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Abstract

Tumor microenvironment (TME) modulation may improve programmed cell death
1 (PD-1)-targeted antibody therapy efficacy. Epidermal growth factor receptor (EGFR)
pathway inhibition upregulates tumor antigen presentation machinery within the TME in
preclinical models. We hypothesized that the irreversible EGFR tyrosine kinase inhibitor
afatinib combined with pembrolizumab (anti—PD-1) would improve outcomes in head
and neck squamous cell carcinoma (HNSCC) patients. A Phase II trial (NCT03695510)
including 29 eligible patients met its primary endpoint by improving the objective partial
response (objective response rate, 41.4%). The post-treatment, paired-tissue analysis
revealed afatinib plus pembrolizumab upregulated antigen presentation machinery and
increased inflammation in TME. Tumors with unaltered methyl-thioadenosine
phosphorylase (MTAP) had an inflamed TME and predicted better clinical benefits.
Proteomics analysis of PD-1" T cells using cytometry by time-of-flight (CyTOF)
identified the chemokine receptor landscape. In conclusion, afatinib augments
pembrolizumab therapy and improves the ORR in HNSCC patients by upregulating
antigen presentation machinery in TME. Unaltered MTAP may predict a favorable TME
and serve as a predictive biomarker for anti—PD-1 therapy.
Keywords: head and neck squamous cell carcinoma, cancer immunotherapy, tumor

microenvironment, bioinformatics, afatinib, pembrolizumab
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Chapter 1 Introduction

1.1 Head and neck squamous cell carcinoma in Taiwan

Head and neck squamous cell carcinoma (HNSCC) is a commonly encountered
cancer in Taiwan. In 2011, approximately 6,800 new patients were diagnosed with
HNSCC in Taiwan, and approximately 2,500 patients died due to this disease [1]. Some
potential risk factors for head and neck cancer in Taiwan include the consumption of
betel nuts, cigarettes, or alcohol. Approximately 85% of HNSCC patients in Taiwan
had habits of consuming betel nuts, cigarettes, or alcohol [2]. Human papilloma virus
(HPV) is another possible risk factor associated with HNSCC, especially oropharyngeal
cancer [3]. Despite aggressive treatment options, the prognosis of HNSCC patients
remains dismal. HNSCC treatment requires a multi-modal approach. Surgical tumor
resection and lymph node dissection are the most effective treatments for patients with
HNSCC. In high-risk patients, defined as those with positive resection margins, more
than two metastatic lymph nodes, or extracapsular extension, concurrent
chemoradiation with cisplatin is mandatory following surgery [4, 5]. However, the
potential for recurrence remains high, with a 10-year locoregional failure-free survival
rate of only 22.3% and an overall survival rate of only 29.1% [6]. In patients who are

ineligible for surgery, definitive concurrent chemoradiation is the treatment of choice,
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which is associated with a substantial risk of recurrence [7, 8]. The median survival
period for inoperable oral cavity cancer is only 12 months [9]. Improving treatment

options among patients with HNSCC cancer represents a great unmet need.

1.2 Treatment for recurrent or metastatic HNSCC in the pre-

immunotherapy era

In patients with recurrent or metastatic HNSCC, cisplatin and fluorouracil are the
first-line treatment, associated with an overall response rate of 20% and a median
progression-free survival time of 3.3 months [10]. Epidermal growth factor receptor
(EGFR) is highly expressed in HNSCC, and increased EGFR expression levels are
associated with poor outcomes [11, 12]. Cetuximab, an EGFR-targeting monoclonal
antibody, was the first immunotherapy agent developed for HNSCC treatment.
Cetuximab combined with radiotherapy can prolong the median overall survival time
from 29.3 months to 49.0 months (p = 0.018) [13]. In patients with recurrent or
metastatic HNSCC, adding cetuximab to cisplatin plus fluorouracil improves the
objective response rate from 20% to 36% (p < 0.001) and prolongs the median overall
survival time from 7.4 to 10.1 months (p = 0.04) [10]. Despite these improvements in
treatment modalities, the prognosis of patients with advanced-stage HNSCC is still poor,

even after a series of intensive treatments, indicating a great unmet need for novel
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treatments in patients with recurrent or metastatic HNSCC.

1.3 Immune checkpoint inhibitors for HNSCC

Cancer cells survive through several mechanisms, including the avoidance of
destruction by the immune system [14]. Immune checkpoints are cell surface receptors
that inhibit immune system activation to prevent the development of overwhelming
inflammation. However, tumor cells can escape from immune surveillance by
expressing immune checkpoint ligands, which activate immune checkpoints to prevent
immune activation in the tumor microenvironment. Currently, two checkpoints are
widely targeted in the treatment of malignancies: cytotoxic T-lymphocyte—associated
protein 4 (CTLA-4) and programmed cell death 1 (PD-1). Ipilimumab, an anti-CTLA-
4 antibody, was the first immune checkpoint inhibitor developed and has demonstrated
efficacy in patients with metastatic melanoma [15]. In a pooled analysis, more than 20%
of patients with melanoma benefited from ipilimumab therapy, resulting in survival
longer than 10 years [16], representing the first example of a “clinically cure” for solid
cancer using an immunotherapy drug.

Immune checkpoint inhibitors have also been approved for the treatment of cisplatin-
resistant recurrent and metastatic HNSCC [17]. In a Phase III trial, nivolumab, an anti—

PD-1 monoclonal antibody, showed better efficacy in platinum-refractory HNSCC
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patients, resulting in an overall response rate of 13% and a median overall survival time
of 7.5 months (HR: 0.70, p=0.01) [17]. Another anti—PD-1 agent, pembrolizumab, also
has good activity against HNSCC, with an overall response rate of 18% and a median
overall survival time of 8 months [18]. However, despite these great improvements in
cancer immunotherapy for HNSCC treatment, only a small portion of HNSCC patients
have a clinical response to therapy. To improve the efficacy of cancer immunotherapies,
the mechanisms underlying intrinsic and acquired resistance to anti—PD-1 therapy must
be discerned [19]. The tumor microenvironment plays an important role in determining

resistance to therapy [20].

1.4 Tumor microenvironment and genomics
1.4.1 Immune cells in the tumor microenvironment

The tumor microenvironment describes the interactions between tumor cells and
surrounding cells, structures, and chemicals. In 2014, Tumeh et al. first described that
melanoma patient had a good response to anti-PD-1 therapy if the tumor
microenvironment had infiltration of CD8" T cells [21]. Since then, several studies have
uncovered the composition of “hot” or “inflamed” tumor microenvironments that are
associated with a favorable response to cancer immunotherapy [22]. “Inflamed” tumor

microenvironments are characterized by CD8" T cell infiltration [21], fewer regulatory
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T cells [23], more M1 macrophages [24], and the abundance of dendritic cells [25]. The

functions and interactions of immune cells can determine the characteristics of the

tumor microenvironment and predict the clinical response to immunotherapy.

Although immune cells in the tumor microenvironment may determine the

efficacy of cancer immunotherapy, different immune cells have different contributions

to the prognostic impacts across cancer types. CIBERSORT [26] is a bioinformatics

database containing information regarding the immune contexts of various cancer types,

and analysis revealed that the prognostic roles of immune cells are not universal across

all cancer types [27]. For example, memory B cells represent a favorable prognostic

factor in lung cancer but are associated with a worse prognosis in breast cancer. In

addition, the prognostic effects of some immune cells are not significant. For example,

macrophages, which represent the most abundant immune cells found in the tumor

microenvironment, do not have a significant prognostic role in all cancer types. This

heterogeneity among immune cells may explain the different prognostic roles of

different cell types. As an example [28], macrophages can be further classified into two

subsets, M1 and M2. M1 macrophages can stimulate immune reactions in the tumor

microenvironment. A better understanding of the heterogeneous subsets within our

known immune cell classifications will clarify the basic functions of immune cells and

their roles in the tumor microenvironment.
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1.4.2 Cancer genomics and the tumor microenvironment

The genetic backgrounds of tumors can also predict the clinical response to cancer
immunotherapy. Multiple gene mutations and gene instability are important
contributors to cancer development. Proteins produced by mutated genes may be
recognized as a new antigen and be processed by the antigen presentation machinery as
a “neoantigen” on the tumor surface [29]. Therefore, microsatellite instability [30] and
a high tumor mutational burden (TMB) [31] are considered to serve as predictive
biomarkers for cancer immunotherapy. Apolipoprotein B mRNA editing catalytic
polypeptide-like (APOBEC) is a gene related to hypermutation in cancer. The induction
of APOBEC may also results in hypermutation [32].

