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Abstract:

Tonsillar cancer (TC) and nasopharyngeal cancer (NPC) are associated with high-risk human
papillomavirus (HPV) and Epstein-Barr virus (EBV), respectively. Similarly, benign lesions, known
as laryngeal papilloma (LP), are associated with low-risk HPV. Recent advances have included
immunotherapy as a part of the treatment regimen for recurrent and metastatic HNC and LP,
although with limited response rates.

An in-depth understanding of the genetics of the lesions and molecular underpinnings has
identified molecular changes that may guide patient care. In papers I-lll, key immune players,
including CD8* T cells and antigen-presenting cells (APCs), were studied in NPC and TC. Using
quantitative density of CD8" T cells in NPC, three phenotypes were defined: "inflamed", "immune-
excluded", and "desert". Based on CD8" T cells infiltratrion, the inflamed phenotype was
associated with higher survival rates than the "immune-excluded".

In paper Il, digital spatial technology was used to further investigate the defined phenotypes.
Higher median expression of protein markers such as CD11c and IDO1 and lower median
expression of fibronectin in NPC stromal regions were associated with improved survival. In paper
I, we demonstrated a correlation between the levels of APCs and CD8* T cells in HPV* TC, and
showed that patients with high levels of CD8 transcripts had improved survival

In papers IV-V, we investigated LP using gene expression and flow cytometry and observed an
inverse relationship between CD8* T cells and neutrophils. In addition, a streptococcus subspecies
was associated with severe clinical symptoms and high neutrophil counts in chronic LP (paper V:
a case report). These findings provide a basis for further investigations of neutrophil and bacterial
associations in HPV-associated lesions.

In conclusion, the cell types and biomarkers investigated in this thesis highlight the immune
heterogeneity of NPC, TC, and LP. Validations in larger patient cohorts are needed to develop
clinically applicable biomarkers for prognostics and patient stratification.
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‘Nothing in life is to be feared; it is only to be understood. Now is the time to
understand more, so that we may fear less.

— Marie Curie
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Chapter 1: Introduction

According to the World Health Organization (WHO), cancer is the second
leading cause of death before the age of 70 in 112 of 183 countries (1, 2).
Cancer is a complex disease caused by abnormal growth of cells that gain an
advantage over the immune system. Cancer immunotherapies use our immune
system by activating cells or blocking inhibitory mechanisms to stimulate anti-
tumour responses. Hanahan and Weinberg first summarised the six hallmarks
of cancer 22 years ago, including "self-sufficiency in growth signals",
"limitless replicative potential", "evasion of apoptosis", "insensitivity to anti-
growth signals", "sustained angiogenesis", and "invasion/metastasis" (3).
However, the significance of cancer cells "interacting with and evading
immune cells" has increased over the last decade and has been added as an
additional hallmark (4). More recently, "unlocking phenotypic plasticity",
"non-mutational epigenetic reprogramming", "polymorphic microbiomes",
and "senescent cells" were proposed as possible new hallmarks and enabling
traits (Figure 1) (5).

Interestingly, the concept of immune cells eliminating cancer cells dates back
to as early as 1909, when Paul Ehrlich, a physician and biochemist, proposed
that the immune system can detect and eradicate early cancers (6). The term
"cancer immunoediting” was coined to describe the dynamic process by which
immune cells play a dual role: protecting the host from cancer formation or
promoting cancer growth (7). It evolves through three states, known as

"elimination", "equilibrium", and "escape", which can operate independently
or sequentially (Figure 2) (7).
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Figure 1. Hallmarks of cancer with the original six and added proposed mechanisms. Adapted
from Hanahan and Weinberg (5). Figure created in Biorender.

Tumour-associated immune cells are classified into two types: 1) tumour-
antagonising immune cells, such as T lymphocytes (including the cytotoxic
CDS8" T cells and effector CD4" T cells), natural killer (NK) cells, dendritic
cells (DCs), M1-polarized macrophages, and N1-polarized neutrophils, and 2)
tumour-promoting immune cells, which primarily consist of regulatory T cells
(Trees) and myeloid-derived suppressor cells (MDSCs) (8, 9, 10, 11). Both
groups of cells play diverse roles in various stages of cancer growth and form
a part of tumour-infiltrating leukocytes (8, 12, 13). In addition, during the first
phase of "elimination", the tumour-antagonising immune cells carry out
immune surveillance, a process by which the immune system detects and
eliminates malignant cells (14, 15, 16). This process is proposed to be more
active in immunologically "hot" or "inflamed" tumours with significant
infiltration of leukocytes, as opposed to "cold" or "desert" tumours that lack
infiltrating leukocytes (14, 15).
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Figure 2. Cancer immunoediting. Three-step process following cancer initiation. Adapted from
Dunn et al. (7). Figure created in Biorender.

