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Abstract: Recurrent locally advanced or metastatic head and neck squamous cell carcinoma (HNSCC) is
associated with dismal prognosis because of its highly invasive behavior and resistance to conventional
intensive chemotherapy. The combination of targeted therapy and conventional chemotherapy has
significantly improved clinical outcomes. In recent years, the development of immunotherapies,
such as immune checkpoint inhibitors (ICIs), has further increased treatment responses and prolonged
survival. However, the limited response rate, risk of immunotherapy-related adverse effects and high
cost of immunotherapy make the identification of predictive markers to optimize treatment efficacy a
critical issue. Biomarkers are biological molecules that have been widely utilized to predict treatment
response to certain treatments and clinical outcomes or to detect disease. An ideal biomarker should
exhibit good predictive ability, which can guide healthcare professionals to achieve optimal treatment
goals and bring clinical benefit to patients. In this review, we summarized the results of recent
and important studies focused on HNSCC ICI immunotherapy and discussed potential biomarkers
including their strengths and limitations, aiming to gain more insight into HNSCC immunotherapy
in real world clinical practice.
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1. Introduction

Head and neck cancer, mainly head and neck squamous cell carcinoma (HNSCC) developing from the
mucosa of the nasal and oral cavity, oropharynx, hypopharynx, or larynx, is the sixth most common cancer
type globally [1]. Patients with early-stage HNSCC have satisfying outcomes after local treatment; however,
the majority of HNSCC patients present with locally advanced disease at diagnosis [2]. Despite the
incorporation of multimodal therapeutic modalities, including platinum-based chemoradiation,
more than 50% of patients with locally advanced HNSCC experience recurrence or develop metastases
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(or both) within three years of treatment [3,4]. In recent years, the introduction of the targeted agent
cetuximab targeting epidermal growth factor receptor has shown significant improvement in overall
survival (OS) when combined with platinum-based chemotherapy [5,6]. However, there are still some
unmet needs, and the overall response rate and survival remains suboptimal.

Immune checkpoint inhibitors (ICIs) are an important breakthrough in cancer treatment. ICls targeting
cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed cell death protein-1 (PD-1) and its ligand
programmed death ligand-1 (PD-L1) [7] have demonstrated a significant and consistent benefit to
survival when compared with standard treatments in prospective randomized clinical trials [8-12],
leading to regulatory approval for several cancer types, including HNSCC. Importantly, the overall
response rate to ICI monotherapy ranges from approximately 20% to 40%, suggesting that a substantial
section of patients may not derive benefit from this treatment [13,14]. In addition, novel ICIs are costly
and associated with potentially life-threatening immune-related effects [15-17]. With the rapid increase
in approved indication and usage of ICIs in cancer treatment, how to achieve ideal treatment response,
avoid toxicity, and reduce cost are emerging as important issues for related healthcare professionals in
real world clinical practice.

To address the above issues, several efforts have been made to improve the efficacy of ICIs, such as
combination with other immunotherapeutic agents or conventional chemotherapy. Another strategy is
to identify feasible biomarkers that can help select suitable patients who may obtain the most benefit
from ICI treatment in real world clinical practice. Currently, the ideal and robust predictive marker of
ICI treatment response remains to be explored. In this review, we focus on key findings of important
ICI clinical studies that include biomarker analysis. In addition, we also discuss emerging biomarkers
and experimental models with predictive potential.

2. The Definition and Utilization of Biomarkers

Based on the definition created by the U.S. Food and Drug Administration (FDA) and the National
Institutes of Health (NIH), a biomarker is a defined characteristic that can be used as a measureable indicator
of normal biological condition, disease processes or responses to exposure or intervention [18]. With different
applications, there are several subtypes of biomarkers. In addition, a single biomarker can be used to
meet multiple criteria for different uses if the evidence is developed. Currently, biomarkers include
diagnostic, monitoring, predictive, pharmacodynamic/response, and prognostic biomarkers.

Regarding cancer treatment, biomarkers play several important roles. For example, biomarkers can
assist in the diagnosis of cancer (diagnostic role), indicate possible clinical outcomes (prognostic role),
improve patient selection for a specific treatment or enrolment in clinical trials (predictive role),
and define the most effective dosage of therapeutic agents (pharmacodynamic role) [19].

Based on the above description, an ideal biomarker for treatment prediction should exhibit
high predictive ability for clinically meaningful benefit. Moreover, the analysis and detection tool of
biomarkers should also be as commonly available and cost-effective as possible to make implantation
and application of the markers clinically significant in real world setting [20].