By contrast, mutations in inflammation-related genes may result in impaired
immune functions within the tumor microenvironment. For example, gene alternations
associated with the interferon-gamma pathway impairs immune reactions in the tumor
[33]. The loss of beta-2 microglobulin [33] also impairs tumor antigen presentation. A
functional Wnt/beta-catenin signaling pathway is also crucial for T cell function and
differentiation [34]. Therefore, defining the genetic background of individual tumors
may be able to predict the tumor response to immunotherapy and allow for adjustments

to the treatment strategy for each individual patient.
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1.4.3 Lessons from research in the tumor microenvironment:

Finding biomarkers

Biomarkers are important in cancer immunotherapy because they can guide
clinicians and patients in selecting the best treatment options and improve
understanding of the underlying tumor biology. Various biomarkers have been
developed for the purpose of improving cancer therapy strategies. PD-L1, the ligand
for PD-1, was first developed to predict responders to PD-1-targeted therapy. PD-L1
was first validated in lung cancer [35]. In patients with HNSCC, higher PD-L1
expression levels predict higher odds of a favorable response. The detection of PD-L1
results in an area under the receiver operating characteristic (ROC) curve (AUC) of
approximately 0.65 for predicting good responders [36]. Another biomarker is the
interferon-gamma signature, which can be measured using a NanoString-based
technique involving a pre-defined profile of barcoded RNA probes [37]. The
NanoString interferon-gamma signature has an AUC of approximately 0.75 [36]. These
two methods are easily implemented to predict the clinical response to anti—PD-1
therapy. However, the AUCs of these two methods remain unsatisfactory, and the
identification of other biomarkers able to predict the clinical response to anti—PD-1

therapy remains essential.
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1.4.4 Bioinformatics and multi-omics approaches to human
immunology

Some obstacles have limited advances in human cancer immunology research.
First, the genetic background of each human is unique, which can result in broad
differences in the biological reactions to stimuli or treatments across cohorts, even with
the same cancer type. Therefore, true immunological reactions may be blunted or
difficult to be detected in human studies. Second, the genetics of tumors varies from
patient to patient and therefore the treatment effect differs. Third, the tumor
microenvironment is highly complex, and the types and amounts of the various cell
types, cytokines, and chemokines found in the tumor microenvironment and the
crosstalk that occurs among these factors may modulate treatment response. Last, the
collection of human samples can be difficult, as clinical samples acquired research are
typically quite small, which can introduce challenges for multiple types of analyses.
Therefore, a new approach to the study of cancer immunology remains necessary.

In recent years, several novel approaches and analytical tools have been
developed to decipher the complexity associated with human cancer immunology. In
the field of human cancer genomics, rapid next-generation sequencing (NGS) has
facilitated our understanding of the individual tumor genetics of each patient [38].

Multiplexed mRNA analysis is also possible to perform in a rapid manner. Several new
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methods have improved the multiplexity of mRNA analyses, decreasing the

requirements for specimen quality when performing mRNA research. For example, the

NanoString technique, based on mRNA barcoding systems, can be used to label

multiple mRNAs in formalin-fixed, paraffin-embedded tissue samples [37]. Cytometry

by time-of-flight (CyTOF) is another technique able to analyze multiple targets within

a single cell [39]. These methods allow for the application of multiplexed analyses of

human immunology.

High-throughput analyses generate large quantities of data that are not easy to

analyze. Gene set enrichment analysis [40] is a method for analyzing the significant

contributions of pre-specified gene sets, allowing for the investigation of biological

pathways that are altered by cancer treatments. Gene sets available for analyses are

validated and updated regularly. The gene set analysis method can avoid biased

conclusions toward significantly upregulated (or downregulated) genes with unknown

biological significance.

Understanding the abundance of certain immune cells in tumors can contribute

to determining the significant factors found in the tumor microenvironment that affect

the response to therapy. Tissue mRNA analyses can provide multi-omics data analyzing

the mRNA expression levels in tumors. However, bulk RNA sequencing represents a

mixture of mRNA expression levels across all of the various cell types found in the
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tumor and surrounding areas. CIBERSORT [26] is a versatile computational method
for quantifying cell fractions from bulk tissue gene expression profiles and estimating
the abundance of individual immune cell types in the tissue. The method requires a
relatively small amount of tumor tissue for analysis but efficiently estimates the cell

composition of interest.

1.5 Anti—-PD-1 combination therapy in HNSCC: Rationale
and current landscape
1.5.1 Overcoming intrinsic resistance in anti—-PD-1 therapy
Anti—PD-1 monotherapy, such as pembrolizumab or nivolumab, is effective in
patients with HNSCC [17, 18, 41]. However, modest response rates have been reported
in cancer patients due to intrinsic resistance to anti-PD-1 monotherapy [42]. The loss
of interferon-gamma (IFN-y) signaling and impaired antigen presentation are two
primary mechanisms underlying this resistance [42]. Overcoming this intrinsic
resistance using anti—-PD-1-based combination therapy represents a critical approach

for improving clinical benefits in HNSCC patients receiving anti—PD-1 therapy.

10
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1.5.2  The role of the antigen presentation machinery in anti—-PD-1
therapies

Successful anti—-PD-1 therapy induces the increased infiltration of T cells into the
tumor environment [21] in response to an adequate antigen-presenting cell niche [43,
44]. Therefore, in situ antigen presentation alone may act as a determining factor for
the intrinsic resistance to anti—-PD-1 therapy. Current studies have indicated that
insufficient IFN-y signaling [45], low major histocompatibility (MHC) complex
expression [46], beta-2-microglobulin (B2M) gene mutation [33], and epidermal
growth factor receptor (EGFR) pathway activation [47, 48] are related to impaired
antigen processing and presentation. Treatment strategies that augment antigen
presentation could be promising approaches for improving anti—-PD-1 treatment

efficacy.

1.5.3 Anti-PD-1 therapy combined with chemotherapy: Current
landscapes and unmet needs
A combination of chemotherapeutic drugs induced immunogenic cell death and
enhance antigen presentation in a variety of mouse models [49]. Recent studies have
combined chemotherapy with anti-PD-1/PD-L1 therapy in various cancer types,

leading to meaningful improvements in survival [41, 50, 51]. In HNSCC, the

11
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combination of pembrolizumab with platinum and fluorouracil showed significant
improvements in overall survival [41]. However, in patients unable to tolerate
chemotherapy-related toxicity, alternative combination therapies remain necessary to
overcome intrinsic resistance to anti-PD-1 immunotherapy. For this reason alone, it is
important to uncover and elucidate alternative anti-PD-1 combination regimen to

overcome the different mechanisms of intrinsic resistance.

1.6 The role of the EGFR signaling pathway in HNSCC

immunotherapy

EGFR pathway inhibition has been shown to promote antigen presentation and
improve immunotherapy efficacy in a pre-clinical model [52]. Lizotte et al. performed
a drug screening assay using an ovalbumin (OVA) antigen—specific, H2b-restricted,
transgenic CD8" T cell in vitro co-culture system. The study found that EGFR tyrosine
kinase inhibitors (TKIs), especially afatinib, increased IFN-y—induced MHC class I
expression in OVA-expressing ID8 tumor cells and enhance tumor cell lysis by OVA-
specific transgenic CD8" T cells[52]. In a syngeneic mouse model using MC38 colon
cancer cell lines in C57BL/6J mice, adding afatinib to anti-PD-1 treatment suppressed
tumor growth [52]. Another study showed that EGFR-TKIs augment anti—PD-1

effectiveness by increasing human leukocyte antigen (HLA) expression and
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downregulating PD-L1 via the Janus kinase (JAK)/signal transducer and activator of

transcription (STAT) pathway [47, 48]. These studies demonstrated the ability of EGFR

inhibition to enhance antigen presentation. In addition, afatinib monotherapy is also

proved to improve the objective response rate (ORR) and progression-free survival

(PFS) rate in recurrent or metastatic HNSCC [53, 54]. These data indicate the ability of

EGFR-TKIs to augment antigen presentation and tumor suppression, and therefore

raise the potential efficacy of combination anti—-PD-1 and EGFR-TKIs for cancer

immunotherapy.
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Chapter 2 Hypothesis and specific aims

2.1 Hypothesis

This study tested the hypothesis that adding afatinib, an EGFR-TKI, can improve
the treatment efficacy of anti—PD-1 therapy in patients with HNSCC by augmenting

the antigen presentation machinery.

2.2 Specific aims

To test this hypothesis, this study proposed the following specific aims:

1. Examine the efficacy (objective response rate and survival) of afatinib plus
pembrolizumab in patients with HNSCC.

2. Determine the biological effects on the tumor microenvironment due to the
combination of afatinib plus pembrolizumab in patients with HNSCC.

3. Examine whether any genetic signatures can predict the clinical response to
combination afatinib plus pembrolizumab therapy.

4. Examine whether the heterogeneity of immune cells in the tumor

microenvironment can predict treatment response.
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Chapter 3 Materials and methods

3.1 Clinical trials
3.1.1 Study approval

This study protocol was approved by the Institutional Review Board of the
National Taiwan University Hospital and is registered with ClinicalTrials.gov

(NCT03695510).

3.1.2  Study design

This study was designed as a single-arm, Phase II trial with Simon’s 2-stage design.
The key eligibility criteria for inclusion in the study were: 1) HNSCC diagnosis; 2)
platinum-refractory, which was defined as tumor progression or recurrence within 6
months after the last dose of platinum-based therapy administered as adjuvant therapy,
or disease progression after taking platinum-based therapy for recurrent or metastatic
disease; 3) Response Evaluation Criteria in Solid Tumors (RECIST) 1.1-measurable
lesions; 4) Eastern Cooperative Oncology Group (ECOGQG) performance score of 0 or 1;
5) acceptable bone marrow, hepatic, and renal functions; and 6) negative hepatitis B
virus surface antigen, negative anti-hepatitis C virus, and negative anti-human

immunodeficiency virus (HIV). The study treatment protocol was 200 mg
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pembrolizumab once every three weeks combined with 40 mg afatinib once daily. The
study administered afatinib—pembrolizumab every three weeks until disease
progression, intolerable toxicity, or patient withdrawal. Treatment beyond progression
was allowed if pseudoprogression was suspected. Afatinib dose titration for treatment-
related toxicity was allowed, but no dose titration for pembrolizumab was permitted.
The trial assessed tumor response every nine weeks during the first 18 weeks and every
12 weeks after that. Tumors were assessed and analyzed using computed tomography

or magnetic resonance imaging.