During the second phase, our immune system and malignant cells that have
survived elimination enter an equilibrium (16). This process is a dynamic state
in which lymphocytes and interferons (IFN) and interleukins (IL) exert
significant and constant selection pressure on cancer cells, confining but not
completely extinguishing the tumour, which consists of numerous genetically
unstable and mutating tumour cells (17, 18, 19). A study by Koebal ef al.,
revealed that inhibiting adaptive immune cells, such as CD4" and CD8" T cells,
with monoclonal antibodies or blocking cytokines promoting adaptive
immunity, such as IFN-y and IL-12, induced dormant murine cancer cells to
grow (19). Furthermore, monoclonal antibodies that depleted NK cells (anti-
NKI.1), inhibited NK cell recognition (anti-NKG2D), or reduced NK cell
effector activity (anti-tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL), did not result in establishment of progressively growing tumours
(19). These findings support the hypothesis that adaptive immunity, rather than
innate immunity, is essential for maintaining the equilibrium phase (19).
Besides that, other seminal studies demonstrated that I1L-23, produced by
macrophages in mouse tumour models, plays a vital role in counteracting anti-
tumour activities by IL-12, allowing cancer cells to remain in an immune-
mediated dormancy and preventing cancer cell elimination (20, 21).
Simultaneously, cytokines known to regulate tumour immunity, such as 1L-4,
IL-17, tumour necrosis factor (TNF), and IFNo/fB, did not appear to play an
essential role in controlling the equilibrium phase (21). An additional study in
a mouse sarcoma model compared the cellular environment of tumours in
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equilibrium to tumours that "escaped" (22). The authors discovered that high
proportions of cytotoxic CD8" T cells and NK cells as well as low proportions
of NKT cells, forkhead box protein 3 (FOXP3" ) Tyegs cells, and MDSCs in the
tumour microenvironment (TMA) were associated with keeping cancer in an
immune-mediated equilibrium state (22).

Dormancy can be disrupted, and tumours with low immunogenicity and
immunosuppressive TMEs can begin to grow and finally become clinically
discernible (7). Cancer cells evade immune cells during the escape phase, the
third phase, through a variety of mechanisms (Figure 3), including
downregulation or loss of tumour antigens, release of immunosuppressive
exosomes and proteins such as IL-10 (23) and transforming growth factor
(TGF-B) (24), loss of soluble major histocompatibility complex (MHC)-I (25),
expression of indoleamine 2,3-dioxygenase (IDO) (26), and resistance to anti-
apoptotic molecules such as Fas ligand (27) and TRAIL (28, 29). The immuno-
suppressive activity of the TME also depends on recruitment of stromal and
immune cells, particularly myeloid cells. Tumour stroma encompasses
vasculature, extracellular matrix (ECM) components, and extracellular
vesicles, including exosomes and non-immune cells such as cancer-associated
fibroblasts (CAFs) and tumour-associated vascular endothelial cells (TAECs).
CAFs promote myeloid infiltration, production of tolerogenic DCs (tDCs),
activation of immunosuppressive M2-phenotypic macrophages via TGF- /IL-
10 secretion, and removal of antigen-presenting cells (APCs) via signal
inhibition (30, 31). TAECs regulate immune cell migration as well as tumour
cell intravasation and extravasation through angiogenesis (32, 33).
Furthermore, IDO, a tryptophan-metabolising enzyme in the kyeneurine
metabolic pathway, promotes immunosuppression under normal conditions to
moderate inflammatory responses (34). However, metabolic changes in the
kyeneurine pathway may also be involved in cancer immune evasion because
IDOL1 is produced by tumour cells, tumour-associated immune cells, DCs, and
macrophages (34, 35). Fibronectin 1 (FN1), a member of the extracellular
matrix glycoprotein family, is broadly expressed by a range of cell types and
has been explored as a therapeutic target for numerous malignancies (36, 37).
Recently, it was discovered that overexpression of FN1 accelerated head and
neck cancer (HNC) growth and increased macrophage M2 polarization in an
in vitro model of HNC (38).
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Figure 3. Mechanisms by which cancers avoid immune recognition. Figure created in
Biorender.

The immune system is instrumental in developing, establishing, and
progressing lesions and malignancies of the head and neck. Therefore, a better
knowledge of immune system dysregulation and evasion in the formation and
progression of such lesions may lay the groundwork for better therapeutics and
improved patient outcomes. Immune checkpoint (IC) inhibitors, costimulatory
agonists, antigenic vaccines, oncolytic virus therapy, and adoptive T cell
transfer (ACT) are examples of immunotherapeutic strategies being developed
for HNC (39). One such IC inhibitor, the anti-receptor programmed death-1
(PD-1), is currently used in clinical settings to treat residual or recurrent HNC
when traditional salvage measures have failed, albeit with a response rate
limited to only 20-30% of patients (40, 41, 42). The limited response rate might
be attributed to immunological escape by the tumour caused by a variety of
mechanisms, including physical blockade, cytokine dysregulation, changes to
other IC ligands, recruitment of inhibitory cell populations, adverse effects of
exosomes, and competitive metabolism of cancer cells, all of which prevent
the immune system from detecting and eliminating cancer cells (39, 43, 44).
Additional research is required to identify novel biomarkers that can lead to
improved patient stratification and innovative therapeutic measures for HNC.
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Oropharyngeal cancer (OPC) and nasopharyngeal cancer (NPC) are subsets of
HNC. The former is often associated with high-risk human papillomavirus
(HPV) (45, 46), even if traditional risk factors such as tobacco smoking and
alcohol abuse remain essential. The latter (i.e., NPC) is frequently related to
Epstein-Barr virus (EBV) (47, 48, 49). The TME of virus-associated HNCs
may differ from that of cancers caused by other carcinogens and may be
regarded as distinct types of cancer. Immune cells such as tumour-infiltrating
lymphocytes (TILs) and other myeloid cells frequently infiltrate virus-driven
cancers. Also, the presence of Tres, tumour-associated macrophages (TAMs),
and MDSCs, as well as expression of IC ligands and downregulation of MHC
expression by tumour cells, indicate an immunosuppressive state within the
TME of virus-associated OPC and NPC (44, 50, 51, 52, 53).