3. Biomarkers in HNSCC Treatment in the Conventional Treatment Era

Several important tumor markers have been identified as potential biomarkers in HNSCC since
these markers have been confirmed or validated in several clinical studies [21]. Some markers are
associated with a better response to chemotherapy or concurrent chemoradiation and better survival,
while others are not. To date, at least seventy markers have been evaluated and reported. Among these
markers, some have shown evidence as prognostic markers when the expression level was evaluated in
clinical trials, including epidermal growth factor receptor [22-24], p16 [25-27], human papillomavirus
(HPV) [27-29], cyclin D1 (CCND1) [30,31], B cell lymphoma-extra large (Bcl-xL)/Bcl-2 [32,33] and
ERCC1 [34,35]. In addition, the amplification of genes such as EMS] [36], FGFR1 [37], and CCND1 [38]
is also related to clinical outcome. Moreover, a recent study performed by computational analysis
revealed the mutational profile of TP53 would be a predictive factor for prognosis [39].
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4. Potential Biomarkers in HNSCC Immunotherapy

Studies exploring molecular biomarkers in HNSCC treatment have been performed for many
years, but there is still no consensus for clinical practice. Recent studies have shown that some
biomarkers may exhibit significant potential to guide treatment decision making. These emerging
biomarkers include PD-L1 expression on cancer cells, human papillomavirus (HPV) infection status,
tumor mutational burden (TMB), tumor immune infiltration, T cell-inflamed gene expression profile
(GEP), smoking history, microsatellite instability (MSI), circulating tumor cells (CTCs) and circulating
tumor DNA (ctDNA) (Figure 1). In recent years, the intestinal microbiota has been found to play a role
in the modulation of host anticancer immune responses and alter the anticancer effect of chemotherapy
or immunotherapy [40,41]. Currently, great efforts are being made to identify novel and reliable
markers, as well as further verification of some markers that have shown potential in the previous
studies, aiming to determine a biomarker to guide HNSCC immunotherapy in real world setting.
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Figure 1. Current and emerging biomarkers for prediction of the clinical efficacy of immune checkpoint
inhibitors (ICIs) in head and neck squamous cell carcinoma (HNSCC). Several host- or tumor-related
markers have been demonstrated to be able to predict the clinical efficacy of ICI treatment. Advances in
molecular analysis have also provided valuable predictive information such as tumor mutational burden
(TMB) and status of microsatellite instability (MSI). Other markers, including circulating tumor cells
(CTCs), circulating tumor DNA (ctDNA), and gut or oral cavity microbiota are also being investigated. CTC,
circulating tumor cells; ctDNA, circulating tumor DNA; HNSCC, head and neck squamous cell carcinoma;
ICIs, immune checkpoint inhibitors; MSI, microsatellite instability; TMB, tumor mutational burden.
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5. PD-L1 Expression

The PD-1/PD-L1 axis plays a critical role in the magnitude of the inflammatory response and
maintains immune homeostasis. PD-L1 is expressed on various normal and immune cells in the tumor
microenvironment and is much more commonly present than PD-L2 [42]. PD-1, mainly expressed on
the surface of activated T and B cells, maintains peripheral and central immune cell tolerance by binding
to its ligands, PD-L1 and PD-L2, and inhibiting the activation of peripheral T cells [43]. In the tumor
microenvironment (TME), tumor cells can utilize the PD-1/PD-L1 axis to suppress immune surveillance
and promote their own growth [44]. In HNSCC, higher PD-L1 expression is associated with advanced
disease status and poorer prognosis [45,46]. Higher PD-L1 expression in lung metastatic tumors was
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also found to be associated with poor outcome in recurrent and metastatic HNSCC (R/M HNSCC)
patients after complete metastasectomy [47]. In the era of immunotherapy, ICIs, including PD-1/PD-L1
inhibitors, can block negative regulatory signaling pathways, leading to activation of T cells from an
exhausted status, and then promote subsequent T cell-mediated cancer cell killing.

With respect to biomarkers for ICI treatment, PD-L1 is one of the most common markers under
clinical investigation (Table 1). Currently, PD-L1 expression is determined by immunohistochemistry.
The status of PD-L1 expression (positive or negative) is measured by calculating the proportion of
PD-L1-expressing tumor cells and/or immune cells. Theoretically, tumor cells with PD-L1 expression
tend to be more sensitive to PD-1/PD-L1 blockade treatment than PD-L1-negative tumor cells [48].
These correlations were also observed in some clinical studies with different PD-1/PD-L1 inhibitors
across various tumor types [10,49]. In R/M HNSCC trials, a higher response rate and better survival in
patients with high PD-L1 expression were also observed in the subgroup analysis of some ICI trials,
including KEYNOTE-040 and KEYNOTE-048 [9,50,51]. In these two studies, a combined positive
score (CPS) incorporated PD-L1-positive tumor and immune cells to define PD-L1 positivity. In the
KEYNOTE-040 trial comparing the clinical efficacy of second-line pembrolizumab vs. investigators’
choice of standard of care (SOC) treatment, pembrolizumab showed superior OS (8.4 vs. 9.9 months;
p =0.0161) over SOC treatment. In the subgroup analysis, a survival benefit was observed in patients with
a CPS > 1. Among patients with CPS < 1, there was no obvious difference between the pembrolizumab
and SOC groups [51]. In the KEYNOTE-048 trial, pembrolizumab alone or a pembrolizumab and
chemotherapy combination were compared with the EXTREME regimen. Two cut-off values for the
CPS were used for analysis (1 and 20). This study demonstrated that pembrolizumab treatment had
better OS than the EXTREME regimen in patients with CPS > 1 or CPS > 20 [9].

