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Abstract

The success of immune checkpoint receptor blockade has brought exciting promises for the treatment of head and neck squamous
cell carcinoma (HNSCC). While patients who respond to checkpoint inhibitors tend to develop a durable response, <15% of patients
with HNSCC respond to immune checkpoint inhibitors, underscoring the critical need to alleviate cancer resistance to immunotherapy.
Major advances have been made to elucidate the intrinsic and adaptive resistance mechanisms to immunotherapy. Central genomic
events in HNSCC have been found to possess previously unknown roles in suppressing immune sensing. Such inhibitory function affects
both the innate and adaptive arms of tumor-specific immunity. While checkpoint blockade effectively reinvigorates adaptive T-cell
responses, additional targeting of the oncogenic inhibitors of innate immune sensing likely informs a novel and potent strategy for immune
priming. This review discusses the recent advances on the identification of key HNSCC oncogenes that impair antitumor immunity and
emerging immune-priming approaches that sensitize poorly immunogenic HNSCCs to checkpoint blockade. These approaches include
but are not limited to cancer vaccine systems utilizing novel type | interferon agonists as immune adjuvants, radiation, DNA damage-
inducing agents, and metabolic reprogramming. The goal of these multipronged approaches is to expand tumor-specific effector T-cells,
break checkpoint receptor-mediated tolerance, and metabolically support sustained T-cell activation. The translation of therapeutics
that reverses oncogenic inhibition of immune sensing requires thorough characterization of the HNSCC regulators of innate immune
sensors, development of additional immunocompetent HNSCC mouse models, as well as engineering of more robust immune adjuvant
delivery systems. Built on the success of checkpoint blockade, validation of novel immune-priming approaches holds key promises to
expand the pool of responders to immunotherapy.
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of CD8" cytotoxic T lymphocytes (CTLs), which play a crucial
role in recognizing and eliminating tumor cells. Two signals
are needed to activate CD8" T-cells: T-cell receptor interaction
with the major histocompatibility complex (MHC)—peptide
complex (signal 1) and CD28-mediated costimulation (signal
2). To prevent excessive immune activation that is often linked
to autoimmunity, ICRs are employed to fine-tune the

Introduction

Head and neck cancer is the sixth-leading cause of cancer-
related death globally, with >500,000 new cases diagnosed
each year (Bray et al. 2018). Head and neck squamous cell
carcinoma (HNSCC), the major subtype of this disease, is
responsible for >90% of new cases (Merhi et al. 2018). Current
standard-of-care treatments are often associated with signifi-
cant morbidity that limits patient quality of life (Maxwell et al.
2016; Yom et al. 2017).
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Immunotherapy has emerged as a paradigm shift in cancer
therapy, with unprecedented durability in patient response and
substantially improved patient quality of life. Cancer immuno-
therapy approaches rely on the pivotal role of the immune system
in recognizing and eliminating transformed malignant cells.

Fitting with the well-established observation that the inci-
dence of squamous cell carcinomas is higher in immunocom-
promised patients (Herman et al. 2007; Gonzalez et al. 2019),
the alleviation of cancer-potentiated immune suppression has
shown potential in reducing HNSCC tumor burden and
improving patient quality of life (Ferris et al. 2016; Ferris et al.
2018; Cohen et al. 2019). The success of monoclonal antibod-
ies blocking immune checkpoint receptor (ICR) signaling has
transformed the landscape of emerging cancer therapeutic
pipelines. This line of treatment aims to enhance the function
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subtypes, HNSCCs have a high mutational
load (Alexandrov et al. 2013). However,
their response rates to ICR blockade remain
modest, which raises the possibility that
other mechanisms also contribute to
HNSCC immunogenicity. The expansion
of tumor-specific CTLs depends on proper
tumor recognition and antigen processing
by the innate immune system, which
employs an array of sensors, also known as
pattern recognition receptors, to become
the first responders to abnormal cells. The
collective effort in The Cancer Genome
Atlas (TCGA) revealed cancer-specific
molecular circuitry with unprecedented
details. Emerging evidence suggests that
certain genetic and genomic alterations
specifically interfere with innate and adap-
tive immune sensing of tumors (Fig. 1).
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Figure I. Genetic abnormalities in HNSCC contribute to poor tumor immunogenicity.
Aberrant signaling resulting from genes controlling processes, ranging from self-renewal to
metabolism, can lead to deficits in cancer immunogenicity. The transcription factor SOX2 has
been recently implicated in negatively regulating IFN-I-mediated antitumor immune responses
by promoting the autophagosome-mediated degradation of the endoplasmic reticulum-resident
protein STING, leading to decreased immune infiltration. PIK3CA is commonly coamplified

