six different subtypes by subdividing the aforementioned
groups into classical, mesenchymal, HPV-like, hypoxia, defense response, and
immunoreactive?®. The six subtypes exhibit predicted differences in sensitivities to drugs in
clinical use or under preclinical investigation for HNSCC, including paclitaxel, rapamycin,
afatinib/pan-EGFR inhibitor, Nutlin3a, and Z-LLNIe-CHO%9. A recent study of twenty-eight
HNSCC patient-derived xenografts (PDXs) distributed over three gene expression subtypes -
mesenchymal/inflamed, basal, and classical - were subjected to treatment with various
chemotherapy agents, including cetuximab®0. The basal subtype strongly correlated with
response to cetuximab whereas the mesenchymal subtype was cetuximab resistant®0. No
associations were evident with other subtypes and/or chemotherapy agents, suggesting that
the basal subtype may be a predictive biomarker for cetuximab response0.

It should be noted that the HNSCC TCGA study represented a typical US surgical cohort,
largely limited to oral cavity tumors from white, male smokers’. Recent evidence
incorporating additional genome-wide association studies have suggested that additional
epidemiologic factors may impact HNSCC mutational landscapes. For example, a 2016
genome-wide association analysis of oral cavity and pharyngeal cancers in 6,034 cases and
6,585 controls from Europe, North America, and South America detected novel loci that
were not previously highlighted in the TCGA study5. This study included a combination of
oral, pharyngeal, and oropharyngeal cancers that unveiled significant associations with the
genes HLA-DQBI1, LHPF, OR52N2-TRIM5, ADH1B, GPN1, LAMC3, CLPTMIL, and
CDKNZB-ASI, CDKN2B-AS1 was the only gene also noted in the TCGA study®L.
Additionally, HPV-positive cancers had stronger gene loci associations than HPV-negative
cancers®l. In a separate study, tongue cancers from Asian patients exhibited lower 7P53
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mutational rates (10.6%), in stark contrast to the 86% mutation rate from TCGA datal’31,
These findings support the notion that HNSCC mutations exhibit geographic and tumor
heterogeneity that may lead to additional challenges in determining viable therapies for
multiple tumor types and global populations.

Aberrant pathways implicated in HNSCC and subsequent therapeutic
strategies

The HNSCC genomic landscape is highlighted by commonly mutated genes that may result
in aberrant activation of signaling pathways that promote tumorigenesis. In the following
section, we explore the consequences of oncogenic P/IK3CA and CCNDI genetic alterations,
with a focus on their roles as potential biomarkers for targeted therapies.

PIK3CA

PIK3CA is a commonly altered (mutated and/or copy number amplified in 37% of the
TCGA cohort) oncogene in HNSCC and is more frequently altered in HPV-positive
tumorst’. Approximately, 66% of HNSCC P/IK3CA mutations cluster at three hotspots in
the helical (E542K, E545K) and kinase domains (H1047R), which is consistent with the
frequency of hotspot mutations found in other PIK3CA-altered tumors such as breast, lung,
and colorectal cancers?:20:52,

The phosphoinositol-3-kinase (PI3K) signaling pathway is frequently dysregulated in
HNSCC, with PI3K-related gene mutations present in 30.5% of tumors20. Of the three
different classes of PI13Ks, PIK3CA encodes the class | p110a subunit of PI3K that becomes
activated by receptor tyrosine kinases (RTKSs) such as epidermal growth factor receptor
(EGFR)®2. Activated class | PI3K (heterodimer of p85 and a p110 catalytic subunit)
phosphorylates the lipid phosphatidylinositol 4,5-biphosphate (PIP,) within the plasma
membrane to generate phosphatidylinositol (3,4,5)-triphosphate (PIP3)°2. These events
trigger a cascade of downstream signaling, including the activation of additional pathway
components such as protein kinase B (Akt) and mechanistic target of rapamycin (mTOR) to
promote cell growth, survival, motility, and metabolism (Figure 1)°2.

Due to the frequency of PI3K-AKT-mTOR pathway alterations in HNSCC, multiple
preclinical studies and clinical trials have attempted to delineate the therapeutic efficacy of
targeting various components of the PI3K pathway albeit with mixed results (Figure 1)°3. A
screen of 130 anti-cancer agents in 639 cancer cell lines listed P/IK3CA mutations as
significant biomarkers of sensitivity to drugs targeting the PI3K pathway in 23 HNSCC
lines®*. However, in vitro studies of HNSCC cell lines with P/K3CA amplifications, unlike
PIK3CA mutations, were not sensitive to PI3K pathway inhibitors and did not predictably
activate downstream components of the PI3K pathway such as Akt and mTOR5®, HNSCC
cells resistant to PI3K inhibition have also been classically associated with mutations within
the PI3K pathway, thus implementing the incorporation of multi-targeted pathway
inhibition®4. Based on /7 vivo studies with HNSCC PDXs, PIK3CA mutations were
associated with greater sensitivity to treatment with the dual PI3K/mTOR inhibitor
(BEZ-235) in comparison to PIK3CA wild-type tumorgrafts20. A Phase 1 trial of patients
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with PIK3CA cancers, including HNSCC, reported greater response to PI3K/AKT/mTOR
inhibitors than those without P/IK3CA mutations; this was especially true in patients with the
hotspot PIK3CA mutation, H1047R, relative to other PIK3CA mutations®6:57, However, to
date, the cumulative results from in vitro, in vivo, and clinical trials analyzing the utility of
PI3K/AKT/mTOR pathway inhibition have been inconsistent®3.