In addition to high-risk HPV-associated cancers, non-malignant lesions
associated with low-risk HPV types 6 and 11, such as laryngeal papilloma
(LP), potentially related to the failure of local innate and/or adaptive immune
responses, have also been observed and investigated (54). Enrichment of
immunosuppressive CD4" FOXP3" Ty and lack of maturation factor CD83
in Langerhans cells (LCs) have been confirmed in LP (55, 56). The majority
of studies have focused on T cells and mainly Tregs within the LP, with limited
depth in other immune cell populations (54, 57, 58). Thus, further
investigations are required to delineate the pathophysiological roles of immune
cells within LP.

Knowledge of stromal diversity and stromal-tumour interactions in the TME
of HNC and LP is limited. Improved insight into the heterogeneous TMEs of
these conditions is vital for designing individualised, targeted therapies to
activate anti-tumour immunity and develop predictive biomarkers. Therefore,
the main objective of this thesis was to explore the immune landscape of NPC,
tonsillar cancer (TC), (a subset of OPCs) and LP.

In papers I-I1I, we described the immunophenotypes/profiles of two HNC
subsets: NPC and TC. In paper I, we used immunohistochemistry to quantify
CD8" T cells and CD207" DCs in paraffin-embedded formalin-fixed (FFPE)
NPC samples. Data related to the presence and distribution of CD8" T cells
were used to define three distinct NPC phenotypes; "inflamed", "immune-
excluded", and "desert". The inflamed phenotype had better disease-free
survival (DFS) than the immune-excluded. CD207" DCs were abundant only
in cancer cell areas and not in the surrounding stroma. A transcriptomic
analysis revealed a higher expression of pro-IFN in samples expressing high
levels of CD8A and B genes compared with (c¢f) low levels. To further explore
the biomarker profiles of immune cells within the TME, we utilised digital
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spatial profiling (DSP) of CD45" immune cells within cancer cell islets and
tumour stroma, respectively, of the same NPC samples as in paper I (paper
IT). Morphological assessments using PanCK, CD8, and CD45 staining guided
spatial profiling of 49 protein biomarkers. Similar to paper I, paper II
highlighted different cancer phenotypes and revealed that the "inflamed"
phenotype had higher levels of markers associated with B cells, NK cells,
macrophages, and myeloid cells, while the "immune-excluded" phenotype had
higher levels of markers associated with suppressive populations of myeloid
cells and T cells, and the "desert" profile had higher levels of granulocyte
markers and immune-regulatory markers.

In paper III, we aimed to assess the frequencies and activity of relevant
immune cells in HPV" TC with varying CD8" T cell infiltration levels
compared to HPV™ TC and healthy control tissue. For this purpose, fresh
biopsies of tumours and paired healthy tonsils (HT) from TC patients were
obtained at the time of diagnosis. The biopsies were analysed in terms of T cell
abundance, APC populations, HPV status (p16), HPV type, quantity/load of
HPV16, HPV integration status, and viral transcriptional activity. A strong
correlation between the levels of CD8" T cells and DCs was observed in fresh
TC biopsies using flow cytometry. In addition, transcriptional analysis was
conducted utilizing a publicly available TC RNA data set available through the
Cancer Genome Atlas (TCGA). Tumour samples with high scores of CDS§
transcripts in HPV' TC (cf. CD8"" TC) displayed an inflammatory profile
associated with increased effector T cell transcripts and gene expression linked
to active antigen uptake, processing and presentation, co-stimulation, and
myeloid cell types.

In paper IV, we investigated the immunological aspects of LPs. We used RT-
PCR and nCounter pan-cancer immune profiling for multiplex gene expression
analysis to assess transcriptional characteristics of LP compared to healthy-
looking laryngeal tissue (HL). Using cell typing via deconvolution, an increase
in neutrophils was observed within the LP. An independent cohort of fresh
tissue samples was used for further validation. The increased number of
neutrophils in one chronic LP patient corresponded to the clinical presentation
of severe symptoms (paper V). This case report used microbial cultures from
topical swabs to supplement the study of immune cells in fresh LP biopsies.
Certain streptococci species were identified, and the intervals between hospital
visits were extended after antibiotics were administered. The relationship
between immune cells and microbial culture is understudied in LP, and our
case report is one of the few observations on the association between bacteria,
HPV, and immune cells.
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The current literature, combined with our findings, is covered in the following
chapters. The next chapter contains a general reflection on the management
and treatment of HNC and LP. Chapter 3 describes the viral association and its
influence on the TME of TC/NPC and LP lesions. Chapter 4 focuses on
cutting-edge technologies, which may complement traditional diagnostics and
treatments. Finally, in Chapter 5, the key results from the presented studies are
given together with a future outlook.
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Chapter 2: Epidemiology and
clinical management of head and
neck cancer and laryngeal
papilloma