3.1.3 Efficacy assessment

The primary endpoint was the best ORR, according to RECIST 1.1 criteria. The
secondary endpoints were PFS, overall survival (OS), and duration of response (DoR).
PFS was calculated from the day of first dosing to disease progression, intolerable
toxicity, or death. Patients who did not have disease progression were censored on the
last day of tumor evaluation. OS was calculated from the day of dosing to the day of
death. For survivors, the data were censored on the last day of known survival status.
For responders, DoR was calculated from the day of partial response to the day of
disease progression or death. Patients who did not have disease progression were

censored on the last day of tumor evaluation.
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3.1.4 mRNA expression analysis

Each eligible patient was subjected to biopsy before treatment initiation. A second
post-treatment tumor biopsy was obtained prior to the fourth treatment cycle. Biopsy
samples were fixed in formalin for all downstream analyses. Gene expression was
measured using RNA isolated from formalin-fixed paraffin-embedded (FFPE) biopsy
tissue using NanoString technology. Total RNA was isolated and purified using a
Qiagen RNeasy FFPE kit (Qiagen, Valencia, CA, USA), following the manufacturer’s
instructions. Extracted mRNA was analyzed using an nCounter PanCancer Immune
Profiling Panel (NanoString Technologies, USA), as described previously [37]. Digital
data acquisition via the nCounter Digital Analyzer (NanoString Technologies) was
performed by Cold Spring Biotech Corporation (Taipei, Taiwan). nSolver 4.0 Analysis
Software (NanoString Technologies, USA) and R 3.5.0 were used for data analysis.
Linear normalization of mRNA expression data was generated by nSolver 4.0. In the
gene differential expression analysis, an adjusted p-value was calculated using the
Benjamini-Yekutieli method in nSolver 4.0 software. Gene Set Enrichment Analysis
(GSEA) v4.1.0 (Broad Institute, MA, USA) and GSEA Preranked v.7.2 (Broad Institute,
MA, USA) were used for enrichment analysis [40]. Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) datasets were retrieved from MSigDB

v7.4 (https://www.gsea-msigdb.org/gsea/msigdb/). Gene sets with nominal p-values <
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0.05 and false discovery rate (FDR) q values < 0.1 were selected for further analysis.
Cytoscape v3.8.2 (National Institute of General Medical Sciences, MD, USA) [55],
EnrichmentMap v3.3.2 (University of Toronto, Canada) [56], and StringApp v1.6.0
(University of California, San Francisco, CA, and University of Copenhagen, Denmark)
[57] were used for analysis. CIBERSORTx (Stanford University, CA) and LM22 gene
signatures for immune cell enumeration were used for immune cell profiling analysis

[26].

3.1.5 Comprehensive genomic profiling

Pre-treatment tumor biopsies or archival tumor tissues were used for
comprehensive genomic profiling. Biopsy collection after disease progression was
performed only with patients’ consent. FFPE samples were transported to Foundation
Medicine (Cambridge, MA) and analyzed using a FoundationOne CDx Panel. The
methods applied in the current study for next-generation sequencing-based genomic
assays have previously been validated and reported [38]. The current assay interrogated
324 genes and the introns of 36 genes known to be involved in gene rearrangements.
Copy number amplification cutoffs for the present study were defined as four copies of
ERBB?2 and six copies of all other genes. The mutation allele frequency (MAF) results

were provided by Foundation Medicine on request. The results from all patients were
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summarized and visualized in Microsoft Excel using different color annotations. The
results for equivocal amplification, equivocal loss, and subclonal alterations are not

presented in the figures included here.

3.1.6 TCGA HNSCC data acquisition and analysis

To confirm the roles played by specific genetic alterations and their impacts on the
tumor microenvironment, The Cancer Genome Atlas (TCGA) HNSCC PanCancer
Atlas [58] database was analyzed using cBioPortal (https://www.cbioportal.org/). A
gene of interest was used to query the database, and differential mRNA expression
levels between groups according to gene status (gene alteration vs. wild-type) were
obtained from the “mRNA” module of the “Comparison/Survival” tool in cBioPortal.
The differential mMRNA expression data were then ranked according to the value of the
log of the ratio of mRNA differential expression. For enrichment analysis, the ranked

mRNA data were analyzed using GSEA Preranked v.7.2 (Broad Institute, MA, USA).

3.1.7 PD-L1 testing

PD-L1 immunohistochemistry (IHC) was performed using anti—-PD-L1 antibody
22C3 clone (Dako, US) and the Dako automated platform (Dako, US) at the Department

of Pathology, National Taiwan University Hospital. All PD-L1 scoring was performed
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by a single pathologist (Huang YL). The PD-L1 tumor proportion score (TPS) was
calculated as the percentage of viable tumor cells showing partial or complete
membrane staining at any intensity. The PD-L1 combined positive score (CPS) was
calculated as the number of PD-L1-stained cells (tumor cells, lymphocytes, and
macrophages) divided by the total number of viable tumor cells, multiplied by 100. At

least 100 viable cancer cells were evaluated in each sample [59].

3.1.8  Statistical analysis

This study was performed as a single-arm, Phase II trial, and the primary endpoint
was the best ORR based on Simon’s 2-stage design. The null hypothesis that the true
response rate is 15% will be tested against a one-sided alternative. During the first stage,
13 patients were recruited, and the study would have been stopped if two or fewer
responses were observed among these 13 patients. During the second stage, 16
additional patients were recruited, resulting in a total of 29 patients. The null hypothesis
was rejected if eight or more responses were observed among all 29 patients. This
design yields a type I error rate of 0.05 (one-sided) and a power of 0.9 when the true
response rate is 40%. Survival estimates were performed using Kaplan—Meier survival
analyses and log-rank Cox proportional analyses. MedCalc Statistical Software version

19.7 (MedCalc Software Ltd, Ostend, Belgium), GraphPad Prism version 9.0.2
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(GraphPad Software, LCC. San Diego, US), and Microsoft Office 365 were used to

perform data analyses and figure generation.

3.2 Deciphering the tumor microenvironment in HNSCC
3.2.1 Patient population and specimen collection

We enrolled patients with oral squamous cell carcinoma (OSCC) in this study.
Informed consent was obtained from each patient before performing the operation.
Patients with a pathological diagnosis of OSCC were enrolled. All patients underwent
total surgical excision of OSCC lesions at the National Taiwan University Hospital
(NTUH). Patients receiving induction chemotherapy or neoadjuvant chemoradiation
and patients with recurrent or second HNSCC were excluded. The treatment for OSCC
was guided by the current treatment protocols in place at NTUH. OSCC specimens
were obtained from the complete surgical excision of lesions from the buccal region,
tongue, gingival areas, soft palate, or floor of the mouth. If patients had two or more
clinically positive lymph node metastases, lymph nodes were also removed for analysis.
This study was reviewed and approved by the Human Investigation Review Committee
at NTUH.

Details of the patients’ oral habits, including daily/weekly consumption of

cigarettes, alcohols, and areca nuts (4reca catechu) chewing, as well as the duration of
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these habits, were recorded. Other clinical parameters, including tumor-node—
metastasis (TNM) stage, comorbidities, and treatment courses, were recorded. Survival
status was recorded for analysis. Patients’ blood and tumor samples were collected

during the operation.

3.2.2 Isolation of peripheral blood mononuclear cells and T cells
Surgical specimens and peripheral blood were collected from each patient during
the operation. Blood samples were centrifuged at 1200 rpm for 10 minutes to remove
platelets. The remaining samples were diluted with an equal volume of Hank’s balanced
salt solution, and peripheral blood mononuclear cells (PBMCs) were enriched by
Ficoll-Paque PLUS. After centrifugation at 3000 rpm for 20 minutes, the intermediate
layer of cells was collected and washed with RPMI 1640 medium. PBMCs were
counted for subsequent surface or intracellular staining. Cells were cultured in RPMI
1640 medium supplemented with 10% certified fetal bovine serum (FBS), 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, 100 mM HEPES, 100 uM 2-
mercaptoethanol, 1% MEM vitamin, and 1% MEM non-essential amino acids.
Peripheral blood CD4" T cells were purified by RosetteSep™ Human CD4" T Cell
Enrichment Cocktail. After a 2- minutes reaction at room temperature, whole blood was

diluted with phosphate-buffered saline (PBS) containing 4% FBS, and CD4" T cells
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were enriched by Ficoll-Paque PLUS. After centrifugation at 3000 rpm for 20 minutes,

the intermediate layer of cells was collected and washed with RPMI 1640 medium.

3.2.3 Isolation of tumor-infiltrating lymphocytes

The specimens collected during surgery were mechanically disrupted in a 10-cm
dish containing 2—3 mL culture medium. Tumor cell suspensions were filtered through
a 40-um filter, and the cells were enriched by Ficoll-Paque PLUS. The tumor tissue
mass suspension was gently passed through a 400-um sieve (Sigma-Aldrich), followed
by filtration using 100-pm and 40-pum filters, and tumor-infiltrating lymphocytes (TILs)
were enriched by Ficoll-Paque PLUS. Cell numbers were counted for subsequent
surface or intracellular staining. If required, TILs were further enriched using a

discontinuous Percoll gradient (25%, 55%, and 100%).