Trials are now combining PI3K inhibition with chemotherapy and/or radiation in the context
of encouraging findings with treatments of other cancer types®8. Buparlisib (BKM120) is a
pan-PI3K inhibitor (targets more than one PI3K p110 isoform) that has been extensively
studied. Based on preclinical data, buparlisib sensitized squamous lung cancer cells to
radiotherapy, especially previously radiation-resistant cells with NEF2L2 or KEAP1
mutations®®. While monotherapy generally had comparable effects, treatment of three
different HNSCC cell lines with cetuximab (anti-EGFR) followed by buparlisib
synergistically inhibited tumor proliferation80. Another group uncovered a similar finding
with HNSCC xenografts after incorporating radiotherapy in conjunction with buparlisib and
cetuximab®l. Currently, there are five ongoing clinical trials for buparlisib (BKM120),
including one involving combined IMRT and cisplatin. Of note, additional pan-PI13K
inhibitors include copanlisib (BAY 80-6946), which has not been effective in clinical trials,
as well as PX-866 and SF112653. One of the more promising PI3K inhibitors is alpelisib
(BYL719), a p110a-specific inhibitor that has exhibited dose-dependent inhibition of
PIK3CA-dependent murine xenografts82. Preliminary data from a Phase IB/I1 study of
alpelisib in conjunction with cetuximab for the treatment of recurrent/metastatic HNSCC
suggested potential antitumor activity of this regimen®3. There are four active clinical trials
with alpelisib underway, with two of the four trials incorporating combined IMRT.
NCTO02282371 is a clinical trial involving the treatment of Stage I11/IVb HNSCC with triple
therapy BYL-719, cetuximab, and IMRT. NCT02537223 involves triple therapy with
BYL-719, cisplatin, and IMRT in patients with locoregionally advanced HNSCC.

Inhibitors targeting downstream components of the PI3K pathway, such as Akt (MK-2206)
and mTOR (sirolimus/rapamycin, everolimus, temsirolimus), have reported limited efficacy
in conjunction with toxicities, especially when combined with radiotherapy®3:64. Although
preclinical data supports targeting the PI3K pathway, the clinical benefit of agents that
inhibit nodes in this pathway has been limited in PIK3CA-mutated patients to date5>.
Additional studies are needed to identify treatment strategies to increase the effectiveness of
PI3K inhibition, especially in combination with radiation.

Cell cycle control genes, which include CCND1, CDKNZA, and CDK4/6, are commonly
mutated in HNSCC. In particular, nearly 31% of all HPV-negative tumors have mutations in
the oncogene CCNDI (encoding cyclin D1)17. Additionally, HPV-negative tumors are
associated with novel co-amplifications of chromosome 11q13m (containing CCNDJ,
FADD and CTTN) with chromosome 11022 (containing B/RC2and YAPI)Y. CCND1
encodes cyclin D1, which enables cyclin-dependent kinases (CDKs) 4 and 6 to
phosphorylate and inactivate RB (retinoblastoma)8®. This eventually leads to the release and
activation of E2F transcription, facilitating the transition of the cell from G1 to S phase®.
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P16 (CDKNZA, cyclin-dependent kinase inhibitor ZA) is a potent inhibitor of CDK4/6 that
blocks the interaction of cyclin D1 with CDK4/6, preventing RB phosphorylation and
inhibiting cell cycle progression®8. Alterations in this pathway promote carcinogenesis and
include amplification, which lead to overexpression of cyclin D1, amplification and
activating mutations of CDK4, and loss-of-function mutations in p16 (CDKNZ2A)®.
Notably, CDKNZA inactivation is commonly associated with smoking-related HNSCCs and
present in 57% of HPV-negative tumorsl’,

A recent study illustrated that CCAD1 amplification and a subsequent increase in cyclin D1
expression predicted occult nodal metastasis in early oral cancer, supporting CCDNI and
CDKA4/6 as potential biomarkers®8. A preclinical study of the CDK4/6 inhibitor abemaciclib
(LY2835219) demonstrated potent activity in HNSCC cells and xenografts when utilized in
combination with an mTOR inhibitor, relative to either drug alone8®. In 2015, the FDA
approved palbociclib, a CDK4/6 inhibitor, for the treatment of breast cancer after studies
indicated positive responses to this agent in patients with high rates of CCND1
amplification’®. Initial results from a Phase | trial of patients with cetuximab- or platinum-
resistant HNSCC indicated that the combination of palbociclib and cetuximab safely
reduced target lesions in 56% of patients and exhibited a disease control rate of 89%71.
Given the small sample size of this trial (n=9), additional studies are needed to support the
utility of this agent for the treatment of HNSCC. One study (NCT03024489) is testing
palbociclib in combination with cetuximab and IMRT for the treatment of locally advanced
squamous cell carcinoma.

Genomic-based radiation sensitivity of HNSCC

Genomic studies may additionally identify subpopulations of HNSCC patients with optimal
responses to radiotherapy. Currently, the administration of radiotherapy for HNSCC
treatment is based on a “one-size fits all” model with patients receiving standard doses of
radiation irrespective of tumor heterogeneity. A handful of non-genomic based parameters
have been used to predict HNSCC radiosensitivity, with fairly limited success. For example,
analysis of components such as survival fraction at 2 Gy (SF2) following growth of HNSCC
colonies /n vitro predicted local control but not overall survival, while cell kinetic
parameters measured through flow cytometry only weakly predicted response to
radiotherapy’273. However, a systems biology approach utilizing a gene expression-based
radiosensitivity index (RSI) to estimate SF2 /n vitroreliably predicted response to
preoperative radiotherapy and clinical outcomes in patients with various cancers, including
HNSCC’4.75, More recently, the genomic-adjusted radiation dose (GARD), a value derived
from RSI and the linear quadratic model (basis for dose and fractionation in clinical
radiation oncology), effectively predicted the responses of multiple tumor types, including
HNSCC, to radiotherapy’®. Higher median GARD values predicted greater response to
radiotherapy and also specifically correlated with oropharyngeal over non-oropharyngeal
HNSCC; the latter finding was consistent with more favorable outcomes for patients with
oropharyngeal cancer who underwent radiotherapy based on a prior study’8:77. Evidence
from this study implicates the utility of GARD in guiding genomically-based radiation
therapy for HNSCC.
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An analysis of 82 primarily (chemo)irradiated HNSCC patients confirmed previously
acknowledged biomarkers of radiosensitivity and radioresistance (p16 and c-Met,
respectively) and identified new prognostic biomarkers including survivin, programmed
death-1 (PD-1), and programmed death-ligand 1 (PD-L1)78. Expression of p16, PD-1, and
PD-L1 corresponded with radiosensitivity while survivin and c-Met predicted
radioresistance’8. Given the recent approval of PD-1 blocking antibodies for HNSCC
treatment, this finding suggests a possible enhanced radiotherapeutic effect if these agents
are supplemented with radiation. The optimization of radiation doses dictated by genomic
differences between HNSCC will be necessary to effectively optimize precision radiation
therapy in a clinical setting.