with SOX2 in HNSCC, leading to the activation of the mTOR pathway, which reduces CTL
infiltration into the tumor microenvironment. CTL, cytotoxic T lymphocyte; HNSCC, head

and neck cancer squamous cell carcinoma; IFN, interferon; MHC, major histocompatibility

complex; PD-1, programmed cell death protein |; TCR, T-cell receptor.

magnitude of immune activation. The characterization of 2
pivotal members of the ICR family—programmed cell death
protein 1 (PD-1) and cytotoxic T lymphocyte—associated pro-
tein 4 (CTLA-4)—informed the clinical advance in ICR block-
ade therapy. PD-1 pathway dampens signal 1, and CTLA-4
tunes down signal 2 (Sharma and Allison 2015). Thus, block-
ing ICRs can reinvigorate the effector function of CTLs.
Although <15% of the patients responded to ICR blockade,
the responders developed a durable response (Ferris et al. 2016;
Ferris et al. 2018; Cohen et al. 2019). This important observation
is similar to results from phase III immunotherapy trials for
other cancer types (Hamid et al. 2013; Tumeh et al. 2014). In this
review, we discuss recently identified pathways that can be fur-
ther exploited to enhance immune priming for ICR blockade.

Genetic Basis for Oncogenic Suppression
of Immune Sensing of HNSCC

It is well established that the efficacy of ICR blockade is dic-
tated, at least in part, by a sufficient number of infiltrating
CTLs. Somatic mutations give rise to a pool of neoantigens
that could be potentially perceived by CTLs. Higher mutation
load is found to be associated with better response to immu-
notherapy (Rizvi et al. 2015). Compared with many cancer

Mediated Immune Sensing
of HNSCC

One such recurrent genetic event, 3q ampli-
fication, which occurs in 16% of HNSCC
patients from TCGA and contains transcrip-
tion factor SRY-box 2 (SOX2), has emerged
as a pivotal oncogenic driving event that
promotes the initiation, proliferation, and
malignant transformation of squamous cell
carcinomas, in addition to its well-known
role in maintaining stemness. SOX2 is amplified in a range of
squamous cell carcinomas, and its expression in HNSCC is
correlated with decreased patient survival (Wuebben and
Rizzino 2017), higher incidences of nodal metastasis, and a
higher cancer stage at the time of initial diagnosis (Tan et al.
2018). Among HNSCCs, SOX2 has been demonstrated to pro-
mote disease pathogenesis by driving tumor initiation and self-
renewal of cancer stem cell populations (Liu et al. 2013;
Boumabhdi et al. 2014; Lee et al. 2014; Siegle et al. 2014).

In addition to these critical functions, recent work has
uncovered a surprising role for SOX2 in the potentiation of
cancer immune escape in HNSCCs. In particular, SOX2
emerged from an RNA-Seq-based screen selecting for cancer
cell-intrinsic genes associated with the development of resis-
tance to immune killing. Interestingly, in an immunocompetent
mouse model of HNSCC, Sox2-overexpressing tumors dis-
played diminished CD8" CTL infiltration and enhanced tumor
growth, suggesting that SOX2 dampens antitumor immunity in
vivo. Further investigation revealed that these effects are medi-
ated by SOX2-mediated suppression of the stimulator of inter-
feron genes (STING)-dependent type I interferon (IFN-I)
signaling pathway. STING senses cytoplasmic DNA, which is
frequently present in cancer cells that are sustaining DNA
damage due to unstable genome and treatments, and it triggers
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the production of IFN-I to promote antigen-presenting cell
maturation. The centricity of the STING-IFN-I signaling axis
has been corroborated in preclinical models of several cancer
types, including HNSCC (Gajewski et al. 2013; Deng, Liang,
Xu, et al. 2014; Leach et al. 2018; Tan et al. 2018). Effective
delivery of STING agonists expands tumor-specific CTLs and
synergizes with ICR blockade (Leach et al. 2018; Tan et al.
2018). Not surprising, suppression of this pathway has emerged
as a common strategy used by cancer cells to potentiate
immune escape, which is evidenced by frequent loss of STING
expression in the tumor cells (Xia et al. 2016; Song et al. 2017).
As a previously unknown mechanism, SOX2 promotes autoph-
agy-dependent turnover of STING, suppressing IFN-I activa-
tion. In agreement, SOX2-high HNSCCs exhibit increased
regulatory T cells and decreased M1-like macrophage infiltra-
tion, a phenotype that is commonly seen with a deficiency in
STING signaling (Tan et al. 2018).