In addition to the CPS, KEYNOTE-040 also used a tumor proportion score (TPS) to define PD-L1
expression on only tumor cells. The analysis revealed that a high value (TPS > 50%) was significantly
correlated with better clinical outcome, concordant with the findings in non-small-cell lung cancer in the
KEYNOTE-010 study [52]. In the phase I HAWK study, durvalumab monotherapy showed antitumor
activity in R/M HNSCC patients with higher PD-L1 expression (>25%) [53]. In the CHECKMATE-141
trial, PD-L1 expression (cut-off values: 1%, 5%, and 10%) was also determined on only tumor cells.
The patients who received nivolumab treatment had a significantly prolonged OS, including patients
with PD-L1-negative HNSCC. Subgroup analysis showed that patients with PD-L1 expression > 1%
had a better median OS (8.7 vs. 4.6 months, HR: 0.36-0.83) than patients who received standard therapy,
but the significance was not observed across all cut-off values [11,54].
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Table 1. Evidence for programmed death ligand-1 (PD-L1) expression cut-off values and corresponding immunotherapeutic agents in clinical trials.

Trialsn (ICI, line) Control IHC Assay PD-L1 Determination and the Cut-Off Values Findings
ORR
CHECKMATE-141 Standard thera 98-8 TC > 1%, 5%, and 10% * Nivolumab vs. SOC: 13.3% vs. 5.8%
(Nivolumab, 2nd) Py (TC, tumor cells) OS (1%, 5%, and 10%):
8.7, 8.8, and 8.7 months
KEYNOTE-048 CPS>20o0r>1 Median OS (SOC:10.7 months)
(Pembrolizumab, 1st) EXTREME 22C3 (number of PD-L1+ cells (tumor cells, lymphocytes,and ~ CPS > 20: 14.7 months #
’ macrophages)/total number of tumor cells x 100) CPS > 1: 13.6 months #
TPS > 50%
KEYNOTE-040 "~ . o OS: 11.6 vs. 6.6 months
(Pembrolizumab, 2nd) SOC 22C3 (TPS, tumor proportion score = % of PD-L1+ tumor cells)
CPS>1 0OS: 8.7 vs. 7.1 months
HAWK - (single arm) SP263 TC > 25% HPV+ vs. HPV-

(Durvalumab, 2nd) 0S: 10.2 vs. 5.0 months

* A positive trend in clinical benefit was not observed when using higher cut-off values; # pembrolizumab combined with chemotherapy; CPS, combined positive score; ICI, immune
checkpoint inhibitor; IHC, immunohistochemistry, ORR, overall response rate; OS, overall survival; PFS, progression-free survival; SOC, standard of care.
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The above results show a significant trend for higher PD-L1 expression being associated with
more obvious clinical benefit. However, there are some issues to be addressed to further optimize
anti-PD-1/PD-L1 treatment in clinical practice. For example, the assay for PD-L1 expression evaluation
and the threshold to define positivity have not been standardized, making the launch of harmonization
projects an urgent need. Second, the expression of PD-L1 on tumors is regulated by multiple molecular
pathways that are altered in HNSCC [55,56]. Moreover, previous chemotherapy can affect the
expression level of PD-L1 [57]. Hence, the expression of PD-L1 could be dynamic, changing from
initial diagnosis to disease recurrence or progression, and may differ between primary and metastatic
lesions [47,58,59]. Third, PD-L1 is expressed in both HNSCC cells and their surrounding immune cells,
including regulatory T cells (Tregs), natural killer cells and antigen-presenting cells [60,61]. It remains
controversial whether the expression of PD-L1 should consider all cells with PD-L1 expression or only
PD-L1-expressing cancer cells. As mentioned above, the CPS demonstrated a positive association with
treatment response and survival in the KEYNOTE-040 and KEYNOTE-048 trials [9,51]. When the
positivity of PD-L1 expression on only tumor cells was considered, the KEYNOTE-040 study using
the TPS demonstrated that a higher cut-off value for TPS (>50%) was also linked to a significantly
better clinical outcome [51]. In the CHECKMATE-141 study, different cut-off values (1%, 5%, and
10%) of PD-L1 expression positivity were used. Higher expression levels of PD-L1 were correlated
with a better overall response rate in the PD-L1-positive group than in the standard therapy group.
Regarding OS, patients with PD-L1 expression >1% and >5% had significantly better outcomes than
patients in the standard therapy group. However, there was no positive correlation when higher
cut-off values (>10%) were used [11]. The difference in methodology suggests an urgent need to
establish a consentient guideline for determining PD-L1 expression positivity for real-world R/M
HNSCC ICI treatment. Recently, a comment from the Society for Imnmunotherapy of Cancer indicated
that tumor PD-L1 expression is generally correlated with a better response in R/M HNSCC patients
who receive anti-PD-1/PD-L1 ICI treatment. The predictive value can be further improved if PD-L1
expression is on tumor-infiltrating lymphocytes (such as in the CPS) [62]. Moreover, further validation
and standardization of PD-L1 immunohistochemistry staining protocols to minimize interassay
discrepancies are also ongoing [63-65].