Immunotherapies

Overview

Another promising avenue for the treatment of HNSCC is immune checkpoint inhibition. In
light of the 2016 FDA approval of anti-PD1 antibodies pembrolizumab and nivolumab,
tremendous enthusiasm currently surrounds immune modulatory agents. Immune
dysregulation has been commonly cited in tumorigenesis by its propagation of angiogenesis,
invasion, and metastasis’®. Impairment of the host immune system in HNSCC occurs via
several mechanisms, including downregulation of human leucocyte antigen (HLA) class |
molecules8%-81.82 development of T-cell tolerance to overexpressed antigens®283, inhibitory
cytokine production84, and increased programmed death ligand-1 (PD-L1)/programmed
death-1 (PD-1) expression8®. These studies have implemented the development of immune
checkpoint inhibitors such as ipilimumab (anti-cytotoxic T-lymphocyte associated protein/
CTLA-4), pembrolizumab (anti-PD-1), and nivolumab (anti-PD-L1)7°. Cumulative evidence
indicates that immune checkpoint inhibitors and radiotherapy have synergistic effects that
enhance antitumor immunity by inducing immunogenic cell death and promoting
recruitment of T cells within the tumor microenvironment86.

CTLA-4 blockade

CTLA-4, a receptor commonly found on the surface of T-cells, downregulates helper T-cell
activity and upregulates the immunosuppressive effects of regulatory T (Treg) cells®’. In
principle, CTLA-4 inhibition induces tumor regression by promoting T-cell activation
against cancer cells and preventing Treg cells from inhibiting immune activity8’. Although
the survival benefits of the anti-CTLA-4 monoclonal antibody ipilimumab have been
primarily demonstrated for metastatic melanoma, its role in the treatment of HNSCC has yet
to be elucidated®8. There is some evidence to suggest that blocking CTLA-4 may reverse
treatment-resistant HNSCC. In the context of the limited survival benefits of cetuximab for
HNSCC, one study noted that cetuximab-treated HNSCC patients exhibited increased Treg
expression of CTLA-4 with higher levels of Treg correlating with poor prognosis®.
Furthermore, ipilimumab notably reversed these effects ex vivo by eliminating intratumoral
Treg cells through the assistance of natural killer (NK) cells, indicating a possible role for
ipilimumab in enhancing treatment response to cetuximab®. Based on this study, the
unremarkable response of HNSCC to cetuximab monotherapy may have been secondary to
the recruitment of Treg cells to the tumor microenvironment, which subsequently suppressed
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antitumor effects®. In preclinical models of lung cancer and melanoma, the addition of
radiotherapy to CTLA-4 blockade demonstrated synergism likely secondary to radiation-
induced T-cell release of antigens that boost the immune system and increase responsiveness
to ipilimumab®. Abscopal effects (regression of metastatic cancer at a site distant from
irradiation) were noted in patients with melanoma who were initially unresponsive to
ipilimumab88. Several ongoing clinical trials are aimed at establishing use of ipilimumab in
combination with IMRT and other molecular targeted agents, namely nivolumab, in HNSCC
(ex. NCT01860430, NCT02741570, NCT01935921)

PD-1 or PDL-1 pathway blockade

There is considerable interest in the role of the PD-1/PDL-1 pathway in HNSCC. PDL-1
serves as one of two ligands for the PD-1 receptor, whose activation limits T-cell activity in
peripheral tissue during inflammation, thereby restricting autoimmunity8”. The recruitment
of Treg cells expressing high levels of PD-1 to the tumor microenvironment may in turn
further suppress effector immune responses8’. HNSCC tumor cells exhibit high levels of
PD-L1, with 66% of HNSCC expressing either membrane and/or intracytoplasmic PD-L187.
HPV-positive tumors are more commonly associated with higher levels of PD-L1 expression
in comparison to HPV-negative tumors®%:92, It is interesting to note that PD-L1 is
upregulated after activation of the PI3K pathway in human glioma cell lines, suggesting a
potential role for administering PI3K inhibitors in conjunction with PD-L1/PD-1
blockade®2.

In a Phase 3 trial of nivolumab in 361 patients with platinum-therapy resistant metastatic
HNSCC, overall survival (OS) in the nivolumab group was 7.5 months (95% Cl=5.5-9.1)
versus OS in standard treatment group of 5.1 months (95% Cl= 4.0-6.0)?3. Furthermore,
nivolumab-treated patients had a 30% lower risk of death, more than double the estimated
rate of OS at 1 year, and a higher rate of progression-free survival at 6 months (19.7% with
nivolumab vs 9.9% w/ standard therapy)®3. From the Phase 1b KEYNOTE-012 trial, 60
patients with PD-L1-positive HNSCC treated with pembrolizumab exhibited overall
response (OR) by central imaging review of 18% (eight of 45 patients; 95% CI 8-32) in all
patients, 25% (four of 16 patients; 95% CI 7-52) in HPV-positive patients, and 14% (four of
29 patients; 95% CI 4-32) in HPV-negative patients®*. In cervical cancer, which is almost
exclusively associated with HPV infection, novel amplifications in immune target PD-L1
were noted further, emphasizing the association between PD-L1 expression and HPV9,