Activation of the PI3K Pathway Promotes
Adaptive Resistance to ICR Blockade

Frequent SOX2 amplification is a defining feature of a major
subset of HNSCC. Notably, SOX2 and PIK3CA genes are both
located at the 3q26.3 locus and frequently coamplified in
HNSCCs. Aberrant phosphatidylinositol 3-kinase (PI3K) path-
way activation, particularly via mutation or amplification of the
gene PIK3CA, is central for the transformation of HNSCC. Data
from TCGA HNSCC cohort indicate that the majority of patients
with this tumor type display genetic alterations in >1 PI3K path-
way members and that over half of these patients with PI3K
alteration harbor mutations or copy number alterations in
PIK3CA (Cerami et al. 2012; Cancer Genome Atlas Network
2015). HNSCC with multiple concurrent PI3K mutations is all
advanced, suggesting its critical role in tumor development (Lui
et al. 2013). PIK3CA activates mTOR signaling and promotes
HNSCC growth and resistance to EGFR-targeted therapy (Wang
et al. 2014). In addition to its well-characterized role in promot-
ing cancer cell proliferation, emerging evidence suggests that
targeting PI3K represents a promising strategy to improve
immunotherapy. Such improvement is likely achieved by the
pleiotropic effects of PI3K inhibition on cancer cells and CTLs.

Innate immune priming expands CTLs, and ICR blockade
helps to alleviate CTL exhaustion. However, sustained CTL
activation entails rapid genome replication, active migration to
come in proximity to target tumor cells, production of large
amounts of cytokines de novo, and establishment of immuno-
logic synapses. All of these processes are metabolically
demanding and require bioenergetics support. Indeed, extracel-
lular glucose is a key nutrient source to maintain CTL effector
function, and deprivation of extracellular glucose leads to rapid
CTL exhaustion (Delgoffe and Powell 2015; Siska and Rathmell
2015; Palucka and Coussens 2016; Topalian et al. 2016; Sugiura
and Rathmell 2018). However, a hallmark of cancer is its priori-
tization of the aerobic glycolysis pathway over oxidative phos-
phorylation, a phenomenon coined as the Warburg effect
(Hanahan and Weinberg 2011). PI3K promotes glucose uptake

and enhances glycolysis via the mTOR-AKT pathway
(Courtnay et al. 2015). Tumor cells with activating mutations or
amplifications of the PIK3CA gene may directly compete with
CTLs in the microenvironment for the limited glucose supply.
Thus, inhibiting the PI3K pathway is a promising approach to
reprogram cancer metabolism in the tumor microenvironment
(TME) to favor sustained immune effector activation.

In addition to promoting the Warburg effect in tumor cells,
the PI3K pathway directly enhances CTL exhaustion in
HNSCCs. A potential adaptive resistance mechanism to ICR
blockade is the compensatory upregulation of other ICR mem-
bers. Utilizing clinical HNSCC specimens, a recent study dem-
onstrated that the ICRs PD-1 and T-cell Ig and mucin domain 3
protein (TIM-3) are coexpressed by the most exhausted and dys-
functional CTLs. Interestingly, patients with PD-1 blockade-
treated HNSCC exhibit upregulated TIM-3 expression by CTLs,
and such upregulation is dependent on the activation of the
PI3K/AKT pathway (Shayan et al. 2017). Thus, targeting the
PI3K pathway can also directly prevent compensatory induction
of additional ICR signaling to maintain CTL activation.