HNC is a globally prevalent cancer with an annual death toll of approximately
375,000 (59, 60). Cancers of the lips, oral cavity, oropharynx (tonsil, base of
tongue, lateral pharyngeal wall, soft palate), nasopharynx, hypopharynx, and
larynx are all examples of HNC (39, 59). When HNC is diagnosed at a high
stage, it is linked to a high rate of primary-site recurrence and metastatic spread
(61). Common side effects of HNC and its treatment are loss of sense of taste,
dry mouth, and dysphagia/dysphonia (62). Smoking and alcohol consumption
are well-known risk factors for HNC. Genetic mutations and viral infections,
such as EBV and high-risk HPV, have also been identified as causative factors
for some HNCs, namely NPC and OPC/TC, respectively (63, 64). The
aetiology, anatomy and varying levels of immune infiltration highlight that
these HNCs ought to be regarded as separate entities. Knowledge about their
immune characteristics and heterogeneities is needed to improve patient
stratification and define immunotherapeutic measures.

2.1 Oropharyngeal and nasopharyngeal cancer

The incidence rates of TC and NPC in Sweden per 100,000 individuals are 2.6
and 0.22, respectively (60). The highest incidence of NPC, 3.0 per 100,000, is
found in East Asian countries compared to 0.7 per 100,000 in the rest of the
world (65, 66). Presence of EBV has been recorded in almost all
undifferentiated, non-keratinized lesions (47, 67). Apart from EBV, host
genetics and environmental factors have been suggested as contributors in the
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development of NPC. Genetic susceptibility has been linked to NPC, and HLA
genes located in the MHC region on chromosome 6p21 have been identified
as essential risk loci in populations in Southeast Asia and China (65, 68).

Like many HNCs, tobacco smoking and alcohol abuse has been the most
common risk factors of TC. However, more than 70% of TC, e.g., in Sweden,
are now associated with HPV, primarily affecting younger patients (45, 69,
70). It has been observed that HPV-associated TC patients have a better
prognosis than patients with HPV-negative disease (46, 71).

2.1.1 Surgical resection, chemotherapy, and radiotherapy

The classical staging is carried out using the TNM guidelines of the American
Joint Committee on Cancer guidelines (AJCC) (72), where the T-category is
based on tumour site and size, the N-status describes the involvement of
regional lymph nodes, and the M-status relates to further metastatic spread.
Furthermore, additional markers have been added for the TNM classification
for subgroups of HNC, such as the surrogate marker for HPV, i.e., p16™<*4,
included for OPC in the 8" edition of the TNM-classification system (72, 73).

Radiotherapy is usually the first-line treatment for TC as well as NPC.
Concurrent radio- and chemotherapy (e.g., cisplatin) may be offered for locally
advanced disease (74, 75, 76). Surgery, when applied, is determined based on
tumour size, extent of invasion, stage, and relationship to surrounding
structures. The goals of surgery include free margins and restoration of local
anatomy and function. In some cases, transoral robotic surgery has proven to
be helpful in TC treatment (77, 78). In recurrent disease, open salvage surgery
may be considered for NPC as well as TC.

2.1.2 Immunotherapy

Immunotherapy works primarily by mobilizing immune cells within or outside
the TME to target and attack cancer cells (8, 79). IC inhibitors, such as anti-
PD-1 antibodies, are one such treatment that aims to block receptors that inhibit
T cells from attacking cancer cells. Indeed, the PD-1/PD-L1 axis has, to date,
been the most extensively researched therapeutic target for reversing T cell
exhaustion and restoring anti-tumour activity. PD-1 inhibitors prevent the
interaction between PD-L1 on the surface of cancer cells or APCs and PD-1
on the surface of CD8" T cells. As a result, the tumour-killing potential of CD8"
T cells is restored, resulting in anti-cancer actions (80, 81).
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In 2016, the FDA approved pembrolizumab (KEYTRUDA®), an immuno-
therapeutic agent consisting of an antibody blocking PD-1, for the treatment of
recurrent or metastatic HNC (82). Thus far, the response rate has been
approximately 20%, but somewhat higher for HPV" than HPV" disease: 24%
and 16%, respectively (42). CAPTAIN and JUPITER-02 trials included anti-
PD-1/PD-L1, toripalimab, and camrelizumab with human-specific binding
capacity or humanised as treatment for recurrent or metastatic NPC. Compared
with placebo, the overall response rates in CAPTAIN and JUPITER-02 were
34% and 77%, respectively (40, 41).

In addition to PD-1/PD-L1, a combination of cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), intensity-modulated radiotherapy, and anti-
PD-1 therapy has been tested (NCT01860430 and NCT01935921). CTLA-4
suppression lowers T, accumulation and activity in the TME in some
conditions, such as melanoma, and is currently being clinically evaluated in
HNC (83, 84, 85). Other immunotherapeutic agents being explored include
anti-IDO1 (KEYNOTE-037) (86), CD276 (NCTO02381314), and OX40
(NCT02274155). The main idea is to stimulate anti-tumour T cell function
while inhibiting tumour-specific T cell suppression and anergy as well as Treg
activation (14, 35, 87).