The utility of PD-L1 and PD-1 inhibition in combination with radiotherapy is the focus of
several preclinical studies aimed at analyzing potential synergism between these two
treatment modalities. The anti-tumor efficacy of low dose radiotherapy, which results in the
upregulation of PD-L1 on tumor cells, can be improved by combining with antibodies
against PD-L1 and PD1 in murine models®. In mice with intracranial gliomas, the
administration of anti-PD-1 therapy alongside stereotactic radiation improved survival by
25-28 days when compared with either modality alone®’. A syngeneic colon cancer model
had similar improvement in outcomes when treated with dual anti-PDL1 and radiation
therapies®8. There are two ongoing clinical trials involving combination nivolumab with
either stereotactic body radiotherapy (NCT02684253) or IMRT/cisplatin (NCT02764593).
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Although additional supporting preclinical and clinical data are required in the context of
HNSCC, the aforementioned studies underscore the potential utility of combining
radiotherapy with immunotherapeutic agents

Conclusion

Despite increased understanding of the genetic underpinnings of HNSCC and the 2016 FDA
approval of immune checkpoint inhibitors, approximately 50% of HNSCC patients still
succumb to their disease. The incorporation of targeted agents such as cetuximab has not
consistently resulted in significant increases in survival and predictive biomarkers are
lacking. Genomic studies such as TCGA, among others, have contributed to a more
comprehensive integrative genomic characterization of HNSCC. Additional sequencing
studies have also identified HNSCC-mutated genes based on diverse worldwide cohorts. The
development of novel drug therapies targeting frequently mutated candidate genes and their
resultant aberrant signaling pathways may improve outcomes in oncogene-driven HNSCC.
Promising candidate targets include PI3BK/AKT, CDKs, and immune checkpoints. Additional
studies aimed at understanding the effects of targeted therapeutic agents administered with
radiation therapy will also dictate how these two modalities improve survival and reduce
toxicity for HNSCC treatment. Successful completion of preclinical studies that can be
readily translated to the clinic will have immediate impact on patient outcomes for HNSCC.
The identification of alternative therapeutic targets will be critical to improve survival
outcome in patients affected by this otherwise lethal diseae.

Acknowledgments

This work was supported by R0O1 DE24728 (to DEJ), R0O1 DE023685 and the American Cancer Society (to JRG)
and Howard Hughes Medical Institute Medical Fellows Program (to JC)

References

1. Ferlay J, Shin HR, Bray F, et al.: Estimates of worldwide burden of cancer in 2008: GLOBOCAN
2008. Int. J. Cancer 127:2893-2917, 2010 [PubMed: 21351269]

2. Ang KK, Harris J, Wheeler R, et al.: Human papillomavirus and survival of patients with
oropharyngeal cancer. N Engl J Med 363(1):24-35, 2010 [PubMed: 20530316]

3. Bowles DW, Deutsch E, Raben D: Successes and failures of combined modality therapies in head
and neck cancer. Semin Radiat Oncol 26(4):299-306, 2016 [PubMed: 27619251]

4. Liang K, Ang KK, Milas L, et al.: The epidermal growth factor receptor mediates radioresistance.
Int J Radiat Oncol Biol Phys 57:246-254, 2003 [PubMed: 12909240]

5. Bonner JA, Harari PM, Giralt J, et al.: Radiotherapy plus cetuximab for squamous-cell carcinoma of
the head and neck. N Engl J Med 354(6):567-578, 2006 [PubMed: 16467544]

6. Carnaby-Mann G, Crary MA, Schmalfuss I, et al.: “Pharyngocise:” randomized control trial of
preventative exercises to maintain muscle structure and swallowing function during head-and-neck
chemoradiotherapy. Int J Radiat Oncol Biol Phys 83:210-219, 2012 [PubMed: 22014959]

7. Paleri V, Roe JW, Strojan P, et al.: Strategies to reduce long-term postchemoradiation dysphagia in
patients with head and neck cancer: An evidence-based review. Head Neck 36:431-443, 2014
[PubMed: 23828486]

8. Beadle BM, Liao KP, Elting LS, et al.: Improved survival using intensity-modulated radiation
therapy in head and neck cancers: a SEER-Medicare analysis. Cancer 120:702-710, 2014 [PubMed:
24421077]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choetal.

Page 13

9. Feng FY, Kim HM, Lyden TH, et al.: Intensity-modulated chemoradiotherapy aiming to reduce

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

dysphagia in patients with oropharyngeal cancer: clinical and functional results. J Clin Oncol
28(16):2732-8, 2010 [PubMed: 20421546]

10.

Nguyen NP, Frank C, Moltz CC, et al.: Impact of dysphagia on quality of life after treatment of
head-and-neck cancer. Int J Radiat Oncol Biol Phys 61:772—778, 2005 [PubMed: 15708256]
Platteaux N, Dirix P, Dejaeger E, et al.: Dysphagia in head and neck cancer patients treated with
chemoradiotherapy. Dysphagia 25:139-152, 2009 [PubMed: 19711127]

Duprez F, Madani I, De Potter B, et al.: Systematic review of dose-volume correlates for structures
related to late swallowing disturbances after radiotherapy for head and neck cancer. Dysphagia
28(3):337-349, 2013 [PubMed: 23429941]

MD Anderson Head and Neck Cancer Symptom Working Group: Beyond mean pharyngeal
constrictor dose for beam path toxicity in non-target swallowing muscles: Dose-volume correlates
of chronic radiation-associated dysphagia (RAD) after oropharyngeal intensity modulated
radiotherapy. Radiother Oncol 118:304-314, 2016 [PubMed: 26897515]

Marur S, Li S, Cmelak AJ, et al.: E1308: phase Il trial of induction chemotherapy followed by
reduced-dose radiation and weekly cetuximab in patients with HPV-associated resectable
squamous cell carcinoma of the oropharynx-ECOG-ACRIN Cancer Research Group. J Clin Oncol
35:490-297, 2017 [PubMed: 28029303]