Other Oncogenic Pathways That Modulate Host
Immune Responses to HNSCC

The amplification of the 3q26.3 locus is not the only event that
engages the host-tumor interface. For example, active B-
catenin signaling was initially characterized to be associated
with a T cell-poor tumor microenvironment among 266
patients with metastatic cutaneous melanomas. Interestingly,
SOX2 was also discovered in this patient cohort as a signifi-
cant factor driving T-cell exclusion (Spranger et al. 2015), in
agreement with another unbiased whole transcriptome screen
that utilizes HNSCC cells (Tan et al. 2018). Activated WNT/(3-
catenin drives melanoma resistance to checkpoint blockade
(Spranger et al. 2015). In a more recent pan-cancer-type bioin-
formatics analysis of TCGA database, mutations of -catenin
signaling components were also more frequently found in non—
T cell inflamed specimens (Luke et al. 2019).

The human papillomavirus (HPV) is another oncogenic
factor that emerges as a regulator of the immune microenvi-
ronment. The distinction of HPV" HNSCC was initially made
prominent through a retrospective analysis of the prognostic
potential of HPV status. The HPV"™ HNSCC subset shows a
significantly lower hazard ratio for death (Ang et al. 2010).
However, the impact of HPV on the tumor immune environ-
ment and response to immunotherapy is more complex, with
interesting findings from randomized phase III trials. Two
such trials are CheckMate 141 and KEYNOTE-040. Based
on the initial report of CheckMate 141 and a 2-y follow-up of
the same cohort, the response rates between HPV™ and HPV"
groups were similar, with almost identical hazard ratios
(Ferris et al. 2016; Bauman et al. 2017; Ferris et al. 2018).
Similarly, the results from KEYNOTE-040 suggest that the
hazard ratio for pembrolizumab versus standard of care was
0.77, with a 95% CI of 0.61 to 0.97 in the HPV" group.
Interestingly, the hazard ratio for pembrolizumab versus
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Figure 2. Strategies to sensitize cold HNSCC to ICR blockade. A multipronged approach is needed to most effectively prime the tumor
microenvironment for ICR blockade. The goal of immune priming is to release frequent oncogenic inhibitors of the innate and adaptive immune
signaling, to expand the pool of tumor-specific CTLs, and to metabolically support the activation of antigen-presenting cells and effectors. Some
immune-priming approaches have shown promises in HNSCC immunotherapy, including but not limited to cancer vaccines, radiotherapy, DNA
damage—inducing chemotherapy, and metabolic reprograming agents. CTL, cytotoxic T lymphocyte; HNSCC, head and neck cancer squamous cell

carcinoma; ICR, immune checkpoint receptor.

standard of care was 0.97 with a 95% CI 0of 0.63 to 1.49 in the
HPV" (p16") group (Cohen et al. 2019), suggesting that pem-
brolizumab did not significantly reduce hazard risk of death
in this group. In-depth examinations of the T-cell receptor
repertoire within HNSCC revealed either similar or worse
T-cell clonal expansion in the HPV" subset (Saloura et al.
2017; Kansy et al. 2018). Thus, despite the more favorable
clinical response to standard of care, HPV" tumors may pres-
ent not-yet fully understood challenges that smolder treat-
ment-induced immune activation.

Strategies to Improve Innate Immune
Priming to Sensitize Cold HNSCC

One of the key goals of immune priming is to polarize the
immunologically “cold” tumor, which lacks sufficient T-cell
infiltration and is resistant to checkpoint protein blockade,
toward an immunologic milieu that is deemed “hot” or highly
T cell inflamed (Haanen 2017; Fig. 2). The innate immune sys-
tem constitutes the first line of defense against cancer. The
innate immune sensors capture conserved molecular patterns
that are associated with tissue damage to alert the adaptive arm
of immunity. As discussed earlier, cytoplasmic DNA is a
recently identified damage-associated molecular pattern that is
commonly present in cancer cells. However, DNA-induced
STING-mediated IFN-I activation is often suppressed in a
subset of HNSCC by oncogenes. Thus, strategies to bypass

oncogenic inhibition of innate immune sensors inform a major
class of immune-priming therapies.