In combination with approved immunotherapeutic drugs, a few clinical trials
have explored other types of treatments, such as T cell-targeting therapies,
HPV vaccines, cytokines, and oncolytic viruses. In clinical trials, such as
NCT01585428 and NCTO01585428I1, the effects of using and modulating
tumour-infiltrating leukocytes have been studied in HPV'" HNC. Similarly,
HPV-related E7 DNA (NCT02163057) and a vaccine combined with
nivolumab (NCT02426892) have been tested in HPV" HNC to enhance the
anti-tumour effect of T cells (88). In NPC, to stimulate CD4 and CD8 T cell
responses, EBV-associated proteins like EBNA1 and LMP2 have been the
prime choice of antigen for vaccine development (89). HLA-matched EBV
vaccines targeting EBNA1 and LMP2 proteins are currently undergoing
clinical trials to evaluate their efficacy and safety (NCT01094405).
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2.2 Laryngeal papilloma and recurrent
respiratory papilloma

2.2.1 Disease characteristics

The prognosis and treatment frequency for patients with recurrent respiratory
papillomatosis (RRP) vary depending on the severity and recurrence rate.
Therefore, a cumulative staging plus scoring system, the Derkay staging
system, was developed by combining the disease’s severity, treatment
response, and clinical presentation (90). Scoring in adults is primarily based on
the anatomical context of the tissues involved, whereas in paediatric patients,
a higher score reflects a shorter interval between surgical treatments (91).
Owing to the anatomical presentation of the lesions, breathing difficulties and
voice dysfunction often indicate surgical resection. The Voice Handicap Index
(VHI-10) (92), a patient-based questionnaire, has a positive correlation with
the Derkay score and is instrumental in designing treatment plans for patients
with RRP (93).

2.2.2 Current treatment options

The current standard treatment for LP is surgery to remove the lesions at a
flare-up (94). The surgical methods include carbon dioxide (COy) laser, sharp
dissection, and microdebridement (95). Although each modality has its merits
and disadvantages, most patients continue to experience recurrent illnesses.
Therefore, other therapies may potentially be an option, such as prophylactic
and therapeutic vaccinations (96), anti-viral medication (97), and, most
recently, immunotherapeutic drugs (98). Because RRP has a relapsing-
remitting pattern, therapeutics that reduce surgery frequency and lengthen
disease-free intervals are warranted. A randomised controlled study of
adjuvant IFN indicated that a considerably greater number of patients achieved
remission and that the rate of papilloma growth decreased in the first six
months following therapy compared to controls, but this advantage was not
sustained in the long-term (97). In addition, cidofovir, an antiviral drug, has
been recognised as a possible off-label intralesional treatment for RRP (99,
100).

Quadrivalent HPV vaccination (Gardasil®) has been shown to minimise
childhood HPV infections, which otherwise often lead to RRP. It can also be
used as a therapeutic vaccine to treat active RRP (101, 102). Accordingly, a
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few experimental studies have demonstrated a lower recurrence rate of RRP
after HPV vaccination (102, 103). Moreover, immune-modulating treatments
have recently been investigated for the treatment of RRP, and IC-blockade by
specific antibodies targeting the PD-L1/PD-1 axis is considered to have
therapeutic potential (104). In a clinical trial, patients with aggressive RRP
(n=12) were treated with an FDA-approved antibody that blocks the PD-
L1/PD-1 interaction, and the results indicated some beneficial outcomes with
limited side effects (98). Two additional phase II clinical trials, i.e., NCT
02632344 and NCT 02859454, have been conducted to examine the efficacy
of pembrolizumab and avelumab for the treatment of RRP (95, 101). However,
it is crucial to note that many of the treatments discussed above are still in the
early stages of clinical trials.
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Chapter 3: Viral and immune
associations in the HNC
microenvironment

NPC and TC can be carcinogen- and/or virus-driven. The viruses, i.e., HPV
and EBV, have been shown to cause cell-cycle changes in the normal
epithelium leading to cancer (Figure 4) (48, 49, 105, 106). Understanding the
immune landscapes of these two unique malignancies may benefit in therapy
options. In NPC and TC, TILs constitute approximately 40-50% of the TME
(107, 108, 109, 110). Infiltrating leukocytes are vital components of the host
antitumour immune response, associated with increased survival in various
cancers, including HNCs (107, 108, 109, 110). However, as reviewed by Perri
et al., a more profound phenotyping of immune infiltration is critical because
TILs may be functionally active or inactive owing to secondary exhaustion or
anergy (111).
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Figure 4. Viral carcinogenesis as seen in terms of cancer immunoediting. Figure created in
Biorender.
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A number of studies based on TILs have focussed on cytotoxic T lymphocytes
(CTL), and high levels of CTLs within a TME have been linked to improved
overall survival (112, 113). Furthermore, Karpathiou et al., in patients with
OPC subjected to induction chemotherapy, demonstrated that high densities of
T cells (CD3", CD8") and NK cells (CD57"), and a low density of macrophages
(CD163"), were associated with better treatment response (114). Furthermore,
they observed an unfavourable relationship between survival and CD4" cells,
mainly T helper 2 (Tn2) cells. Another CD4" T cell subtype, FOXP3" Ticgs,
which play a role in maintaining immunological tolerance to host antigens, are
regarded as suppressor of the anti-tumour immune response (115).
Interestingly, in some HNC subtypes, including HPV" OPC, increased Treg
numbers appear to be related to a better prognosis (116, 117). Previously, in
HPV" and EBV' HNC, compared to other cancer types, studies have
demonstrated a higher exhaustion profile of CD8" and CD4" T cells expressing
exhaustion markers like PD-1, lymphocyte activation gene (LAG3), T cell
immunoglobulin and ITIM domain (TIGIT), hepatitis A virus cellular receptor
2 (HAVCR2), CTLA4, and thymocyte selection-associated high mobility
group box factor (TOX) as well as co-activation markers like granzyme
(GZM)B and K, IFN-y, natural Killer Cell Granule Protein 7 (NKG7),
granulysin (GNLY), and IL2 (8, 87, 118, 119, 120, 121, 122, 123). These
findings verify that immune infiltration composition is key to a cancer’s
sensitivity to immunotherapy.