6. HPV Infection Status

HPV infection status plays a critical role in the immunomodulation of HNSCC. Generally, HPV-positive
HNSCCs demonstrate relatively inflamed immune environments compared with HPV-negative
HNSCCs [66-68]. Compared with HPV-negative patients, HPV-positive oropharyngeal cancer has
a relatively less immunosuppressive TME, as evidenced by a higher CD4+ cell count, higher CD8+
cell count, lower number of Tregs, higher PD-1 mRNA level, and lower CD4+/CD8+ ratio than the
respective levels in HPV-negative HNSCC [67,69]. These immune profile distinctions may contribute
to the response of the host immune system to viral or tumor antigens, leading to PD-L1 expression
on immune cells. In a retrospective study analyzing 402 patients with resected HNSCC (mainly in
the oral cavity and oropharynx), PD-L1 expression was evaluated on both tumor and immune cells.
This study demonstrated that high PD-L1 expression (>5%) on immune cells and high abundance of
PD-1+ T cells and Foxp3+ Tregs were associated with better clinical outcome [70]. In another study
using The Cancer Genome Atlas (TCGA) data from 280 HNSCC patients, the results of transcriptomic
analysis show that HPV-positive tumors demonstrated higher immunogenicity than HPV-negative
tumors, as evidenced by their larger infiltration of activated CD8+ T cells. HPV status did not affect
PD-1 and PD-L1 expression. HPV+ tumors had higher CTLA-4 expression and Treg infiltration and a
higher Treg/CD8 T cell ratio than HPV-negative tumors [71].

Taken together, these findings suggest that HPV-positive HNSCC patients may have a better
response than HPV-negative patients when receiving ICIs. This hypothesis is first supported by the
subgroup analysis of the pembrolizumab KEYNOTE-012 study, which showed a higher response rate
in HPV-positive patients than HPV-negative patients (32% vs. 14%) [72]. However, these results were
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not observed in the following KEYNOTE-040 and KEYNOTE-055 trials or the CHECKMATE-0141
trials, which used nivolumab. In KEYNOTE-040, which used p16 as a marker of HPV infection,
pl6+ patients did not have a better OS than p16- patients [51]. In the KEYNOTE-055 study, there
was also no significant difference in OS between HPV-positive and HPV-negative patients (16% vs.
15%) [73]. Other ICI trials using PD-L1 inhibitors also showed mixed results. For example, a higher
response rate was observed in HPV+ patients treated with durvalumab than in HPV-negative patients
treated with durvalumab (29.4% vs. 10.8%), while no difference was observed in the atezolizumab trial
(15% vs. 17%) [53,74]. A recent pooled analysis of data from six clinical trials investigated the efficacy of
a PD-1/PD-L1 inhibitor in HPV+ and HPV- HNSCC patients and revealed that HPV+ patients benefited
more from PD-1/PD-L1 inhibitors than HPV- patients, including better responses and survival (OS:
hazard ratio = 0.71, p = 0.02, overall response rate: 21.9% vs. 14.1%, odds ratio (OR) = 1.79, p = 0.01) [68].
The inconsistent findings of the above studies suggest that HPV infection status may not be the only
predictive marker, other factors, such as PD-L1 expression, tumor mutational burden, and immune
infiltration, should be taken into consideration.

Apolipoprotein-B mRNA editing enzyme catalytic polypeptide-like (APOBEC) enzymes, a family
that catalyzes the deamination of cytosine bases, have been linked to mutagenesis in HPV-positive
HNSCC [75]. HPV-positive HNSCC tumors exhibited a higher APOBEC signature than HPV-negative
tumors [76]. In addition, high APOBEC activity was correlated with upregulated immune signaling
pathways, which might be linked to better ICI sensitivity [77]. A recent study evaluating whole-exome
and RNA sequencing data from the TCGA dataset demonstrated that the APOBEC mutational burden
was closely correlated with tumor-specific neoantigens, a marker suggesting a better response to
ICI immunotherapy [78,79]. However, the predictive role of the APOBEC mutational burden in ICI
treatment of HNSCC requires further study.

7. Tumor Mutational Burden (TMB)

TMB, which analyzes the number of somatic mutations per DNA megabase (Mb), has been
investigated as a potential predictive marker in ICI immunotherapy. Currently, TMB is regarded
as a promising predictive biomarker of responsiveness to ICIs across 27 tumor types and subtypes
according to a retrospective analysis [80].

Theoretically, a higher missense mutation number is correlated with a higher number of tumor
neoantigens, which may induce a more significant immune response and increase the response to
ICI treatment. In non-small-cell lung cancer patients who received nivolumab treatment, a higher
mutational burden (>10 mutations per Mb) was found to be associated with better progression-free
survival (PFS), regardless of PD-L1 expression level [81]. In HNSCC, combined analysis of ICI
pembrolizumab trials revealed that the TMB, the CPS, and an inflamed GEP were three major
parameters associated with the best overall response, regardless of HPV infection status. Additionally,
there was no significant correlation between TMB and GEP or PD-L1. As HPV status was not stratified
in this analysis, the findings suggest that TMB and inflammatory biomarkers may demonstrate different
and independent predictive values [82,83].