Utilize IFN-I Agonists as Vaccine Adjuvant

From an unbiased transcriptome-wide screen, the IFN-I signal-
ing-centered defense response emerges as the most critical
pathway regulating HNSCC cell sensitivity to immune effector-
mediated cytotoxicity (Tan et al. 2018). In addition, IFN-I ago-
nists potently create a T 1-skewed cytokine milieu to activate
macrophages and dendritic cells (Dunn et al. 2006; Sistigu
et al. 2014). Indeed, IFN-I-inducing agents show remarkable
efficacy in various tumor models. A prototypic experimental
vaccine adjuvant is CpG, which induces IFN-I in a TIr9-
dependent fashion. CpG-based vaccines can significantly
expand tumor-specific CD8" CTLs and improve the tumor
response to ICR blockade (Kuai et al. 2017). However, the
TLRY expression profile in humans is drastically different
from that in mice. TIr9 is broadly expressed by the myeloid
compartment in mice, which underpins the success of CpG-
based formulations in polarizing the antigen-presenting cells
toward a productive antitumor immune response. However,
TLRY expression is largely absent in the human myeloid com-
partment except for plasmacytoid dendritic cells (Hornung et al.
2002; Edwards et al. 2003). Thus, novel IFN-I-inducing adju-
vants that are evolutionarily conserved in tissue distribution
are explored to improve cancer immunotherapy.
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One of these adjuvants is STING agonist, cGAMP. As
cGAMP is a highly polar molecule, several independent groups
have reported different delivery systems to improve its phar-
macokinetic properties. One such model uses a peptide hydrogel-
based system known as “STINGel” for delivering the STING
agonist intratumorally (Leach et al. 2018). This platform
achieves extended release of drug due to the semisolidified
state that the drug conforms when injected into the tumor. This
technology increases the survival rate of the mice bearing an
ICR blockade-resistant HNSCC model (Leach et al. 2018).

Emerging nanoparticle-based approaches for immunother-
apy have shown remarkable efficacy in preclinical HNSCC
models. Nanoparticles are composed of versatile carriers for an
array of treatments and, as a whole, can deliver high-density
antigens to the tumor microenvironment (Wu and Zhou 2015).
Nanoparticles can be also designed to accumulate in the lymph
nodes, increasing APC uptake of antigen and improving cross-
priming (Peer et al. 2007). One such example is a system
coined the nanosatellite. The nanosatellite vaccine signifi-
cantly enhances the efficacy of cGAMP, accumulates in the
draining lymph nodes, improves APC maturation, expands
tumor-specific CTL, and improves HNSCC response to ICR
blockade. Interestingly, the nanoparticle-based STING agonist
delivery system shows better efficacy than that of Montanide,
one of the strongest clinical-grade adjuvants (Tan et al. 2018).
Overall, new technologies and targeted therapies to bypass
oncogenic suppression of innate immune sensors likely sub-
stantially improve HNSCC response to ICR inhibitors.

Radiation Can Prime HNSCC for ICR Blockade

Radiation therapy (RT) is a critical component of the standard
of care for patients with HNSCC. Due to the more favorable
response to RT among patients with HPV" HNSCC, random-
ized phase III trials have assessed potential options for treat-
ment de-escalation. Recently, 2 such studies confirmed that RT
plus cisplatin remains the standard of care (Gillison et al. 2019;
Mehanna et al. 2019). Conventionally, these responses to RT
are found to be dependent on the production of reactive oxygen
species, resulting in DNA damage and endoplasmic reticulum
stress, and on the induction of apoptosis. Interestingly, recent
evidence suggests that the efficacy of RT depends on an intact
immune response, as RT loses its efficacy in immunocompro-
mised hosts (Deng, Liang, Xu, et al. 2014). As a mechanism,
following RT-induced DNA damage, the resulting DNA frag-
ments in the cytoplasm likely engage the STING pathway to
prime the tumors for ICR blockade therapy (Deng, Liang,
Burnette, et al. 2014; Deng, Liang, Xu, et al. 2014). MHC class
I genes are downstream targets of IFN-I signaling. It is known
that HNSCC exhibits reduced expression of MHC class I mol-
ecules, as a mechanism of immune escape. RT can directly
increase MHC class I expression (Reits et al. 2006; Oweida
etal. 2017; Miyauchi et al. 2019), possibly through the STING-
IFN-I axis. Improved responses to RT combined with PD-L1
blockade have been reported with an orthotopic mouse model
of HNSCC (Oweida et al. 2017). The authors of these studies

showed that effects were dependent on infiltration of CDS" T
cells (Verbrugge et al. 2012; Oweida et al. 2017). Targeting
additional ICRs such as Tim-3 can further enhance responses
(Wirsdorfer et al. 2014; Sharabi et al. 2015; Oweida et al.
2018).