Cancer cells in EBV" NPC and HPV" TC interact with TILs in the TME and
those tumours with high infiltration of CTLs are usually considered "inflamed"
(110, 123, 124). A few studies have applied predictive immunoscoring to
correlate infiltrating immune cells in NPC and TC with overall survival and
DFS, using their density and gene signatures (125, 126, 127, 128, 129). One
such example is the quantitative assessment or transcriptional expression of
CD3" T cells, specifically CD8/FOXP3" and CD8'/CD4" ratios within the
TME of NPC and TC, respectively, where a high ratio of the aforementioned
cell populations associated with improved survival (125, 126, 127). Apart from
TILs, immune cells such as CD1a" LCs, a subtype of DCs, and CD68" cells
have also been linked to tumour progression and treatment response in HPV*
tumours (128, 129). The studies mentioned above are examples of the
intricacies of the TME and highlight a need for research that focuses on all
immune cells within the TME rather than just one immune cell population.
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3.1 EBV infection, NPC, and immune implications

EBYV is associated with several cancers, including NPC (47). NPC represents
0.7% of cancers worldwide, with a 5-year survival rate ranging from 58% in
patients with progressive disease to up to 90% in those showing complete
response after treatment (59, 65). Nilsson ef al., observed that the presence of
EBV DNA in NPC biopsies was associated with improved DFS (130).
Moreover, Lee et al., highlighted pre-treatment EBV plasma levels as a
prognostic marker for overall survival and a potential risk-stratification tool
(131). Therefore, estimating EBV DNA levels in the lesion and plasma may
assist in the diagnostic phase. The accumulation of genomic instability over
time, combined with persistent EBV infection, has been observed to drive the
development of NPC (132). EBV oncogenic proteins, i.e., latent membrane
proteins (LMP1 and LMP2A), have been linked to an increase in the
population of stem-cell-like cancer cells (48, 49).

The immunogenicity of EBV" cancer cells is mediated by the downregulation
of MHC I (133, 134). Moreover, immune subsets, such as immunosuppressive
FOXP3" Ty and TAMs, have been identified in the NPC TME (135). In
addition, using immunohistochemistry, the density and distribution of TILs
have been identified as independent favourable prognostic factors (112).
Further utilising flow cytometry, a diverse expression of DCs subsets has been
observed in NPC TME (136). These findings suggested that DCs populations
like CD1c" monocytic DCs might help to facilitate cross-presentation of
antigens and aid cell-mediated antitumour effects (136). The
immunosuppressive role of LMP1 has been associated with enhanced PD-L1
expression in cancer cells and with MDSC expansion (137, 138). Fang et al.,
reported that LMP1 enhanced PD-L1 expression in NPC cells via the mitogen-
activated protein kinases (MAPK)/activator protein-1 (AP-1), Janus kinase 3
(JAK3)/signal transducer and activator of transcription 3 (STAT3), and nuclear
factor-kB (NF-kB) pathways (138). Also, they reported that LMP1" NPC cells
expressed higher levels of PD-L1 after IFN-y intervention, indicating a
stimulatory effect of IFN-y in PD-L1 regulation in NPC cells (138). These
observations suggest that NPC is a good candidate for immunotherapy based
on PD-1/PD-L1 therapies.