3.2.4  FACS staining and analysis

The following fluorochrome-conjugated monoclonal antibodies (mAbs) were
used for fluorescent-assisted cell sorting (FACS) experiments: anti-CD4 (clone RPA-
T4), anti-CD25 (clone M-A251), anti-CD127 (clone eBioRDRSY), anti-CCR6 (clone
GO034E3), anti-CD45RA (clone HI100), anti-CCR7 (clone G043H7), anti-ICOS (clone

ISA-3), anti-HLA-DR (clone L.243), anti-CD161 (clone HP-3G10), anti-CD38 (clone
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HB7), anti-CD39 (clone A1), anti-CD31 (clone WM-59), anti—PD-1 (clone EH12.2H7),
anti-FOXP3 (clone PCHI101), anti-CTLA4 (clone 14D3), anti-Helios (clone 22F6),
anti-IL10 (clone JES3-9D7), and anti-Ki-67 (clone 20Raj1). For surface staining, cells
were stained with fluorochrome-labeled mAbs for 30 min at 4°C in 100 pL staining
buffer (PBS containing 4% FBS). Appropriate isotype antibody controls were used for
each sample. For intracellular staining, cells were surface stained and subsequently
fixed and permeabilized using the Fixation/Permeabilization Kit (eBioscience) or
Cytofix/Cytoperm™ Kit (BD Biosciences), following the manufacturer’s instructions.
For intracellular cytokine analysis, cells were stimulated with phorbol 12-myristate 13-
acetate (PMA; 10 ng/mL; Sigma-Aldrich) and ionomycin (1 pg/mL; Sigma-Aldrich) in
the presence of monensin (2 uM; eBioscience) for 4 hours prior to surface staining and
fixation.

Flow cytometric analysis was performed on a FACSCanto II or an LSRFortessa
flow cytometer (BD Biosciences). Data were exported as FCS 3.0 for further analysis
in FlowJo software (Tree Star).

3.2.5 Flow cytometry using mass cytometry
The small quantity of immune cells tumor specimens makes multiplexed
experiments and assays using traditional flow cytometry difficult to perform.

Cytometry by time-of-flight (CyTOF) is a novel form of mass cytometry using isotype-

24

doi:10.6342/NTU202200697



labeling antibodies that can be applied to detect and quantify labeled targets on the

surfaces and interiors of single cells, allowing for highly multiplexed assays [39]. In

CyTOF analysis, the difficult and complicated spectral compensation necessary for

flow cytometry is not required. The analyses in this study were accomplished using a

CyTOF 2 instrument (Fluidigm Corporation) through a service provided by the

Genomics Research Center Mass Spectrometry Facility (Genomics Research Center,

Academia Sinica).
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Chapter 4 Results

4.1 Clinical studies

In total, 29 patients were enrolled in the study from January 2019 to March 2020.
The cutoff for data analysis was February 11, 2021. The median follow-up of the study
was 20.1 months. Patient characteristics are summarized in Table 1. One patient
discontinued treatment for personal reasons, and one patient discontinued therapy due

to decreasing functional status.

4.1.1 Afatinib plus pembrolizumab therapy showed improved

efficacy in HNSCC patients

During the first stage, 7 of 13 patients responded to therapy (ORR: 53.8% [95%
confidence interval (CI): 25.1%-80.8%]). The response rate met the pre-specified
criteria, and the study progressed to the second stage. Overall, one patient had a
complete response, and eleven patients had confirmed partial response (ORR: 12/29,
41.4% [95% CI: 23.5%—-61.1%]; Figure 1). The ORR result met the primary endpoint
of the study. Stable disease during therapy was registered for 7 of 29 patients (24.1%
[95% CI: 10.3%—43.5%]). The overall disease control rate was 65.5% (95% CI: 45.7%—

82.1%). The median PFS was 4.1 months (95% CI: 1.9-6.3 months; Figure 2), and the
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median OS was 8.4 months (95% CI: 4.1-10.8 months; Figure 3). Among the 12

responders, the median DoR was 4.9 months (95% CI: 2.0-7.9 months; Figure 4).

4.1.2 The toxicities associated with afatinib plus pembrolizumab

therapy were tolerable

All patients (100%) experienced at least one treatment-related toxicity event, and
11 (37.9%) patients experienced Grade 3 or higher treatment-related toxicity events
(Table 2). Twelve patients (41.4%) experienced afatinib dose reduction due to toxicity.
One patient discontinued afatinib due to Grade 2 pneumonitis. One patient expired due
to a carotid blow-out. One patient committed suicide. One patient with a history of
ischemic stroke and stable atrial fibrillation was found dead at home, and the cause of

death was determined to be cardiovascular disease.

4.1.3 Biomarker analysis

41.3.1 mRNA expression analysis in paired biopsy tissues showed that

afatinib plus pembrolizumab treatment augments antigen

presentation machinery

Specimens from 9 patients with adequate paired pre- and post-treatment biopsy

tissues were analyzed for mRNA expression (Figure 5). The best response recorded for
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these 9 patients were: partial response in 3 patients, stable disease in 4 patients, and

disease progression in 2 patients. By comparing pre- and post-treatment specimens, 12

genes (CXCLI13, CXCLY, CFB, LAG3, CD7, CD3D, CD8A, PSMB10, HLA-B, CIR,

HLA-A, and FLT3LG; Figure 6) were found to be significantly upregulated after

treatment, whereas 14 genes (RRAD, CCL20, ILIRN, FNI, ILIRLI, CD24, ANXAI,

EGRI, THBSI, TNFRSF124, LRPI, BCL2LI, TNFRSF10B, and MAP2KI; Figure 7)

were significantly downregulated after treatment. Gene network analysis of the 12

upregulated genes using StringApp showed that HLA-A, HLA-B, CD8A, and CD3E

were core genes affected by combination therapy (Figure 8).

We analyzed the data by CIBERSORT to identify changes in immune cell

abundance within the tumor microenvironment comparing before and after treatment.

In the KEGG GSEA analysis, 11 gene sets were found to be upregulated (nominal p <

0.05, FDR q < 0.1) after afatinib—pembrolizumab treatment, which were involved in

antigen processing and presentation, natural killer (NK) cell-mediated cytotoxicity,

endocytosis, autoimmunity, and inflammation (Figure 12). In line with the KEGG

analysis results, the GO Biological Process GSEA analysis (Figure 12) also identified

the upregulation of antigen processing and presentation and NK cell-mediated

cytotoxicity pathways after treatment. Other upregulated gene sets included genes

involved in the adaptive immune response, T cell chemotaxis, T cell selection, and
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leukocyte-mediated toxicity (nominal p < 0.05, FDR q < 0.1). Three gene sets

associated with tolerance induction and negative leukocyte and lymphocyte regulatory

function were also upregulated after treatment. Leading-edge analysis revealed that

FOXP3 was at the leading edge of all three upregulated gene sets (

Figure 13). Afatinib—pembrolizumab treatment significantly downregulated 194

gene sets (nominal p < 0.05, FDR q <0.1). In an enrichment map analysis, the majority

of downregulated gene sets were found to be closely related. The top 10 downregulated

gene sets were associated with cell differentiation, generation, and proliferation (Figure

12). Gene sets related to IFN-y and IFN-a function did not show significant changes in

this analysis (GOBP interferon gamma mediated signaling pathway: normalized

enrichment score (NES): 1.42, p=0.051, q = 0.34; GOBP interferon alpha production:

NES: -0.76, p = 0.85, g = 0.919). We used CIBERSORTX to analyze changes in the

abundance of immune cells comparing before and after treatment, which showed no

significant changes (Figure 9, Figure 10, Figure 11).

41.3.2 Targeted gene sequencing analysis revealed that unaltered methyl-

thioadenosine phosphorylase could serve as a potential biomarker for

response to therapy

Twenty-five patients (86.2%) had fresh or archival tissues available for analysis
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(Figure 14). No patients had a tumor mutational burden (TMB) score greater than 10

mutations/megabase. No patients had a known EGFR driver mutation. EGFR

amplification predicted a higher response rate (EGFR amplification: n= 3, ORR: 100%,

Fisher’s exact test: p = 0.07). Methyl-thioadenosine phosphorylase (MTAP) loss or

mutation predicted a lower response rate (MTAP loss or mutation, n = 5, ORR: 0%,

Fisher’s exact test: p = 0.046). Patients with MTAP loss or mutation had a shorter PFS

(with loss or mutation, PFS median: 1.9 months [95% CI: 0.7-4.1 months] vs. without

loss or mutation, PFS median 5.5 months [95% CI: 2.0—7.0 months]; hazard ratio [HR]:

4.2 195% CI, 1.3-13.3], p = 0.014) (Figure 15) and shorter OS (with loss or mutation,

OS median: 3.8 months [95% CI: 2.3—8.4 months] vs. without loss or mutation, OS

median 9.0 months [95% CI: 5.6—13.0 months]; HR: 4.2 [95% CI, 1.3-13.4], p=0.015;

Figure 16).

4.1.3.3 GSEA analysis using study data and TCGA data showed that tumors

with unaltered MTAP presented an inflamed microenvironment

KEGG enrichment analysis comparing M7AP loss/mutation (altered MTAP, n = 5)

with MTAP wild-type (unaltered MTAP, n = 15) showed the downregulation of the Toll-

like receptor signaling pathway and the JAK-STAT signaling pathway (Figure 17).