Despite these promising preclinical data, the most effective
combination of RT with immunotherapy remains incompletely
understood. Clinically, several factors require further investi-
gation and may necessitate patient- or subgroup-specific treat-
ment protocols. These factors include the patient population of
interest (early stage/curative vs. recurrent/metastatic), the tim-
ing of RT treatment (before or after surgery as well as neoadju-
vant, concurrent, or adjuvant with immunotherapy), and the
specific dosing and fractionation of radiation treatment. HPV
positivity may be also an important biomarker for patient strat-
ification. These considerations are being evaluated in a variety
of ongoing clinical trials, which were recently reviewed else-
where (Miyauchi et al. 2019).

DNA Damage-Inducing Agents Reduces
Tumor-Potentiated Immunosuppression

Cytotoxic chemotherapies, in particular DNA-damaging
agents such as cisplatin and 5-fluorouracil (5-FU), are com-
monly used in the treatment of HNSCC. Platinum-based che-
motherapies bind to DNA and result in the formation of
inter- and intrastrand cross-links, while 5-FU is a pyrimidine
analogue that inhibits thymidylate synthase. Although through
different mechanisms, both inhibit DNA replication. These
agents are administered widely, given alone or with radiation,
surgery, or other cytotoxic agents or targeted therapies.
Although DNA damage agents have conventionally been
considered immunosuppressive, recent evidence suggests that
they may also have immunostimulatory effects (Hato et al.
2014; Miyauchi et al. 2019). HMGB1 and calreticulin are
released following the administration of platinum therapies
and activate TLR4-mediated tumor immune responses,
although these effects may be specific to oxaliplatin (Apetoh
et al. 2007; Tesniere et al. 2010). Cisplatin has shown both
immunosuppressive and immunostimulatory roles, depending
on dosing. A recent study found that sublethal cisplatin helps to
increase the expression levels of antigen-presenting machinery
and immunogenic killing. Higher doses of cisplatin dampen
the production of IFN-y by T cells (Tran et al. 2017). Due to the
different pharmacokinetics of cisplatin between murine mod-
els and human, additional studies would be informative to
determine the optimal dosing of cisplatin when designing a
combination trial. Several DNA damage agents have been
shown to decrease the number and/or function of myeloid-
derived suppressor cells (MDSCs; Suzuki et al. 2005; Vincent
et al. 2010; Huang et al. 2015; Kim and Kim 2019); effects on
MDSCs, however, may not be specific to this drug class (Ko
et al. 2009; Kodumudi et al. 2010; Alizadeh and Larmonier
2014) and can in other cases occur in the opposite direction
(Bruchard et al. 2013). Platinum-based therapies can also acti-
vate cytotoxic T cells via STAT6-dependent reductions in
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PD-L2 expression (Lesterhuis et al. 2011) and/or increased
permeability to granzyme B (Ramakrishnan et al. 2010).
Further supporting the potential role of DNA-damaging agents
in improving responses to immunotherapy, inhibition of ATR,
a critical component of the DNA damage response, can pro-
mote T-cell killing by preventing the PD-1/PD-L1 interaction
(Sun et al. 2018). An inhibitor of ATR can prevent RT-induced
PD-L1 upregulation and decrease Tregs in the implantable
tumors (Vendetti et al. 2018). Finally, in vivo data recently
published by Tran et al. (2017) demonstrated the benefit of
combining low-dose cisplatin with PD-L1 inhibitors in an
immunogenic model of HNSCC. Ongoing clinical trials, such
as NCT02358031, will further inform rational design of com-
binatorial strategies to expand the pool of responders to ICR
blockade.