Stransky N, Egloff AM, Tward AD, et al.: The mutational landscape of head and neck squamous
cell carcinoma. Science 333:1157-1160, 2011 [PubMed: 21798893]

Agrawal N, Frederick MJ, Pickering CR, et al.: Exome sequencing of head and neck squamous cell
carcinoma reveals inactivating mutations in NOTCH1. Science 333:1154-1157; 2011 [PubMed:
21798897]

The Cancer Genome Atlas Network: Comprehensive genomic characterization of head and neck
squamous cell carcinomas. Nature 516(7536):576-82, 2015

Sun W and Califano JA: Sequencing the head and neck cancer genome: implications for therapy.
Ann NY Acad Sci 1333:33-42, 2014 [PubMed: 25440877]

Hammerman PS, Hayes DN, Grandis JR: Therapeutic insights from genomic studies of head and
neck squamous cell carcinoma. Cancer Discov 5(3):239-244, 2015 [PubMed: 25643909]

Lui V, Hedberg M, Li H, et al.: Frequent mutation of the PI3K pathway in head and neck cancer
defines predictive biomarkers. Cancer Discovery 3:761-769, 2013 [PubMed: 23619167]

Cancer Genome Atlas Research Network: Comprehensive genomic characterization of squamous
cell lung cancers. Nature 489(7417):519-525, 2012 [PubMed: 22960745]

Weaver AN, Burch MB, Cooper TS, et al.: Notch signaling activation is associated with patient
mortality and increased FGF1-mediated invasion in squamous cell carcinoma of the oral cavity.
Mol Cancer Res 14(9):883-891, 2016 [PubMed: 27353029]

Ciriello G, Miller ML, Aksoy BA, et al.: Emerging landscape of oncogenic signatures across
human cancers. Nature Genet 45:1127-1133, 2013 [PubMed: 24071851]

Mw Mayo, Wang CY Cogswell PC, et al.: Requirement of NF-kappaB activation to suppress p53-
independent apoptosis induced by oncogenic Ras. Science 278(5344):1812-1815, 1997 [PubMed:
9388187]

Kong-Beltran M, Seshagiri S, Zha J, et al.: Somatic mutations lead to an oncogenic deletion of met
in lung cancer. Cancer Res 66(1):283-289 [PubMed: 16397241]

Mendenhall WM and Logan HL: Human papillomavirus and head and neck cancer. Am J Clin
Oncol 32(5):535-539, 2009 [PubMed: 19652580]

Fakhry C, Westra WH, Li S, et al.: Improved survival of patients with human papillomavirus-
positive head and neck squamous cell carcinoma in a prospective clinical trial. J Natl Cancer Inst
100(4):261-269, 2008 [PubMed: 18270337]

Lechner M, Frampton GM, Fenton T, et al.: Targeted next-generation sequencing of head and neck
squamous cell carcinoma identifies novel genetic alterations in HPV+ and HPV- tumors. Genome
Med 5(5):49, 2013 [PubMed: 23718828]

Oganesyan G, Saha SK, Guo B, et al.: Critical role of TRAF3 in the Toll-like receptor-dependent
and —independent antiviral response. Nature 439(7073):208-211, 2006 [PubMed: 16306936]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choetal.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 14

Karim R, Tummers B, Meyers C, et al.: Human papillomavirus (HPV) upregulates the cellular
deubiquitinase UCHL1 to suppress the keratinocyte’s innate immune response. PLoS Pathog 9(5),
2013

Tan DSW, Wang W, Leong HS, et al.: Tongue carcinoma infrequently harbor common actionable
genetic alterations. BMC Cancer 14:679, 2014 [PubMed: 25234657]

Ludwig ML, Birkeland AC, Hoesil R, et al.: Changing the paradigm: the potential for targeted
therapy in laryngeal squamous cell carcinoma. Cancer Biol Med 13(1):87-100, 2016 [PubMed:
27144065]

Wu YM, Su F, Kalyana-Sundaram S, et al.: Identification of targetable FGFR gene fusions in
diverse cancers. Cancer Discov 3(6):636—647, 2013 [PubMed: 23558953]

Parfenov M, Pedamallu CS, Gehlenborg N, et al.: Characterization of HPV and host genome
interactions in primary head and neck cancers. Proc Natl Acad Sci USA 111(43):15544-15549,
2014 [PubMed: 25313082]

Hegde JV, Chen AM, Chin RK: Advances in radiation oncology: what to consider. Otolaryngol
Clin N Am. Ahead of print, 2017

Fakhry C, Westra WH, Li S: Improved survival of patients with human papillomavirus-positive
head and neck squamous cell carcinoma in a prospective clinical trial. J Natl Cancer Inst 100(4):
261-269, 2008 [PubMed: 18270337]

Rieckmann T, Tribius S, Grob TJ, et al.. HNSCC cell lines positive for HPV and p16 possess
higher cellular radiosensitivity due to an impaired DB repair capacity. Radiother Oncol 107(2):
242-6, 2013 [PubMed: 23602369]

Masterson L, Moualed D, Masood A, et al.: De-escalation treatment protocols for human
papillomavirus-associated oropharyngeal squamous cell carcinoma. Cochrane Database Syst Rev
15(2):CD010271, 2014

Yom SS, Gillison ML, Trotti AM. Dose de-escalation in human papillomavirus associated
oropharyngeal cancer: first tracks on powder. Int J Radiat Oncol Biol Phys 2015;93(5):986-8
[PubMed: 26581136]

Chera BS, Amdur RJ, Tepper J, et al.: Phase 2 trial of de-intensified chemoradiation therapy for
favorable-risk human papillomavirus-associated oropharyngeal squamous cell carcinoma. Int J
Radiat Oncol Biol Phys 93(5):976-85, 2015 [PubMed: 26581135]

Nordsmark M, Bentzen SM, Rudat V, et al.: Prognostic value of tumor oxygenation in 397 head
and neck tumors after primary radiation therapy. An international multi-center study. Radiother
Oncol 77(1):18-24, 2005 [PubMed: 16098619]