Another study evaluated 126 HNSCC patients and showed that ICI responders had significantly
higher TMB levels than nonresponders (21.3 vs. 8.2 mutations/Mb). HNSCC patients with TMB > 10
mutations/Mb had a longer median survival than patients with TMB > 5 mutations/Mb (20.0 versus
6.0 months, p = 0.01). The subgroup analysis revealed that virus-positive (HPV-positive/Epstein-Barr
virus (EBV)-positive) patients had a lower TMB than virus-negative patients but an improved OS.
However, TMB status was not correlated with survival in the virus-positive patients. In virus-negative
patients, a higher TMB (>10 mutations/Mb) was associated with better survival. Interestingly, smokers had
higher TMB levels than nonsmokers (10.3 versus 5.3, p = 0.01) in both the HPV-negative and HPV-positive
groups. However, the response to ICIs could not be predicted according to smoking status in the
multivariate analysis (p = 0.62) [84].
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A randomized, open-label, phase three EAGLE trial (NCT02369874) evaluated plasma-based
tumor mutational burden (bTMB) as a predictor for survival in 247 R/M HNSCC patients [85].
OS and PFS were significantly improved for immunotherapy (monotherapy or combined therapy) vs.
chemotherapy in patients with high bTMB (>16 mut/Mb) vs. low (<16 mut/Mb). Patients with higher
bTMB gained more benefits in immunotherapy compared with chemotherapy. Further validation of
bTMB as a predictive biomarker is ongoing.

8. Tumor Immune Infiltration

The TME is characterized by heterogeneous molecular and cellular components, as well as
complex interactions between tumor cells and surrounding immune cells. Multiple immune cells
coexist with tumor cells in the TME, including tumor-infiltrating lymphocytes (TILs, CD8+ T cells, Tregs,
B cells), natural killer (NK) cells, macrophages, antigen-presenting cells (APCs), and myeloid-derived
suppressive cells [66]. In a recent study investigating oropharyngeal squamous cell carcinoma (SCC)
patients, HPV+ tumors had significantly higher densities of CD20+ B cells and CD8+ T cells than
HPV- tumors. Importantly, tumors with high B cell infiltration density showed significantly reduced
immunosuppressive regulatory B cells. A high density of tumor-infiltrating B cells and significant
direct B cell/CD8+ T cell interactions were related to good prognosis [86].

With respect to the investigation of predictive markers for immunotherapy, a study retrospectively
evaluating R/M HNSCC patients treated with anti-PD-1/PD-L1 ICI treatment showed that increased
intratumoral CD8+ T cell infiltration and an increased CD8+ T cell/Treg ratio were linked to a better
treatment response [84]. The application of the immunoscore (IS), which quantifies the density of
intratumoral CD8+ cells at the tumor margin, has also been analyzed in other studies. A higher IS has
been observed to be related to better long-term survival in early-stage colon cancer, melanoma and lung
cancer [87-89]. In HNSCC, a higher IS is associated with better OS in patients with resectable HNSCC
who undergo complete tumor removal [90]. Another study revealed that a high IS was associated with
higher CD8+ T cells, lower CD4+ T cells, and higher MHC type 1 expression in tumor cells. Currently,
the role of the IS in the prediction of ICI efficacy is yet to be determined [91].

Incorporation of other immune checkpoint molecules into an analysis is another way to provide
more information. The expression of T cell immunoglobulin and mucin domain-containing protein 3
(TIM-3), T cell immunoreceptor with Ig and lymphocyte-activating gene 3 (LAG-3) and ITIM domains
(TIGIT) on T cells is associated with impaired T cell immune response [92]. In melanoma and
non-small-cell lung cancer clinical trials, the expression of the above molecules was associated with
resistance to ICI[93-96]. In HNSCC, nonresponders to ICI treatment have more significant intratumoral
infiltration of exhausted PD-14+ CD8+ cells with TIM-3 and LAG-3 expression than patients who
respond [84]. A subgroup analysis of the CHECKMATE-141 trial evaluated nivolumab treatment
beyond disease progression and showed that responders had PD1+ Tregs numbers on day 43 of
treatment that were significantly lower than baseline levels and the levels in nonresponders, suggesting
that circulating exhausted T cells could be a predictor of ICI treatment [97].

9. T Cell-Inflamed Gene Expression Profile (GEP)

Recent studies have shown that the gene expression profile (GEP) of tumors provides valuable
information for predicting treatment response and prognosis. For example, tumors with an inflamed
phenotype were shown to be more sensitive to anti-PD-1/PD-L1 agents than those without an
inflamed phenotype [98]. A study evaluating samples from non-small-cell lung cancer, HNSCC and
melanoma demonstrated that PD-1 and PD-L1 expression, together with 11 signatures including CD8+
and CD4+ T cell activation, NK cells, and interferon (IFN) activation, were associated with better
disease control and PFS [99]. Another study using data from TCGA, GSE40774 and MSK-IMPACT,
as well as data from six clinical trials, revealed that HPV was a predictive biomarker regardless of
PD-L1 expression. HPV-positive patients had higher cytolytic activity than HPV-negative patients.
In addition, the IFN-y-related gene signatures were closely related to HPV-positive status, whereas the
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immunosuppressive IL6/TGF-3-related gene signatures were related to HPV-negative status. However,
the multivariate analysis to investigate prognostic factors revealed that some immune-related genes
(CD8A, CD4, TGFB1 and CTLA4) were independent factors, but HPV status was not [68]. In the
subgroup analysis of KEYNOTE-012, all six IFNy-related genes (CXCL9, CXCL10, IDO1, IFNG,
HLA-DRA, and STAT1) had significantly higher mean expression values in responders than in
nonresponder patients. The Youden index threshold incorporating the above genes showed a 95%
negative predictive value, which may help exclude potential nonresponders before pembrolizumab
treatment [100].