Compared with tumors featuring altered M7AP, tumors with unaltered MTAP had more
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abundant CD8" T cells in the microenvironment. (Mann—Whitney U test, p = 0.0037,

FDR q = 0.08; Figure 18). No other subsets of lymphoid or myeloid cells showed

significant differences in this analysis (Figure 19, Figure 20).

To confirm the role of MTAP alternation in the HNSCC tumor microenvironment,

we analyzed 523 patients/samples from the TCGA HNSCC database. Eighty (15%)

patients had MTAP gene alterations, and the majority of these (75 patients, 93.75%) had

MTAP deep deletion. KEGG and GO enrichment analyses of 19,874 mRNA genes

revealed that immune response-related gene sets were significantly downregulated in

HNSCC patients with MTAP alterations (Figure 17).

4134 Post-progression, targeted gene sequence analysis revealed acquired

loss of MTAP in a patient with disease progression after initial

response

Three patients had paired pre-treatment and post-progression biopsy tissues for

targeted gene sequence analyses. The heterogeneous responses of clones were noted for

two patients (Figure 21). One patient had a new MTAP loss in the post-treatment tissue.

Two patients each had a new /NPP4B mutation. One JAK in one patient and one JAK3

missense mutation in one patient were detected.
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4.1.35 A high response rate is observed in patients with hich PD-L.1

expression

Twenty-eight (96.6%) patients had adequate tissue samples for PD-L1 analysis
(Table 1). For patients with high PD-L1 expression, the ORR was numerically but not
statistically higher than for patients with low PD-L1 expression (PD-L1 TPS > 50, ORR:
71% vs. TPS < 50, ORR: 33%, Fisher’s exact test: p = 0.1; PD-L1 CPS > 20, ORR:

63% vs. CPS <20, ORR: 35%, Fisher’s exact test: p = 0.23).

4.2 Microenvironment study using a multiplexed proteomics

approach
4.2.1 Pilot experiment using CyTOF and trouble-shooting

To test whether the CyTOF machine at Sinica is able to perform our desired
analyses, a pilot experiment was performed using the Maxpar® Human Helper T Cell
Phenotype Panel Kit. The standard Maxpar staining protocol is designed for staining
three million cells. In our study setting, only one million PBMCs were collected, and
samples were labeled using antibodies at 1/3 or 2/3 the recommended concentration to
examine TIL distributions.

As shown in Figure 22A, no differences in CD4 or CD3 signal intensity were

observed across staining conditions, suggesting that the decreased antibody
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concentrations tested were sufficient to stain one million PBMCs. Although the starting
cell number was one million cells, the total events acquired by CyTOF ranged from
3000 to 9000, and the DNA™ events ranged from 900 to 3000. First, cell loss is a known
consequence of CyTOF acquisition, with an average recovery rate of approximately
20%. Second, according to the CyTOF technician at Sinica, only 10%—40% of the total
sample was acquired and recorded due to the limited input sample volume of the
CyTOF machine. Third, the recommended centrifugation speed (300 % g) may be too
low to pellet all cells during the staining procedure. To resolve the issue of cell loss, we
consulted a specialist at the Fluidigm Corporation, and the only solution identified was
to increase the starting cell number because cell loss in the CyTOF2 machine cannot be
circumvented. To account for limited sample acquisition during a single CyTOF run,
we combined data acquired during different runs. To collect more cells for the staining
procedure, we increased the centrifugation speed to 4000 x g, a speed that is regularly
used for flow cytometry staining in Dr. Chia’s lab. To validate the CyTOF data, we
examine the marker expression patterns in CD4" T cells. Figure 22B shows that
CD45RA and CD45RO expression was mutually exclusive, and CD25" cells, which
characterize Treg cells, lack CD127 expression. These findings indicate that the data
collected by CyTOF is credible.

To analyze the massive amounts of high-dimensional data acquired by CyTOF
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analyses, t-distributed stochastic neighbor embedding (t-SNE) tools are widely used.
Figure 23A shows the expression of individual markers on a t-SNE map. CD4" and
CD8" T cells can easily be identified. We manually grouped the cells into five
populations. Populations 1 and 3 were CD4" and CD8" T cells, respectively (Figure
23B). Treg cells, which express high CD25 but low CD127 levels, can also be identified
in the lower left region of the CD4" T cell population. Population 2 expresses CD3 and
CD8 but was not clustered with Population 3. Different from Population 3, Population
2 also expressed CD161 and CCRS. Because both CD161 and CCRS are highly
expressed on natural killer T (NKT) cells, we characterized Population 2 as NKT cells.
Although we did not stain B cell markers, Population 4 could represent B cells due to
high CD45RA, CCR6, and CXCRS5 expression.

In addition to t-SNE analyses, spanning-tree progression analysis of density-
normalized events (SPADE) analysis is commonly used to perform unbiased analyses.
Similar to t-SNE analysis, SPADE groups cell populations according to differential
expression patterns (Figure 24).

The Cell-ID 20-Plex Pd Barcoding Kit was used to label samples with various
combinations of metal-tagged antibodies. The labeled samples can be pooled into a
single tube for the subsequent staining and data acquisition. During data analysis,

different samples can be separated according to the unique barcodes. This procedure
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can be used to compare PBMCs and TILs in samples collected from patients. We stained
PBMC:s from three individuals using the Pb Barcoding sample codes 1, 2, and 3 (Figure
25A). As expected, a 108Pb signal was detected in105Pd"106Pb™ but not 105Pd"106Pd™
or 105Pd"106Pd" populations (Figure 25B), suggesting that the barcoding system can
be used for our analyses.

After overcoming the issues associated with low event acquisition, we were able
to collect more than 30,000 events from each sample. To further test whether t-SNE
analysis can be used to identify T helper cell subsets, as suggested by Fluidigm, we
analyzed CD4"CD3" T cells using t-SNE tools. According to the distinct phenotypes
identified in the t-SNE analysis (Figure 26A), six T helper cell subsets can be defined
(Figure 26B).

In our project, we aimed to explore the expression patterns of chemokine receptors
on immune cells obtained from PBMCs and TILs. We designed a multi-marker panel,
including cell identity markers, most of the chemokine receptors expressed by immune
cells, and inhibitory receptors involved in immunosuppression (Figure 27A). Using
this panel, we are able to uncover the atlas of chemokine and inhibitory receptor
landscapes among CD4" T cells, CD8" T cells, NK cells, B cells, monocytes,
macrophages, DCs, and pDCs (Figure 27B). Furthermore, we are able to further

subdivide cells into naive and memory subsets by co-staining with CD45RA, CD27,
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CD127, and HLA-DR.

4.2.2 CyTOF study using cancer patient tissues
Previous tests confirmed the feasibility of applying CyTOF analyses to study
cancer immunology in HNSCC. Therefore, we applied CyTOF to the analysis of TILs

and PBMC:s collected from cancer patients.

42.2.1 Differences in CD3" T cells between PBMCs and TILs

In PBMCs (Figure 28), more cells were identified as CD45RA™ and CCR7",
which reflects the naive nature of PBMCs. In TILs (Figure 29), the expression levels
of CD45RA and CCR7 were low, indicating that most T cells in TILs were memory T
cells or activated T cells.

In both PBMCs and TILs, PD-1 is the predominant checkpoint expressed on
immune cells. CTLA-4 and TIM-3 were also detected, but the frequencies were low.
The frequency of PD-1 expression was higher in TILs than in PBMCs. In the cluster
analysis, PD-1" T cells were distributed widely across the t-SNE map, indicating the
heterogeneity of PD-1" T cells in TILs. Exhausted T cells identified in TILs from
patients with HNSCC were typically PD-1". CTLA-4" T cells were also identified

among PD-1"T cells, especially among the CD4" T cells. TIM-3" T cells were not very
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abundant among the TILs from patients with HNSCC.

The chemokine receptor landscape is also different between PBMCs and TILs.
The expression of CXCR3, CXCR4, CCR5, CCR6, CCR7, CCRS, and CCR9 was
frequently detected in both PBMCs and TILs. However, in PBMCs, most PD-1" T cells
displayed the low expression of chemokine receptors. In the tumor microenvironment,

chemokine receptor—positive T cells were typically also PD-17.
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Chapter 5 Discussion

- Afatinib plus pembrolizumab therapy is an effective option for patients with

HNSCC

This study explored the effects of EGFR-TKI treatment combined with anti—PD-
1 therapy in platinum-refractory HNSCC patients. The study met the primary endpoint
of ORR, with manageable toxicities in HNSCC patients. In the biomarker analyses, we
also identified several potential predictive therapeutic biomarkers, including high PD-
L1 expression, EGFR amplification, and unaltered MTAP. Further studies in larger
sample sizes are warranted to confirm the efficacy of this therapeutic strategy and the

roles of these biomarkers in this population.