Lee N, Schoder H, Beattie B, et al. Strategy of using intratreatment hypoxia imaging to selectively
and safely guide radiation dose de-escalation concurrent with chemotherapy for locoregionally
advanced human papillomavirus-related oropharyngeal carcinoma. Int J Radiat Oncol Biol Phys
96(1):9-17, 2016 [PubMed: 27511842]

Chung CH, Parker JS, Karaca G, et al.: Molecular classification of head and neck squamous cell
carcinoma using patterns of gene expression. Cancer Cell 5(5):489-500, 2004 [PubMed:
15144956]

Walter V, Yin X, Wilkerson MD, et al.: Molecular subtypes in head and neck cancer exhibit distinct
patterns of chromosomal gain and loss of canonical cancer genes. PloS One 8(2):€56823, 2013
[PubMed: 23451093]

Kang H, Kiess A, Chung CH: Emerging biomarkers in head and neck cancer in the era of
genomics. Nat Rev Clin Oncol 12:11-26, 2015 [PubMed: 25403939]

Sewell A, Brown B, Biktasova A, et al.: Reverse-phase protein array profiling of oropharyngeal
cancer and significance of PIK3CA mutations in HPV-associated head and neck cancer. Clin
Cancer Res 20(9): 2300-2311, 2014 [PubMed: 24599934]

Seiwert TY, Zuo Z, Keck MK, et al.: Integrative and comparative genomic analysis of HPV-
positive and HPV-negative head and neck squamous cell carcinoma. Clin Cancer Res 21(3):632-
641, 2015 [PubMed: 25056374]

Papillon-Cavanagh S, Lu C, Gayden T, et al.: Impaired H3K36 methylation defines a subset of
head and neck squamous cell carcinomas. Nat Genet 49(2):180-185, 2017 [PubMed: 28067913]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choetal.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 15

De Cecco L, Nicolau M, Giannoccaro M, et al.: Head and neck cancer subtypes with biological and
clinical relevance: meta-analysis of gene-expression data. Oncotarget 6(11):9627-42, 2015
[PubMed: 25821127]

Klinghammer K, Otto R, Raquse JD, et al.: Basal subtype is predictive for response to cetuximab
treatment in patient derived xenografts of squamous cell head and neck cancer. Int J Cancer.
Accepted Article, 2017.

Leusser C, Diergaarde B, Olshan AF, et al.: Genome-wide association analyses identify new
susceptibility loci for oral cavity and pharyngeal cancer. Nature 48:1544-1550, 2016

Thorpe LM, Yuzugullu H, Zhao JJ: PI3K in cancer: divergent roles of isoforms, modes of
activation and therapeutic targeting. Nat Rev Cancer 15(1):7-24, 2015 [PubMed: 25533673]

Cai Y, Dodhia S, Su GH: Dysregulations in the PI3K pathway and targeted therapies for head and
neck squamous cell carcinoma 8(13):22203-22217, 2017

Garnett MJ, Edelman EJ, Heidorn SJ, et al.: Systematic identification of genomic markers of drug
sensitivity in cancer cells. Nature 483:570-575, 2012 [PubMed: 22460902]

Mazumdar T, Byers LA, Ng PKS, et al.: A comprehensive evaluation of biomarkers predictive of
response to P13K inhibitors and of resistance mechanisms in head and neck squamous cell
carcinoma. Mol Cancer Therapy 13(11):2738-2750

Janku F, Tsimberidou AM, Garrido-Laguna I, et al.: PIK3CA mutations in patients with advanced
cancers treated with PI3K/AKT/mTOR axis inhibitors. Mol Cancer Ther 10(3): 558-565, 2011
[PubMed: 21216929]

Janku F, Wheler JJ, Naing A, et al.: PIK3CA mutation H1047R is associated with response to
PI3BK/AKT/mTOR signaling pathway inhibitors in early-phase clinical trials. Cancer Res 73(1):
276-284, 2013 [PubMed: 23066039]

Garrett JT, Chakrabarty A, Arteaga CL: Will PI3K pathway inhibitors be effective as single agents
in patients with cancer? Oncotarget 2(12):1314-1321, 2011 [PubMed: 22248929]

Abazeed ME, Adams DJ, Hurov KE, et al.: Integrative radiogenomic profiling of squamous cell
lung cancer. Cancer Res 73(20):6289-6298, 2013 [PubMed: 23980093]

Lattanzio L, Tonissi F, Monteverde M, et al.: Treatment effect of buparlisib, cetuximab, and
irradiation in wild-type of PIK3CA-mutated head and neck cancer cell lines. Invest New Drugs
2:310-320, 2015

Bozec A, Ebran N, Radosevic-Robin N, et al.: Combination of phosphotidylinositol-3-kinase
targeting with cetuximab and irradiation: A preclinical study on an orthotopic xenograft model of
head and neck cancer. Head Neck 39(1):151-159 [PubMed: 27507562]

Fritsch C, Huang A, Chatenay-Rivauday C, et al.: Characterization of the novel and specific PI3Ka
inhibitor NYP-BYL719 and development of the patient stratification strategy for clinical trials.
Mol Cancer Ther 13(5):1117-1129, 2014 [PubMed: 24608574]

Razak ARA, Ahn M, Yen C, et al.: Phase IB/Il study of the PI3Ka inhibitor BYL719 in
combination with cetuximab in recurrent/metastatic squamous cell cancer of the head and neck
(SCCHN) J Clin Oncol 32(5):6044, 2014

Fury MG, Lee NY, Sherman E, et al.: A phase 1 study of everolimus + weekly cisplatin + intensity
modulated radiation therapy in head-and-neck cancer. Int J Radiat Oncol Biol Phys 87:479-486,
2013 [PubMed: 24074921]