Metabolic Reprogramming Enhances Immune
Effector Function

Aberrant metabolic rewiring is a hallmark of cancer. Emerging
evidence suggests that cancer-associated metabolites have a
potent impact on intratumoral immune cell function. For
example, high levels of lactate, generated as a by-product of
increased glycolysis in cancer cells, increases the acidity of the
TME. This increased acidity subsequently polarizes macro-
phages toward an immunosuppressive M2-like phenotype and
impairs the activity of CTLs to emit cytokines such as IFN-y
(Choi et al. 2013; Lyssiotis and Kimmelman 2017). In addi-
tion, the depletion of amino acids from the TME leads to nutri-
ent restriction, aiding the dysregulated activity of CTLs (Le
Bourgeois et al. 2018). Recently, findings in melanoma indi-
cate that pH neutralization of the TME both increases immune
cell infiltration and improves the efficacy of ICR inhibitors
anti-PD1 and anti-CTLA-4 (Pilon-Thomas et al. 2016).

Increased glycolysis is driven by a number of genetic altera-
tions in HNSCC, including the PI3K-mTOR pathway. The
activation of mTOR activity has been shown to promote the
expression of glucose transporter proteins such as GLUT1 and
GLUT2, thus boosting glycolytic flux (Robey and Hay 2009).
Interestingly, in addition to the well-characterized function in
inhibiting tumor proliferation, mTOR inhibitors have been
found to exhibit a previously unknown effect on immune acti-
vation. Inhibition of the mTOR pathway may reduce MDSCs
and increase the ratio of M 1-/M2-like macrophages in HNSCC
models (Cash et al. 2015). A combination of mTOR inhibitor
with ICR blockade results in improved survival in an immuno-
genic HNSCC model (Moore et al. 2016).

Challenges and Future Directions

We have discussed a number of promising immune-priming
approaches to sensitize cold tumors to ICR blockade. Due to
the profound impact of inhibition of innate immune sensors on
the antitumor immune response, there are likely multiple onco-
genic inhibitors of the IFN-I pathway in addition to the pub-
lished literature. Additional identification of these critical

checkpoints for host innate immune response not only helps
identify cold cancers but also sheds light on the design of novel
adjuvants to maximally prime tumors for immune response.

While therapeutic vaccines are a highly promising approach
to synergize with ICR blockade, many previous cancer vaccine
trials have failed to yield promising results. There are several
important considerations in the design of the next-generation
cancer vaccines. 1) The choice of vaccine antigens is critical.
Tumor-associated antigens are also expressed by normal tis-
sue, albeit at lower levels. These antigens may be less immuno-
genic than tumor-specific antigens, such as HPV oncoproteins
and somatic mutation—elicited neoantigens, due to the natu-
rally developed central tolerance. 2) Novel and robust vaccine
adjuvants are crucial to improve efficacy. The extended charac-
terization of the oncogenic inhibitors of innate immune sensors
may reveal previously unknown classes of adjuvants to prime
the immune system. 3) The development of next-generation
delivery may overcome many common challenges with an
emulsion-based vaccine, such as rapid components degrada-
tion and inefficient uptake by the antigen-presenting cells.
Thus, developing additional nanoparticle and controlled
release systems will likely bring transformative changes to
immune-priming strategies.

Novel rational combinations need to be tested in a spectrum
of immunocompetent animal models. HNSCC is a molecularly
heterogenous disease; thus, no single model can capture the
full spectrum of key genetic alterations. New murine HNSCC
cell lines that capture distinct genomic features of human dis-
ease would be highly desirable to develop the most robust
immunotherapeutic. In full appreciation of the critical impor-
tance of implantable models, these cell lines are already trans-
formed and able to surpass host-intrinsic immunosurveillance.
Thus, they cannot recapitulate the transformation process, as
premalignant cells adopt key genomic events to suppress
innate and adaptive immune response and establish an immune-
privileged niche. New genetically defined transgenic models
can further complement the implantable models to rigorously
test novel combinatorial immunotherapies.

Overall, exciting breakthroughs have been made by eluci-
dating the mutation landscape in HNSCC and characterizing
the efficacy of ICR blockade among this group of patients
(Cancer Genome Atlas Network 2015). Built on the advances
in HNSCC ICR blockade immunotherapy, novel priming strat-
egies are central to further improving patient outcomes and
quality of life.
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