- Multi-omics analysis of paired tissue samples revealed the upregulation of
antigen presentation machinery and the stimulation of immune functions in
the tumor microenvironment
By using paired human tissue mRNA analyses, we identified that genes involved

in antigen processing and presentation signaling pathways, such as HLA-A, HLA-B, and

PSMB10, were significantly upregulated in post-treatment specimens. In line with

previous reports on anti—PD-1 treatment, we also identified the upregulation of
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CXCLI13, CXCLY, and FLT3LG in post-treatment biopsy tissues. CXCL13 is a marker
of T cells that are preferentially reactive to neoantigens and serves as a positive T cell—
intrinsic marker of anti—PD-1 sensitivity [60]. CXCL9 is required for successful anti-
tumor responses following PD-1 blockade in an IFN-y—dependent manner [61].
FLG3LG has been shown to stimulate dendritic cell maturation and is correlated with
the abundance of intra-tumoral stimulatory dendritic cells [62]. On the other hand, this
combination therapy approach resulted in the downregulation of several key
suppressive genes involved in immune reactivity. CCL20, a ligand for CCR6, has been
shown to chemoattract CCR6" regulatory T cells, which have higher tumor-suppressive
activity compared with other T cells [63]. CD24 is a “don’t eat me” signal that can
inhibit macrophage function via Siglec-10 [64]. The downregulation of these genes
suggests a less immunosuppressive tumor environment. In the gene set analyses,
pathways involving inflammation, NK cell-mediated cytotoxicity, the adaptive
immune response, and endocytosis were also found to be upregulated. In addition to
immune-related pathways, pathways related to tumor growth were also significantly
suppressed. These results provide positive evidence that the afatinib—pembrolizumab
therapeutic regimen was involved in reprogramming the tumor environment, possibly
through augmented antigen presentation and immune responses, resulting in suppressed

tumor growth.
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- Genetics studies and post-progression biopsies revealed that unaltered

MTAP may regulate immune functions in the tumor microenvironment

In this study, MTAP was identified as a potential gene for predicting the clinical

benefits of anti—-PD-1-based immunotherapy. MTAP is an enzyme that catalyzes the

breakdown of methyl-thioadenosine (MTA) in the cell. The loss of MTAP function may

interfere with STAT 1 function, inhibiting IFN-mediated gene functions [65]. In a report

analyzing ipilimumab monotherapy in melanoma patients, the loss of IFN-y pathway

genes, including MTAP, predicted a poor response to ipilimumab [66]. In this study,

patients with MTAP alterations showed worse ORR and prognosis. Tumors with MTAP

alterations contained fewer CD8+ T cells in the microenvironment. In the GSEA,

tumors with MTAP loss or mutation showed the downregulation of Toll-like receptor

and JAK-STAT signaling pathway components. We also identified one patient with a

new MTAP loss in the post-progression biopsy specimen. Our analysis using TCGA

HNSCC database (Figure 3D) also supported the findings that patients with MTAP

alterations were associated with suppressed immune reaction factors in the tumor

microenvironment. These findings suggested a role for MTAP in HNSCC cancer

immunotherapy, and the contributions of MTAP to cancer immunotherapy warrants

further research.

40

doi:10.6342/NTU202200697



- The outlook for anti—PD-1 combination therapy in HNSCC

Several anti—PD-1/PD-L1-based combination therapeutic approaches have

reported positive outcomes in HNSCC trials. Cetuximab, an anti-EGFR monoclonal

antibody, was combined with pembrolizumab in HNSCC patients. The Phase II study

also showed an encouraging ORR of 45% [67], highlighting the importance of EGFR

inhibition combined with anti—PD-1 therapy in HNSCC. Lenvatinib, a multitarget TKI,

was combined with pembrolizumab in HNSCC [68], and the preliminary Phase I/II

results showed that the combination treatment resulted in an improved ORR of 46%

and an improved PFS of 4.7 months. A confirmatory Phase III trial is ongoing

examining this combination approach as a first-line treatment option for HNSCC

patients. Anti—-PD-1 combination therapy using the CTLA-4 antibody ipilimumab

demonstrated efficacy in melanoma [69], renal cell carcinoma [70], and non—small cell

lung cancer (NSCLC) [71]. Tremelimumab, another CTLA-4 antibody, was combined

with durvalumab, an anti-PD-L1 antibody, to treat HNSCC. However, this PD-

L1/CTLA-4 dual blockade combination did not show better efficacy in HNSCC [72].

CHECKMATE 651 is a Phase III trial using nivolumab combined with ipilimumab in

HNSCC patients; however, the preliminary results of this study showed no

improvement in survival [73]. Other studies using oncolytic virus [74], HPV vaccine

[75], or histone deacetylase (HDAC) inhibitor [76] in combination with anti—PD-1
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treatment have shown modest improvements in ORR for HNSCC. The results of these

studies demonstrate the potential of various anti—-PD-1 combination therapies for the

treatment of HNSCC patients. With proper biomarker research, a multi-dimensional

and personalized approach may be developed to guide the use of combination strategies

in HNSCC patients.

- Next steps: extend the DoR achieved for afatinib plus pembrolizumab

combination therapy

This study showed improved ORR among HNSCC patients using afatinib

combined with pembrolizumab. However, the extent to which afatinib contributes to

improved pembrolizumab efficacy remains unclear. In addition, the DoR recorded for

this study was shorter than the DoR reported for either pembrolizumab or nivolumab

monotherapy [17, 18, 41]. To clarify the contribution of afatinib and examine the

reasons for the shorter DoR, we referenced the results of a pembrolizumab neoadjuvant

trial performed by Uppaluri et al., which enrolled 36 HNSCC patients [77]. In this study,

eligible patients received one dose of pembrolizumab monotherapy, followed by

curative surgery 2—3 weeks after administration of neoadjuvant therapy. Gene set

enrichment analysis of paired, pre- and post- treatment tissue samples (n = 15) showed

that pembrolizumab monotherapy induced the upregulation of the following gene sets:

42

doi:10.6342/NTU202200697



IFN-a response, IFN-y response, inflammatory response, allograft rejection, tumor

necrosis factor-alpha signaling via nuclear factor kappa B, and interleukin-6—-JAK—

STAT3 signaling. In the present study, afatinib—pembrolizumab combination therapy

upregulated gene sets related to antigen presentation. However, the gene sets related to

the IFN-y response and IFN-a response were not elevated. The IFN-y signature has

been identified as a biomarker for predicting successful pembrolizumab monotherapy

in several cancer types, including HNSCC [78]. The shorter DoR observed for afatinib—

pembrolizumab combination therapy may be due to the insufficient induction of the

IFN response. Although cross-trial comparisons should be interpreted with caution, we

postulate that afatinib may partially improve pembrolizumab efficacy by augmenting

antigen presentation. However, an insufficient induction of an IFN reaction may explain

the shorter DoR of the afatinib—pembrolizumab combination.

- Mechanisms of acquired resistance to afatinib plus pembrolizumab

combination therapy: what do we know?

Anti—PD-1 therapy alone can induce tumor resistance against treatment; however,

combined therapy might also induce resistance. Our gene analysis data from post-

progression tissues indicated the potential for acquired resistance in response to this

combination therapy. The upregulation of LAG3, an immune checkpoint gene, was
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identified in some post-treatment specimens. The upregulation of other immune

checkpoint genes in the tumor microenvironment has been reported in an HNSCC trial

using neoadjuvant pembrolizumab [77]. Upregulated immune checkpoint genes could

represent potential treatment targets in patients with progressive disease following first-

line anti—PD-1 therapy. In addition to changes in immune cells, the emergence of new

mutations in tumor cells can also modulate immune regulation [33]. In the post-

progression biopsy samples, further gene alterations associated with immune reactivity

were identified (JAK1, JAK3, and INPP4B). These gene alterations may contribute to

disease progression. In addition, T cell regulation and inhibition may contribute to the

development of resistance. In the enrichment analysis, three gene sets related to

negative leukocyte and lymphocyte regulatory functions had positive enrichment scores.

In all three gene sets, FOXP3 was identified at the leading edge, implying that

regulatory T cells may play an inhibitory role in response to combination therapy. The

underlying mechanism requires further investigation. Tu et al. [79] showed that afatinib

might suppress T cell function in the peripheral immune cells of lung cancer patients

and decrease the effects of immune therapy. Our study and Tu’s study both

demonstrated the possibility that anti-PD-1 combination treatments could

simultaneously enhance immune reactivity through some mechanisms while

suppressing immune function through other mechanisms. Fine-tuning the balance
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between immune activation and suppression may represent a key component for

extending the survival of patients undergoing anti—PD-1 combination therapy. In

conclusion, the increased expression of other immune checkpoints, immunosuppressive

pathways, and the emergence of new gene alterations involved in immune reactivity

may contribute to acquired resistance in anti—PD-1-based combination therapy

approaches.

- Toxicities associated with afatinib plus pembrolizumab therapy in HNSCC

The potential toxicity of anti-PD-1 and EGFR-TKI combination therapies,

especially the incidence of pneumonitis, had been described in several lung cancer

studies [80, 81], which have described a high incidence of treatment-related

pneumonitis. In our study, one patient (1/29, 3.4%) experienced a Grade 2 treatment-

related pneumonitis event. Differences in the incidence of pneumonitis between these

anti—-PD-1/PD-L1-EGFR-TKI studies may be due to differences in the cancer types of

patients. A meta-analysis showed that lung cancer patients experience a higher

incidence of pneumonitis during anti-PD-1/PD-L1 therapy, whereas the incidence of

pneumonitis occurred at similar rates among other cancer types during anti—PD-1/PD-

L1 therapy [82], which may account for the increased incidence of pneumonitis

reported in studies using anti—-PD-1/PD-L1 combined with EGFR-TKISs to treat NSCLC
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patients. In the present study, the most common toxicities were skin rash, diarrhea, and

paronychia, and the patterns of skin rash reporter were similar to those associated with

EGFR-TKI treatment. In addition, 41.2% of patients underwent afatinib dose

reductions due to treatment-related toxicity. An ongoing Phase II trial is examining the

use of afatinib at 30 mg daily combined with anti—-PD-1 for esophageal cancer patients

in Taiwan (BEAR study, NCT04839471), which might contribute to determining the

optimal afatinib dosage in combination with anti—PD-1 therapy.