Isaacsson Velho PH, Castro GJ, Chung CH: Targeting the PI3K pathway in head and neck
squamous cell cancer. Am Soc Clin Oncol Educ Book 123-1238, 2015 [PubMed: 25993150]
Choi YJ and Anders L: Signaling through cyclin D-dependent kinases. Oncogene 33:1890-1903,
2014 [PubMed: 23644662]

Whittaker SR, Mallinger A, Workman P, et al.: Inhibitors of cyclin-dependent kinases as cancer
therapeutics. Pharmacol Ther 173:83-105, 2017 [PubMed: 28174091]

Noorlag R, Boeve K, Witjes MJH, et al.: Amplification and protein overexpression of cyclin D1:
predictor of occult nodal metastasis in early oral cancer. Head and Neck 39(2):326-333, 2017
[PubMed: 27653309]

Ku BM, Koh J, Bae YH, et al.: The CDK4/6 inhibitor LY 2835219 has potent activity in
combination with mTOR inhibitor in head and neck squamous carcinoma. Oncotarget 7(12):
14803-14813, 2016 [PubMed: 26909611]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choetal.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 16

Finn RS, Crown JP, Lang I, et al.: The cyclin-dependent kinase 4/6 inhibitor palbociclib in
combination with letrozole versus letrozole alone as first-line treatment of oestrogen receptor-
positive, HER2-negative, advanced breast cancer (PALOMA-1/TRI0-18): a randomised phase 2
study. Lancet Oncol 16(1):25-35, 2015 [PubMed: 25524798]

Michel L, Ley J, Wildes TM, et al.: Phase I trial of palbociclib, a selective cyclin dependent kinase
4/6 inhibitor, in combination with cetuximab in patients with recurrent/metastatic head and neck
squamous cell carcinoma. Oral Oncol 58:41-48, 2016 [PubMed: 27311401]

Begg AC, Haustermans K, Hart AA, et al.: The value of pretreatment cell kinetic parameters as
predictors for radiotherapy outcome in head and neck cancer: a multicenter analysis. Radiother
Oncol 50(1):13-23, 1999 [PubMed: 10225552]

Bjork-Eriksson T, West C, Karlsson E, et al.: Tumor radiosensitivity (SF2) is a prognostic facto for
local control in head and neck cancers. Int J Radiat Oncol Biol Phys 46(1):13-9, 2000 [PubMed:
10656366]

Eschrich SA, Pramana J, Zhang H, et al. A gene expression model of intrinsic tumor
radiosensitivity: prediction of response and prognosis after chemoradiation. Int J Radiat Oncol
Biol Phys 75:489-96, 2009 [PubMed: 19735873]

Eschrich S, Zhang H, Zhao H, et al. Systems biology modeling of the radiation sensitivity network:
a biomarker discovery platform. Int J Radiat Oncol Biol Phys 75:497-505, 2009 [PubMed:
19735874]

Scott JG, Berglund A, Schell MJ, et al.: A genome-based model for adjusting radiotherapy dose
(GARD): a retrospective cohort-based study. Lancet Oncol 18(2):202-211, 2017 [PubMed:
27993569]

Ragin CC, Taioli E. Survival of squamous cell carcinoma of the head and neck in relation to human
papillomavirus infection: review and meta-analysis. Int J Cancer 121:1813-20, 2007 [PubMed:
17546592]

Fiedler M, Weber F, Hautmann MG, et al.: Biological predictors of radiosensitivity in head and
neck squamous cell carcinoma. Clin Oral Investig. Accepted article, 2017

Hanahan D and Weinberg RA: Hallmarks of cancer: the next generation. Cell 144(5):646-674,
2011 [PubMed: 21376230]

Ogino T, Shigyo H, Ishii H, et al.: HLA class I antigen down-regulation in primary laryngeal
squamous cell carcinoma lesions as a poor prognostic marker. Cancer Res 66:9281-9289, 2006
[PubMed: 16982773]

Mizukami Y, Kono K, Maruyama T, et al.: Downregulation of HLA Class | molecules in the
tumour is associated with a poor prognosis in patients with oesophageal squamous cell carcinoma.
Br J cancer 99:1462-1467, 2008 [PubMed: 18841157]

Ferris RL, Whiteside TL, Ferrone S: Immune escape associated with functional deficits in antigen-
processing machinery in head and neck cancer. Clin Cancer Res 12:3890-3895, 2006 [PubMed:
16818683]

Pak AS, Wright MA, Matthews JP, et al.: Mechanisms of immune suppression in patients with
head and neck cancer: presence of CD34(+) cells which suppress immune functions within cancers
that secrete granulocyte-macrophage colony-stimulating factor. Clin Cancer Res 1(1):95-103,
1995 [PubMed: 9815891]

Kammertoens T, Schiler T, Blankenstein T: Immunotherapy: target the stroma to hit the tumor.
Trends Mol Med 11:225-231, 2005 [PubMed: 15882610]

Zandberg DP and Strome SE: The role of the PD-L1:PD-1 pathway in squamous cell carcinoma of
the head and neck. Oral Oncol 50:627-632, 2014 [PubMed: 24819861]

Pilones KA, Vanpouille-Box C, Demaria S: Combination of radiotherapy and immune checkpoint
inhibitors. Semin Radiat Oncol 25(1): 28-33, 2015 [PubMed: 25481263]

Pardoll D: The blockade of immune checkpoints in cancer immunotherapy. Nature Reviews
12:252-264, 2012

Hodi FS, O’Day SJ, McDermott DF, et al.: Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med 363(8):711-723, 2010 [PubMed: 20525992]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Choetal.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 17

Jie HB, Schuler PJ, Lee SC, et al.: CTLA-4+ regulatory T cells increased in cetuximab-treated
head and neck cancer patients suppress NK cell cytotoxicity and correlate with poor prognosis.
Cancer Res 75(11):2200-2210, 2015 [PubMed: 25832655]

Lyford-Pike S, Peng S, Young GD, et al.: Evidence for a role of the PD-1:PD-L1 pathway in
immune resistance of HPV-associated head and neck squamous cell carcinoma. Cancer Res 73(6):
1733-1741, 2013 [PubMed: 23288508]