10. Smoking Status

Smoking is one of the major risk factors for the development of HNSCC and can have pro-inflammatory
and immunosuppressive effects on the TME, leading to the growth of tumor cells [101]. In the
era of HNSCC immunotherapy, smoking is known to induce DNA damage and genetic mutations,
causing higher overall mutational loads and enriched immunogenic neoantigens. However, these effects
were overcome by a profoundly immunosuppressive microenvironment [102,103]. An analysis from
sequencing data of HNSCC samples revealed that a high mutational smoking signature was associated
with lower levels of immune infiltration, cytolytic activity, and IFNy pathway signaling than a low
signature. Importantly, several immune-related genes were downregulated in HNSCC patients with
the heaviest tobacco usage, including T cell receptors, immunoregulatory molecules, cytotoxic effectors,
cytokines, and MHCII molecules [102].

The effect of smoking on the outcome of immunotherapy has been evaluated in some clinical
studies. In the subgroup analysis of the CHECKMATE-141 study, smokers trended towards having an
inferior clinical outcome compared with nonsmokers [11]. In another retrospective study analyzing
81 HNSCC patients treated with PD-1 or PD-L1 inhibitors, a significantly poorer outcome was observed
in HPV-negative former or current smokers than in those who never smoked [102].

11. Microsatellite Instability (MSI)

MSI is a genomic condition of the tandem repeats hypermutability, determined by capillary
electrophoresis or next-generation sequencing platforms, which have been investigated as optimal
markers for biological phenotypes and clinical outcomes in HNSCC. MS], in particular, has been
associated with the response of active immune checkpoint blockade in cancer therapy and related with
impaired DNA mismatch repair. Previous studies have suggested that tumors with more mutations
affecting the DNA damage response, such as high microsatellite instability (MSI-H) or mismatch
repair deficiency (dAMMR) tumors, were associated with higher TMB and were more sensitive to ICIs
than tumors with mutations affecting other pathways, leading to FDA approval of ICI treatment
(pembrolizumab) for patients with AMMR or MSI-H tumors regardless of histology [80,104-106].
In HNSCC, a retrospective analysis showed that high MSI was related to a durable response from
ICI treatment [107]. Currently, recommendations for MSI testing for immunotherapy are under
development [108].

12. Circulating Tumor Cells (CTCs) and Circulating Tumor DNA (ctDNA)

CTCs are rare epithelial cells that outflow from the primary tumor to the bloodstream, which can
be extracted via the liquid biopsy method and we can analyze the genetic alternations at the level of
DNA, RNA and protein [109-111]. In addition to CTCs, ctDNA is another material with 150-200 bp
fragment DNA released from the tumor cells undergoing apoptosis or necrosis into the blood [111-113].
Compared with tissue biopsy, which remains the gold standard in the diagnosis of solid malignancies,
analysis of CTCs or ctDNA are emerging as an important diagnostic tool because of it being time-saving,
non-invasive, cheaper and there is lower risk of cancer spreading [113-116]. In HNSCC, investigation of
CTCs and ctDNA in different disease or treatment status has been considered as a predictive marker for
diagnosis, prognosis and response to treatment [55,109,110,114,117-119]. Additionally, positive CTCs
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after major treatment are associated with an increased risk of distal metastasis in patients with localized
HNSCC [120,121].

In the immunotherapy era, combined analysis of PD-L1 and CTC show mixed results in terms
of clinical outcome. For example, a study revealed that patients with HNSCC had shorter PFS and
OS when overexpressed PD-L1 was observed in the epithelial cell adhesion molecule (EpCAM)+
CTC after treatment [120]. Another study demonstrated the clinical outcome of HNSCC patients
was significantly associated with CTC number and circulating cancer stem-like cells (cCSCs) ratio,
but not PD-1 expression on peripheral CD4+, CD8+, or CD56+ cells [122]. Regarding response to
ICI treatment, some small scale studies that analyzed PD-L1 status in CTCs show the potential to
predict post-ICI treatment outcomes in patients with metastatic lung cancer [123-125]. In the ctDNA
study, the level of baseline ctDNA was correlated with the OS and PFS when cancer patients were
(including HNSCC) treated with pembrolizumab. The degree of ctDNA reduction after pembrolizumab
treatment, independently of PD-L1 expression, was closely associated with prognosis [113]. In summary,
more studies are still need to confirm the predictive role of CTC and ctDNA in HNSCC treated with ICIs.

13. Microbiota

In recent years, accumulating evidence has suggested that the intestinal microbiota can regulate the
anticancer response of the host and the response to anticancer treatment, including immunotherapy [126-130].
In HNSCC, tumors tend to develop from the epithelium and mucosa of the oral cavity and pharynx,
and both sites are consistently exposed to various factors from the outside environment, leading to
alteration of the oral microbiota [131]. A study evaluating the saliva of HNSCC patients and healthy
individuals revealed distinct microbiota compositions, and the presence of certain bacteria was related
to a lower risk of HNSCC [132,133]. A recent study analyzing normal, primary tumor, and metastatic
HNSCC tumor areas demonstrated the relative abundance of Fusobacterium in primary and metastatic
cancer tissues, whereas the abundance of Streptococcus was significantly decreased [134].

The role of the microbiota in the prediction of ICI treatment efficacy in HNSCC patients has also
yet to be determined. The data so far have only been from subgroup analyses of the CHECKMATE-141
study, which evaluated the oral microbiota in saliva from HNSCC patients treated with nivolumab;
however, no significant correlation with treatment response or survival was observed [135].