Metabolic reprogramming of NPC cells via LMP1 was shown to increase IL-
10, IL-6, and GM-CSF secretion, encouraging CD33"MDSC proliferation and
immune suppression, and a presence of MDSCs were linked to a poor
prognosis (137, 139). The MDSCs expansion and EBV-LMP1 associated
metabolic shift and cytokine expression have been associated with the
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nucleotide-binding oligomerization domain (NOD), leucine-rich repeat
(LRR)-containing proteins (NLR) family member (NLRP3) inflammasome,
cyclooxygenase-2 (COX-2), and protein p65, which subsequently stimulate the
STAT-3 signalling pathway (137, 140). Wang et al., employed computational
pathology to analyse distinct signatures for IC receptors, such as PD-L1, IDO1,
B7-H3, and B7-H4 on cancer cells and PD-L1, B7-H3, B7-H4, IDO-1, V-
domain Ig suppressor of T cell activation (VISTA), inducible T cell
costimulatory (ICOS), T cell immunoglobulin, mucin-domain containing-3
(TIM-3), LAG3, and OX40 on intralesional immune cells, and correlate them
with plasma EBV-DNA burden (141). Regardless of location, patients with
increased PD-L1 and IDO1 markers had better overall survival. Higher
expression of LAG3, VISTA, and ICOS, and lower expression of B7-H3 in
tumour-associated immune cells, on the other hand, was related to improved
overall survival, particularly in patients with high pre-treatment EBV-DNA
levels in plasma (141). Using scRNA-seq, Chen et al., identified cell signatures
for macrophages, pDCs, CLEC9A" DCs, and NK cells associated with
improved survival (118). By combining single-cell technology and validation
with bulk mRNA, Gong et al, predicted an immunosuppressive role of
MDSCs (signature: S100A9 and S1000A8) and TAMs (signature: FCGR3A,
CD14, CD163, and MS4A4A) in NPC (119). An in-depth analysis of myeloid
cells within NPC revealed better survival rates with the presence of mast cell
populations, a finding unique to NPC compared to other cancer types (142).
The same study also reported an interaction between mast cells and IL-1B"
macrophages (142). Thereby, as mentioned above, EBV genes and their
products are oncogenic because of the several molecular events of genomic
instability that occur during NPC progression, ending in a dysregulated
malignant proliferative neoplastic tumour. However, information regarding the
heterogeneity of the immune compartment of NPC and its association with
molecular changes and clinical characteristics, and survival is still limited.

In paper I, we assessed aspects of immune infiltration in NPC, focusing on
CD8" T cells and CD207" DCs. Immunohistochemistry was used to
quantitatively evaluate CD8" T cells and CD207" DCs in treatment-naive NPC
biopsies. We conducted an immune phenotype sub-division of the samples
based on the presence and distribution of CD8" T cells, resulting in "inflamed",
"immune-excluded", and "desert" phenotypes. CD8" T cells were observed in
areas of cancer cells and in the surrounding stroma, whereas CD207" DCs were
observed only in areas with cancer cells. A higher frequency of CD8" T cells
was observed in EBV" ¢f. EBV" NPC. In contrast, no difference in CD207
expression was observed between the groups. Survival analysis was conducted
on immune phenotypes. A better DFS for the "inflamed" than for the "immune
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excluded" phenotype was observed. Our findings were consistent with the
results of an independent meta-analysis in which Liu et al., stressed that high
levels of CD3*, CD4", and CD8" T cell subsets predicted a favourable
prognosis for NPC patients (143). Moreover, they suggested that a
combination of the AJCC staging system and TIL analysis may provide a more
reliable way of identifying patients with high-risk NPC, which may aid in
therapeutic decision-making and result in increased survival rates (143).

Chao et al., have reported a dampening effect on DCs via annexin A2-
recognizing DC-SIGN in NPC, resulting in immunosuppressive cytokine
production by DCs through DC-SIGN signalling (144). Additionally, the same
study observed IL-12 production as well as an increase in immunosuppressive
IL-10 by NPC cells (144). Moreover, LAMP3" DCs have been detected in the
TME of NPC at single-cell resolution. These highly mature DC cells express
suppressor proteins, release several cytokines to recruit Tregs, and limit effector
T cell functions (145). However, information regarding the functional role of
DC populations in NPC remains limited. Moreover, the presence of CD207"
DCs near cancer cells in paper I need functional evaluation.

We wanted to extend our group’s prior findings to learn more about the
immune composition of NPC. Therefore, we conducted an in-house immune
cell profiling by flow cytometry of eight NPCs and four unpaired control
nasopharyngeal tissue (Figure Sa) and between NPC and peripheral blood
(results not shown). There was a trend towards conventional DCs subtype, i.e.,
¢DC2, being abundant in NPC cf. nasopharyngeal tissue without malignancy.
The increase in ¢cDC2 in NPC coincided with enhanced Epstein-Barr virus-
encoded small RNAs (EBER) copy numbers (>1000 copies/ml) and clinical
nodal involvement. Furthermore, the CD207" ¢DC2 sub-set made up 26% to
85% of ¢cDC2s within the EBER"NPC in comparison with EBER” NPC, where
the subset comprised 2-6% of the total cell population (not shown). These
findings align with our CD207 " histological staining on FFPE samples (paper
I), where EBER" lesions contained more infiltrating CD207" ¢/ EBER” NPC.
No differences in immune cell populations were seen when comparing clinical
stages (Figure Sb). To conclude, an enhanced understanding of myeloid cell
variability, subset-specific traits, roles within the TME, and their potential
impact on NPC patient survival is required to identify new therapeutic options.
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Figure 5. Immune cell frequencies within NPC and normal nasopharyngeal tissue. Immune cells
(CD45%) were gated as CD3* Lineage™ T cells (Lin; CD19, CD20, and CD56) and subdivided
into CD8" and CD4" T cells. Antigen-presenting cells (CD3~ Lin"HLA-DR") were divided into
CD14™ DCs and CDI14" macrophages. ¢cDCs were classified as CD11c" CD13" and further
classified as ¢cDC1 (CD141%) and ¢DC2 (CDIc"). (a) NPC samples compared to normal
nasopharyngeal tissue. (b) Immune cells in high-stage NPC, low-stage NPC, and normal
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nasopharyngeal tissue, where these tissues were obtained as diagnostic specimens and proven to
be without any malignancy by pathologists. Figure created in Biorender.