Badoual C, Hans S, Merillon N, et al.: PD-1-expressing tumor-infiltrating T cells are a favorable
prognostic biomarker in HPV-associated head and neck cancer. Cancer Res 73:127-138, 2013

Parsa AT, Waldron JS, Panner A, et al.: Loss of tumor suppressor PTEN function increases B7-H1
expression and immunoresistance in glioma. Nat Med 13(1):84-88, 2007 [PubMed: 17159987]

Ferris RL, Blumenschein G, Jr, Fayette J, et al.: Nivolumab for recurrent squamous cell carcinoma
of the head and neck. N Engl J Med 375(19):1856-1867, 2016 [PubMed: 27718784]

Seiwert TY, Burtness B, Mehra R, et al.: Safety and clinical activity of pembrolizumab for the
treatment of recurrent or metastatic squamous cell carcinoma of the head and neck
(KEYNOTE-012): an open-label, multicentre, phase 1b trial. Lancet Oncol 17(7):956-965, 2016
[PubMed: 27247226]

Cancer Genome Atlas Research Network: Integrated genomic and molecular characterization of
cervical cancer. Nature 543(7645):378-384, 2017 [PubMed: 28112728]

Dovedi SJ, Adlard AL, Lipowska-Bhalla G, et al.: Acquired resistance to fractionated radiotherapy
can be overcome by concurrent PD-L1 blockade. Cancer Res 74(19):5458-5468, 2014 [PubMed:
25274032]

Zeng J, See AP, Phallen J, et al.: Anti-PD-1 blockade and stereotactic radiation produce long-term
survival in mice with intracranial gliomas. Int J Radiat Oncol Biol Phys 86:343-349, 2013
[PubMed: 23462419]

Deng L, Liang H, Burnette B, et al.: Irradiation and anti-PD-L1 treatment synergistically promote
antitumor immunity in mice. J Clin Invest 124:687-695, 2014 [PubMed: 24382348]

Semin Radiat Oncol. Author manuscript; available in PMC 2018 December 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Cho et al.

RTK receptor
(ex. EGFR)

«'MM«L 2: >»

p85

p110a-specific
inhibitor

- Alpelisib

(BYL719)

PI3K

i

Pan PI3K

inhibitors
-Buparlisib
(BKM120)
-Copanlisib
(BAY 80-
6946)
-PX-866
-SF1126

PIP

p

R

Dual PI3K/mTOR
inhibitor
- BEZ-235

\{

PIP

l

mTOR

Page 18

5593

Akt
inhibitor
- MK-2206

I_

mTOR inhibitors
-Sirolimus/rapamycin
-Everolimus
-Temsirolimus

Figure 1. Components of the phosphoinositide 3-kinase (PI 3K) signaling pathway and its
associated therapeutic targets.
Binding of growth factors and cytokines to a receptor tyrosine kinase (RTK) located on the

cell membrane activates class | PI3K, which is a heterodimer of p85 and a p110 isoform
(p110a is illustrated here). The catalytic subunit of PI3K (p110a) phosphorylates
phosphatidylinositol 4,5-biphosphate (PIP,), generating phosphatidylinositol (3,4,5)-
triphosphate (PIP3). PIP3 activates protein kinase B (Akt), which subsequently triggers
mTOR (mechanistic target of rapamycin) activity. Therapeutic targets that inhibit various
components of this signaling pathway include the following: p110a inhibitor (alpelisib/
BYL719), pan PI3K inhibitors (buparlisib/BKM120, copanlisib/BAY-80-6946, PX-866, and
SF1126), dual PI3K/mTOR inhibitor (BEZ-253), Akt inhibitor (MK-2206), and mTOR
inhibitors (sirolimus/rapamycin, everolimus, and temsirolimus).
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Table 1.

Common genetic mutations in head and neck cancer noted from TCGA.

Frequency of Frequency of
Gene Function Type of genomic change fmﬁfé}lg’gi alterations based
(%) on HPV type (%)
- . *
TP53 Cellular survival and proliferation Loss-of-'func.tlon'. structure'll altfiatlons ' 72 ';'_{PP\</(_+)'.834
inactivating mutations )
. . *
CDKN2A Cell-cycle control Loss—of—-func.tlon_. structurz-aI altsiatlons \ 22 F||_|PP\\//(—+)._508
inactivating mutations (+):
Adhesion and invasion signaling;
cadherin superfamily; suppresses oy i . .
EAT1 cancer growth by binding to B- Loss-of .func.tlon.. structurf.:\l aItSLatlons \ 23 I|4_|PP\\//((+))..332
catenin and inhibiting its nuclear inactivating mutations :
localization
. T . I . HPV(-): 34
PIK3CA Cellular survival and proliferation ~ Activation: amplification and/or mutation 21 .
HPV(+): 56
NOTCH1 Cell differentiation and embryonic Loss-of-function: structural alterations ™ 19 HPV(-): 26
development inactivating mutations ™ HPV(+): 17
KMT2D (MLL2) Chromatin remodeling 18 N/A
Loss-of-function: structural alterations*,
NSD1 Chromatin remodeling inactivating mutations > 10 N/A
hypomethylation
Loss-of-function: 3 gene pattern w/
. HRAS activation and TP53 wild-type, HPV(-): 11
CASP8 Apoptosis inactivating (clustered missense); Co- 9 HPV(+): 3
amplification w/ or w/o HRAS
- . *
AJUBA Adhesion and invasion signaling Loss-of-_func.uon_. structurf_il altgiatlons ' 6 Egg(;)j (7)
inactivating mutations +):
I - HPV(-): 14
NFE2L2 Oxidative stress Activation 6 HPV(+): 30

*

Structural alterations include focal deletions, intra-and interchromosomal fusions;

Aok

Inactivating mutations include nonsense, frameshift, and splice; HPV= human papillomavirus; HPV-positive and negative status are noted by the
(+) and (=), respectively.
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