14. Organoids: A New Ex Vivo Experimental Model for Biomarker Study

Organoids is a novel three-dimensional cultural system generated from fresh tissue samples from
human tumors. These cultural models can be established without time-consuming ex vivo selection and are
faster, simpler, and less costly to generate than patient-derived xenograft mouse models. Compared with
the conventional two-dimensional cultural system, organoids can mimic the natural microenvironment,
which allow further study of vascularization and blood perfusion [136,137]. Emerging evidence has
revealed that organoids can be used as a model system of tumor-immune microenvironment for
prediction of anti-tumor drug efficiency [138,139]. In a recent study, patient derived organoids collected
from biopsy tissue of chordoma were used to evaluate the efficacy of anti-PD 1 agent nivolumab.
This study successfully demonstrated heterogeneous distribution of PD-L1+ cells (determined by
immunohistochemistry) in the tumor tissues. In addition, the response to nivolumab was also
investigated by using this model [140].

Regarding organoids in HNSCC research, a recent study showed a rapid outgrowth of HNSCC
tumor organoids with high efficiency, which can serve as a platform for investigations including tumor
phenotypes, drug resistance, synergistic effect of combined therapy, and identification of effective
target therapies [141]. We can expect more studies using organoids to evaluate response of ICIs in
HNSCC to be reported in the near future.
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15. Perspectives and Conclusions

Immunotherapy has revolutionized the treatment landscape for R/M HNSCC, demonstrating clinical
benefits including prolonged disease control and survival in some patients. With increasing usage of this
therapeutic modality, how to further optimize the efficacy is an important issue. The development
of suitable predictive biomarkers may provide valuable information for treatment decision making.
The summary of biomarkers with supporting clinical data is listed in Table 2.

Table 2. Summary of biomarkers that have the potential to predict the clinical efficacy of immune
checkpoint inhibitors in head and neck cancer.

Factors Better Response Poorer Response
PDL-1 High Low
Tumor-related TMB High Low
MsI High Low
GEP Inflamed Noninflamed

1.7Intratumoral CD8+ T cell infiltration
TME-related 2.1CD8+ T cells/Tregs
Immune profile 3. Lower PD1+ Tregs (baseline)
4. Decreased PD-1+ CD8+ T cells
(after treatment)

1.7Exhausted PD-1+ CD8+
cells (TIM-3+ or LAG-3+)

Host-related HPYV status HPV positive HPV negative

Smoking status  No Yes

GEP, gene expression profile; HPV, human papillomavirus; MSI, microsatellite instability; TMB, tumor mutational
burden; TME, tumor microenvironment.

PD-L1 expression on tumor cells is the most widely used biomarker in clinical practice. It is likely
that using higher cut-off value of PD-L1 positivity can identify the group that may truly get benefit from
ICI immunotherapy. However, there are some limitations, making it an imperfect marker. Currently,
there are four immunohistochemical assays for specific ICIs (PD-1/PD-L1 inhibitors). Different assays
and different cut-off values for PD-L1 positivity in different clinical studies have shown inconsistent
results. Harmonization of assays, methodologies, and cut-off values may provide valuable information
to address the above issues. However, there are still some HNSCC patients with negative PD-L1
expression who are responsive to ICI treatment [11,74], suggesting that the inclusion of other predictive
markers is a possible solution. A combined analysis including PD-L1 expression and tumor-infiltrating
lymphocytes, as well as the T cell phenotype, has shown promising results [84,97]. Since the available
data are from retrospective analyses, they may provide a rationale for further prospective clinical
investigations to evaluate the clinical efficacy of biomarker-guided treatment.

Other parameters or technologies providing predictive information for ICI treatment include the
TMB, MSI, and GEPs. These parameters all showed predictive potential for ICI treatment. In a recent
study that systematically analyzed various parameters, CD8+ T-cell abundance, TMB, and high PD1
gene expression were most predictive factor for ICI treatment across several tumor types including
HNSCC [142]. However, the investigation of TMB or GEPs requires advanced molecular examination
technology, which is highly complex and costly, making their use in clinical practice difficult. MSI or
dMMR status, another parameter suggesting high TMB, has been shown to qualify patients for
pembrolizumab treatment. Regarding the microbiota, CTC, and ctDNA, more data are still needed to
determine their role in ICI treatment in HNSCC patients. In term of a new experimental model for
biomarker exploration, analysis by using organoids may provide more information. The detection
methods, strengths, and limitations of each biomarker are listed in Table 3.
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Table 3. The present diagnostic biomarkers in HNSCC: detection methods/technique, strengths, and limitations.