- Limitations of this prospective study

Comparing pre- and post-treatment biopsy results can provide useful information

regarding the efficacies and biological effects of study treatment in the tumor. In the

present study, we examined 9 (31%) pairs of pre- and post-treatment biopsy specimens

for study. Not all patients had paired biopsies for a variety of reasons, including the

patient’s reluctance to undergo a second biopsy, disease progression, biopsy risks (i.e.,

too close to major vessels), and tumors that became too small to obtain biopsies. Several

strategies could be applied to future studies to improve the successful acquisition of

paired biopsy for analyses. A neoadjuvant study followed by surgical tumor resection

may provide a better window of opportunity for obtaining pre- and post-treatment

samples. For example, a neoadjuvant pembrolizumab trial for HNSCC patients
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acquired paired tissue samples from 42% (15/36) of the cohort for analysis [77]. A better

analysis technique that requires less tissue may also facilitate paired tissue analysis.

Single-cell technologies [83] and spatial proteomics [84] can provide high dimensional

information using less tissue. Liquid biopsies [85] are a less invasive approach for

monitoring change in tumors and may represent a feasible approach for recurrent or

metastatic tumor sites that are not easy to biopsy. For patients whose tumors shrink

quicker than expected, an earlier biopsy timing may increase the acquisition rate of re-

biopsy. For patients who are reluctant for biopsy or experience disease progression, a

better patient support may increase the willingness of re-biopsy.

This study was associated with other several limitations. The small sample size

may overestimate the efficacy of the treatment regimen. In this study, we used bulk

RNA from the entire tumor biopsy sample to perform analyses, which did not allow for

differential gene expression comparisons between tumor and immune cells or between

different immune cell subsets. Approximately 44% of our enrolled patients had

previously experienced two or more lines of palliative therapy, and 35% of enrolled

patients were primarily resistant to concurrent chemoradiation within six months. These

patients typically present with worse prognoses and may have worse survival than

platinum-naive or platinum-sensitive HNSCC patients, which might have contributed

to the lack of significantly prolonged OS in this study. The efficacy of afatinib—
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pembrolizumab combination therapy for the treatment-naive or platinum-sensitive

patients is worthy of further exploration.

- A journey in CyTOF study: lessons learned

We explored the possibility of using CyTOF for studying the heterogeneity of

immune cells in the tumor microenvironment. We identified potential heterogeneity

among immune cells according to chemokine receptor expression patterns. Several

clusters of CD8+ and CD4+ T cells were identified in the analysis. In our analysis in

Figure 6, we also found that CXCL13 and CXCL9 were elevated after taking

combination therapy. Further exploration using CyTOF and bulk mRNA analysis in

tumors may help us to know the interaction of chemokines and chemokine receptors in

tumor microenvironment. The emergence of new single-cell mRNA analysis methods

has improved data quality and expanded the dimensions of available data. New multi-

omics spatial analyses also allow for multi-omics analyses to be conducted using

commonly acquired pathological specimens. By utilizing these tools, we can disclose

the interaction of tumor cells and immune cells in the microenvironment.
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- Conclusion

In conclusion, this study demonstrated the efficacy of afatinib plus pembrolizumab

combination therapy for patients with HNSCC. By utilizing a multi-omics approach

and bioinformatics analyses, the study showed that enhancing the antigen presentation

machinery may be a key event in improving therapeutic efficacy for the combination

of afatinib plus pembrolizumab. The genomics analysis revealed that unaltered MTAP

might serve as a potential biomarker able to predict the clinical response to treatment.

By using open cancer data analysis, the study found that tumors with unaltered MTAP

present a favorable tumor microenvironment amenable to anti—PD-1 therapy. The

CyTOF approach showed the feasibility of single-cell proteomics analysis. Further

applications and explorations could be considered.
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Chapter 6 Future works

6.1 Real-world analysis of anti—-PD-1 therapy in patients with
HNSCC and accompanying biomarker analysis
Anti—PD-1 therapy has been used for the treatment of HNSCC for many years,
and a substantial number of patients have been treated with anti-PD-1 therapies. We
found that a small group of patients presented with a durable response after receiving a
short course of anti—PD-1 therapy, which was maintained using afatinib. We plan to

analyze the characteristics of these patients and their tumor microenvironments.

6.2 Ribociclib, an anti-CDK4/6 inhibitor, combined with
anti—PD-1 for HNSCC treatment
Cell cycle alterations are common mutations associated with HNSCC. In an
analysis of the HNSCC TCGA dataset [86], 96% of HPV-unrelated HNSCC tumors
presented with cell cycle dysregulation. In the TCGA analysis [86], 58% of HPV-
unrelated HNSCC tumors had mutations or homozygous deletions detected in CDKN2A,
which encodes cyclin-dependent kinase inhibitor 2A and regulates the cell cycle by

inhibiting CDK4 and CDK6. Approximately 31% of HPV-unrelated HNSCC tumors
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had CCND1 amplifications, which encodes cyclin D1 [86]. In the cell cycle, cyclin D1

forms a complex with CDK4 and CDKG® to regulate the cell cycle function.

In a drug screening study using Jurkat cells and an anti-CD3/28 system, CDK4/6

inhibitors were identified as a potential mechanism for increasing T cell functions in

the tumor microenvironment [87]. In animal studies, CDK4/6 inhibitors decrease tumor

growth by suppressing the cell cycle. In addition, CDK4/6 inhibitors induce the

expression of HLA and increase antigen presentation. CDK4/6 inhibitors also induce T

cell functions and increase T cell infiltration into the tumor [88].

T cell exclusion is a mechanism related to resistance to immunotherapy. CDK4/6

inhibitors can reverse this resistance program in the tumor microenvironment,

increasing the immune response in the tumor [89].

Therefore, we initiated a study using ribociclib, a CDK 4/6 inhibitor, combined

with spartalizumab, an anti—PD-1 antibody, to treat HPV-unrelated HNSCC. This

Phase Il study used an expansion cohort to test the toxicity and efficacy of this

combination therapy. Biomarkers were analyzed using NGS and mRNA analysis to

explore potential biomarkers of response to treatment.
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6.3 Personalized anti—PD-1 combination therapy in patients
with HNSCC

Currently, anti-PD-1 therapy combined with chemotherapy, including cisplatin
and fluorouracil, represents the standard first-line treatment for patients with HNSCC.
Many ongoing clinical trials are examining the use of anti—PD-1 therapy combined with
different agents to treat HNSCC. These anti—PD-1 combination therapies have shown
a modest response rate in patients with HNSCC. In most cases, these studies have not
selected proper combinations specific to each patient based on the status of the tumor
microenvironment and the genetic background of the tumor. We hypothesize that
personalized anti—PD-1 therapies may be possible for patients with HNSCC being
treated with anti—PD-1 therapies.

In the first study (ALPHA study), we found that MTAP alterations may predict a
poor response rate and poor survival in patients with HNSCC. The second study (RISE-
HN) will use a similar strategy to explore possible predictive biomarkers of response to
treatment. After the primary analysis of these two trials, these trial data will be merged
for further analysis. A retrospective cohort will also be analyzed using a NanoString
mRNA panel. We hypothesize that a personalized approach can be achieved by
analyzing the status of the tumor microenvironment and the genetic background of the

tumor.
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Chapter 7 Tables

Table 1 Patient characteristics

Afatinib +
pembrolizumab
N=29
Age (years)
Median (range) 53.4 (26.2-71.1)
Sex, n (%)
Male 27 (93.1)
Female 2(6.9)
ECOG PS
0 2(6.9)
1 27 (93.1)
Habits
Alcohol 20 (69.0)
Betel nuts 19 (65.5)
Cigarette 23 (79.3)
Primary tumor site, n (%)
Oral cavity 19 (65.5)
Oropharynx 6 (20.7)
P16+ 4 (13.8)
Pl16— 1(3.4)
NA 1(3.4)
Hypopharynx 2(6.9)
Larynx 2(6.9)
Disease status at enrollment, n (%)
Local recurrence only 15 (51.7)
Local recurrence and metastases 11 (37.9)
Metastases only 3(10.3)
Metastatic sites
Lung 11 (37.9)
Liver 5(17.2)
Bone 4 (13.8)
Kidney 2 (6.9)
Types of prior therapy
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Surgical tumor resection 24 (82.8)
Radiotherapy 26 (89.7)
Cetuximab 16 (55.2)
Prior lines of therapy in recurrent/metastatic setting, n (%) *
None T 10 (34.5)
1 6 (20.7)
2 6 (20.7)
>3 7 (24.1)
PD-L1 TPS, n (%)
<1 8 (27.6)
1-49 13 (44.8)
>50 7(24.1)
NA 1(3.4)
PD-L1 CPS, n (%)
<1 3(10.3)
1-19 17 (58.6)
>20 8(27.6)
NA 1(3.4)
Tumor mutational burden (TMB)
Tested, with results, n (%) 25 (86.2)
TMB (mutations/megabase)
Median (range) 4 (1-8)
1-5, n (%) 19 (65.5)
6—-10, n (%) 6 (20.7)
>10, n (%) 0(0)
NA, n (%) 4 (13.8)

NA: not available; ECOG PS: Eastern Cooperative Oncology Group performance
status; PD-L1: programmed death-ligand 1; TPS: tumor proportion score: CPS:

combined positive score.

* Only therapies for recurrent/metastatic diseases were counted in this column. Prior
induction or adjuvant therapies were not counted in this column.
T Patients with new recurrent/metastatic diseases in 6 months after the last dose of

platinum-based therapy in adjuvant therapy or concurrent chemoradiation.
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Table 2 Treatment related adverse events

AE, treatment related | Gr. 1 Gr. 2 Gr.3 Gr. 4 Gr. 5

Skin rash 17 (59%) | 0 (0%) 4 (14%) | 0 (0%) 0 (0%)
Diarrhea 8 (28%) 7 (24%) |4 (14%) |0 (0%) 0 (0%)
Paronychia 8 (28%) 4 (18%) | 0(0%) 0 (0%) 0 (0%)
Mucositis 8 (28%) 3(10%) | 1(3%) 0 (0%) 0 (0%)
Weight loss 5 (17%) 5(17%) | 0(0%) 0 (0%) 0 (0%)
Fatigue 6 (21%) 2 (7%) 1 (3%) 0 (0%) 0 (0%)
Anemia 4 (14%) 2 (7%) 1 (3%) 0 (0%) 0 (0%)
Anorexia 5 (17%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
Creatinine increase 3 (10%) 1 3%) 1 (3%) 0 (0%) 0 (0%)
Nausea 2 (7%) 3(10%) | 0 (0%) 0 (0%) 0 (0%)
Vomiting 1 (3%) 3(10%) | 0 (0%) 0 (0%) 0 (0%)
ALT increase 2 (7%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
AST increase 2 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
ALP increase 1 (3%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
GGT increase 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)
Hypothyroidism 2 (7%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Bleeding 0 (0%) 0 (0%) 1 (3%) 0 (0%) 1 (3%)
Pneumonitis 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%)

AE: adverse event: Gr.: grade; ALT: alanine aminotransferase; AST: aspartate

aminotransferase; ALP: alpha-fetoprotein; GGT: gamma-glutamyltransferase.
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Chapter 8 Figures
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Figure 1 Clinical response rate to afatinib plus pembrolizumab therapy in

HNSCC patients

One patient had a complete response, and 11 patients had a confirmed partial response

(overall response rate: 12/29, 41.4% [95% confidence interval (CI): 23.5%—61.1%]).

Stable disease during therapy was registered in 7 of 29 patients (24.1% [95% CI:

10.3%—43.5%]). The overall disease control rate was 65.5% (95% CI: 45.7%—-82.1%).
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Figure 2 Clinical efficacy of afatinib plus pembrolizumab therapy in HNSCC
patients: progression-free survival

The median progression-free survival was 4.1 months (95% confidence interval: 1.9—

6.3 months; n = 29)
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Figure 3 Clinical efficacy of afatinib plus pembrolizumab therapy in HNSCC
patients: overall survival
The median overall survival was 8.4 months (95% confidence interval: 4.1-10.8

months; n = 29)
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Figure 4 Clinical efficacy of afatinib plus pembrolizumab treatment in HNSCC

patients: the duration of response in responders

The median duration of response was 4.9 months (95% confidence interval: 2.0-7.9

months).
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Figure 5 Differential analysis of mRNA expression between paired tissue samples
The mRNA expression levels were compared in nine pairs of tissues (pre-treatment
vs. post-treatment). The red dots represent mRNAs with significant differences in pre-

vs. post-treatment expression. (Benjamini-Yekutieli method, adjusted p < 0.05).
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Figure 6 Increased mRNA expression in post-treatment specimens

enjamini- Yekutielt method, * p < 0.05, ** p <0.01, p <0.
Benjamini-Yekutieli hod, * 0.05, ** 0.01, *** 0.001
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Figure 7 Decreased mRNA expression in post-treatment specimens

Benjamini-Yekutieli method, * p < 0.05, ** p <0.01, *** p <0.001
y
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Figure 8 Gene network analysis showing the central role of upregulating antigen

presentation machinery in the response to afatinib plus pembrolizumab

treatment
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Figure 9 Changes in the T cell fractions within the tumor microenvironment
after therapy

In this analysis, using CIBERSORTx and mRNA data, no significant changes in T cell
populations were found comparing before and after therapy. However, a trend toward

increasing CD8" T cells in the tumor microenvironment was observed.
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Figure 10 Changes in B and plasma cells in the tumor microenvironment after

therapy

No significant changes in B cells were noted in the comparison between before and

after therapy.
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Figure 11 The changes in myeloid cell populations in the tumor

microenvironment after therapy

No significant changes were noted in this study comparing before and after therapy.
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Figure 12 Gene set enrichment analysis of paired tissue mRNA samples
In the enrichment analysis, gene sets related to antigen presentation machinery were
upregulated. Gene sets related to tumor growth were down-regulated. (In the GO

Biological Process analysis, only the top 10 downregulated gene sets are listed.)
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Figure 13 Leading-edge analysis of three gene sets with immune cell regulatory

functions.
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Figure 14 Targeted gene mutation analysis.

Genes were selected if three or more patients had mutations. TMB: tumor mutational

burden in mutations/megabase.
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Figure 15 Survival analysis according to MTAP status: progression-free survival.
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Figure 16 Survival analysis according to MTAP status: overall survival
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Figure 17 Comparing patients with altered MTAP vs. unaltered MTAP by gene

set enrichment analysis.

In the present study and TCGA HNSCC analyses, tumors with altered M74P had a

more suppressed microenvironment.
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Figure 18 CIBERSORTX analysis comparing altered and unaltered MTAP

populations

In this study, patients with MTAP loss or mutation had a low fraction of CD8" T cells

in the tumor microenvironment. (Mann—Whitney U test, p = 0.0037, FDR q = 0.08)
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Figure 19 CIBERSORTX analysis comparing the abundance of lymphocytes in
patients with altered or unaltered MTAP.

Only CD8+ T cells subsets showed significant differences between unaltered MTAP

and altered MTAP subsets.
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Figure 20 CIBERSORTX analysis comparing the abundance of myeloid cells in

patients with altered or unaltered MTAP.

No significant differences in myeloid subsets were detected between the two groups.
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Figure 21 Differences in mutation allele frequency (MAF) between pre-treatment

and post-progression specimens.

A. Best overall response: partial response; B: Best overall response: partial response.

In the post-progression biopsy, a new MTAP loss and a new CDKN2A/B loss were

detected; C: The best overall response of the patient was disease progression.
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Figure 22 CyTOF pilot experiment

T—b CcD127

One million peripheral blood mononuclear cells, unstained or stained with 1/3 or 2/3

of recommended antibodies, using the Maxpar staining protocol. (A) The results of

different staining conditions. The numbers in blue denote the total events acquired by

CyTOF, and the numbers in red denoted DNA™ events. (B) The expression pattern of

CD45RA versus CD45RO and CD127 versus CD25 in CD4"CD3" T cells gated in

panel A.
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Figure 23 t-SNE analysis of peripheral blood mononuclear cells

Data from the pilot experiment were analyzed. (A) Cells are colored according to the

normalized expression of the indicated markers on the t-distributed stochastic

neighbor embedding (t-SNE) map. The expression intensity is color-coded, as

indicated. (B) Cells were manually grouped and annotated according to the expression

patterns identified in panel A.
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Figure 24 SPADE analysis of peripheral blood mononuclear cells

Data from the pilot experiment were analyzed using spanning-tree progression
analysis for density-normalized events (SPADE). (A) Nodes are colored according to
the expression levels of the indicated markers on the SPADE tree. The expression
intensity is color-coded, as indicated. The circle size indicates the relative cell

numbers within the population of each node. (B) Nodes were manually grouped and
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annotated according to the expression patterns identified in panel A.
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Figure 25 Cell-ID 20-Plex Pd barcoding kit analysis
Peripheral blood mononuclear cells from three individuals were labeled with different
barcodes according to the manufacturer’s instructions. (A) Sample codes 1, 2, and 3

were used for labeling. (B) Data acquired by CyTOF was analyzed by FlowJo. 108Pd

signals were examined among populations I, II, and III.
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Figure 26 T helper cell location on the t-SNE map of CD4" T cells.

CD4"CD3" cells were gated for t-distributed stochastic neighbor embedding (t-SNE)
analysis. (A) Cells are colored according to the normalized expression of the indicated
markers on the t-SNE map. Expression intensity is shown color-coded, as indicated.
(B) Cells were manually grouped and annotated according to the expression patterns

identified in panel A.
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Figure 27 Panel design for CyTOF analysis

(A) Markers used in the panel design. (B) Cell types identified using the marker panel

shown in panel A.
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(A) Clustered t-distributed stochastic neighbor embedding (t-SNE) map of peripheral blood mononuclear cells. (B) Heatmap of chemokine receptors and other
cell surface markers and checkpoints. (C) The distribution of single-cell markers in the clustered t-SNE map.
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Figure 29 Summary of results for the CyTOF study of tumor-infiltrating lymphocytes in HNSCC patients
(A) Clustered t-distributed stochastic neighbor embedding (t-SNE) map of tumor-infiltrating lymphocytes. (B) Heatmap showing chemokine receptors and

other cell surface markers and checkpoints. (C) The distribution of single-cell markers in the clustered t-SNE map.
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Chapter 10 Appendix

10.1 Journal papers related with this dissertation
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