12 of 22

Markers Detection Tools Gene/Protein Methods Strengths Limitations References
1. Cell types detection need to be
PD-1 or PD-L1 Analysis of the expression level 1. Many studies support. S;fllfiir;f;fz;ﬁ}i;ﬁ}gs‘:mor
PD-1/PD-L1 THC stain . . of PD-1/PD-L1 in stained 2. Popular and relatively [12,47,49-53,61-64]
protein expression tissue slides cost-effective detection tool. cells on}y . .
2. Ambiguous or inconsistency
threshold or cut-off value
1. HPV+ has anti-tumor
1. THC stain for P16 expression. immunity TME
1. HPV viral titer 2. DNA L1 region (GP5+/GP6+)  (higher immune-related cells:
2. P16 IHC stain 1. HPV L1 region and genotype assay performed CD3+/CD4+/CD8+ T cells, CD45+
HPV 3. HPV DNA (GP5+/GP6+) by PCR and lymphocytes, CD19+/CD20+ B Mixed study results [65-68]
In-Situ Hybridization 2. HPV 16E6/E7 HPV probes hybridization. cells, CD56dim NK cells, APCs,
4. HPV RNA RT-PCR 3. Amplification of DCs; lower number cells: Tregs
16E6/E7 mRNA. cells; higher PD-1 mRNA
expression; higher chemokines)
MMR (MLH1, MSH2, 1. Lower technology threshold 1. Prefer monophonic microsatellite
The variation of tandem MSH6 and PMS2) PCR followed by 2. Few microsatellite markers 2' MSI accumﬁla tion in invasive
MsI repeat sequences/ related genes and capillary electrophoresis can detect c.arcinomas than [104-107]
MSI detection repeat sequences or sequencing 3. Easy diagnosis than TMB lesi
abundance regions 4. Correlated with the TMB precursor fesions
1. Limitation of data,
Detect the mutation rate Whole exome, whole Analysis the mutations in the 1. qud predict'ive abili'ty ' not associated with GEP
TMB in eenes or genome genome or DNA level by NGS 2. Higher TMB is associated with ~ or PD-L1 [79-83,107]
8 & selected genes y better PFS and response 2. Expensive and higher
technology/analysis threshold
Whole genome or
target genes analysis 1. Microfluidic methods,
1. Genes mutations immune-magnetic, and flow LT . . . L. .
detection in CTCs cvtometry for CTCs collection . Time-saving, noninvasive, 1. Limited available sample
CTCs separation or Y y and decrease cancer spreading risk  for analysis
CTCs and parat and ctDNA 2. The CellSearch system P 8 Y e ;
ctDNA isolation from . 2. CTCs and ctDNA could be used 2. The prognostic significance of ~ [108,109,113-120]
ctDNA . 2. mRNA expression  approved by the FDA for . L . .
peripheral blood in CTCs (PD-L1 CTC detection for precision medicine and CTCs and ctDNA in HNSCC is
mRNA expressionin 3. ctDNA isolated from plasma personalized treatment monitoring  still unclear.
EpCAM+ CTCs) with collection column.
3. Protein-expression
PCR of 165 rRNA V1-V4 165 rRNA V1-V4 The 16S rRNA is amplified by Variation of microbiome correlates i;:{iiiiéﬁiﬂgiﬁ?ﬁ‘:gg&e
Microbiota hypervariable regions in PCR and sequencing by sanger ~ with clinical outcomes and [125-134]

the bacteria

hypervariable regions

sequencing or NGS

epigenetic status.

2. Need microbiome bank
as reference

CTCs, circulating tumor cells; FDA, Food and Drug Administration; HPV, human papillomavirus; MSI, microsatellite instability; NGS, next-generation sequencing; PCR, polymerase chain

reaction; TMB, tumor mutation burden; TME, tumor microenvironment; PD-1, program death-1; PD-L1, program death-ligand 1.
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Taken together, these findings show that selecting patients for ICI immunotherapy merely based
on a single parameter without taking other factors into consideration would be insufficient because
HNSCC and its tumor microenvironment are highly heterogeneous. With the advancement of several
diagnostic tools and molecular exams, we can expect that there will be increasing data available for
interpretation and analysis. In the future, rapid development of artificial intelligence technologies with
the capability to process massive amounts of data and analyze them may further revolutionize health
care and help physicians predict clinical outcomes more accurately than they can with conventional
statistical tools [143,144].
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Abbreviations

APCs antigen-presenting cells
APOBEC apolipoprotein-B mRNA editing enzyme catalytic polypeptide-like
Bel-xL B cell lymphoma-extra large
bTMB plasma-based tumor mutational burden
cCSCs circulating cancer stem-like cells
CPS combined positive score

CTCs circulating tumor cells

ctDNA circulating tumor DNA

CTLA-4 cytotoxic T lymphocyte antigen 4
dMMR mismatch repair deficiency

EBV Epstein-Barr virus

EpCAM Epithelial cell adhesion molecule
FDA Food and Drug Administration
GEP gene expression profile

HNSCC head and neck squamous cell carcinoma
HPV human papillomavirus

ICIs immune checkpoint inhibitors
IFN interferon

IS immunoscore

LAG-3 lymphocyte-activating gene 3
NIH National Institutes of Health

Mb megabase

MSI microsatellite instability

MSI-H high microsatellite instability
NK natural killer

OR odds ratio

0s overall survival

PD-1 programmed cell death protein-1
PD-L1 programmed death ligand-1

PFS progression-free survival

R/M HNSCC  recurrent and metastatic HNSCC
SCC Squamous cell carcinoma

SOC standard of care

TCGA The Cancer Genome Atlas
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TIGIT T cell immunoreceptor with Ig and ITIM domains

TIM-3 T cell immunoglobulin and mucin domain-containing protein 3

TMB tumor mutational burden

TME tumor microenvironment

TPS tumor proportion score

Tregs regulatory T cells
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