3.2 Influence of HPV on the TME in TC

OPC accounts for 0.5% of newly diagnosed patients as well as 0.5% of cancer-
related deaths worldwide and is most prevalent in the tonsils (59, 146). The
number of OPC cases associated with traditional risk factors such as tobacco
smoking and alcohol abuse has decreased, whereas those driven by high-risk
HPV have increased, accounting for 61-91% of the cases in Denmark and
approximately 70% in Southern Sweden (147, 148). Patients with HPV" OPC
often require less treatment than HPV™ patients and have a better prognosis (71,
149).

HPV, with approximately 200 genotypes, can be divided into low-risk (e.g., 6
and 11) and high-risk (e.g., 16, 18, and 33) types, the latter associated with
several malignancies, including cervical, uterine, penile, anal cancer, and OPC
(150). HPV infects the basal layer of the epithelium, and cell cycle-associated
changes occur with the expression of early oncogenic proteins, mainly E6 and
E7 (105, 106). These changes also initiate upregulation of p16, a surrogate
marker for HPV-associated disease (151). Higher immune infiltration of HPV"
cancer has been correlated with increased intensity of oncogenic proteins (E6
and E7) (152, 153). The presence of CD8' T cells in the TME of HPV" OPC
has been associated with better survival than HPV™ disease (153). HPV can
integrate into the host genome, a typical cancer development process. It has
been demonstrated that HPV" patients without detectable integration have a
better survival than integration-positive and HPV™ patients. (149). Further,
patient samples with non-integrated HPV" OPC display intensely heightened
signatures for immune cells compared to integration-positive disease. In
contrast, integration-positive cancers are enriched for events involved in
keratinisation and RNA metabolism (149).

Numerous studies have implied an immune escape mechanism in HPV" cancer
by highlighting a decrease in antigen processing, enhancement of Tregs, and
IDO1 expression (154, 155). Based on gene expression, a recent study
subdivided treatment naive HPV" OPC samples into subgroups, i.e., "immune-
rich", "mesenchymal", and "xenobiotic" (156). Further, based on IHC, they
demonstrated that high numbers of CD8" T cells in the TME and PD-1
expression in tumour cells were associated with the " immune-rich" subgroup
and an improved response to anti-PD-1 treatment. This study suggests that
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stratifications of HPV"™ OPC into immune phenotypes can be used to predict
treatment responses and guide immunotherapy treatment decisions.

Most studies have focused on OPC (from the tonsil, the base of the tongue, the
lateral oropharyngeal wall, and the soft palate) as one group. However, TC and
base of tongue cancer, arising in lymphoid structures with a high natural
presence of immune cells, are expected to have unique compositions of
immune infiltration and, therefore, a distinct immune response to HPV
infection. Thus, we focused exclusively on TCs to ask questions related to
HPV load and immunological features. In paper III, we assessed the
frequency and activity of relevant immune cells in HPV'" TC with varying
CD8" T cell infiltration compared to HPV™ TC and healthy control tissue. For
this purpose, we collected paired biopsies, i.e., tumours and paired HT, from
TC patients at the time of diagnosis. T cell and APC population abundance,
HPV status (p16), HPV type, quantity/load of HPV16, integration status, and
viral transcriptional activity were all investigated. In addition, transcriptional
analysis was performed using publicly available TCGA data from 38 samples.
The HPV status of the fresh biopsies was determined using clinical p16
staining and HPV16 E7 DNA and mRNA quantification. HPV" samples were
pl6’, had levels of E7 DNA greater than one copy per cell, and detectable
levels of HPV16 E7 mRNA, whereas HPV™ samples had E7 DNA titres less
than one copy per cell and undetectable oncogene expression, regardless of
pl16 status. In agreement, it has been demonstrated that a complex mechanism
involving epigenetic changes, such as the methylation of E2 binding sites (157,
158) and chromatin re-modelling (159), can affect the expression of oncogenic
HPV16 E6 and E7 proteins. Therefore, these results suggest that the mere
existence of HPV or only p16 positivity in the tissue is insufficient for terming
the cancer as HPV" and that a multiplex analysis ought to be conducted even
in the clinics to determine the HPV status.

Additionally, the flow cytometric analysis of fresh TC biopsies revealed higher
CD8" T cell, DC, and macrophage abundance in HPV' TC ¢f. HPV" TC and
HPV'/ HT (paper III). In our study, DC and macrophage levels were higher
in HPV' TC than in HT, but they were not significantly different from those
observed in HPV™ TC. Overall, DCs levels, but not macrophage or HPV16 E7
DNA and mRNA levels, correlated with CD8" T cell infiltration. We
concluded that myeloid cells, such as DCs, require further investigation to
understand their possible function in HPV" TC. In a subsequent investigation,
we used scRNA-seq to investigate differences between four HPV' TC and HT
with regard to CD13" HLA-DR" myeloid cell populations (160). We identified
unique polarization states of DCs and macrophage lineages, demonstrating the
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influence of a type-I/II IFN-rich TME on myeloid cells. This was consistent
with the hypothesis that HPV" TC is enriched in type-1 immune responses.
Moreover, we recognized cDC1 as an appealing therapeutic target across all
populations due to its favourable association with precursor populations,
increased abundance, and capacity to mature in the tumour lesion. It
significantly influences TC and HNC patient survival. These populations hold
potential for targeted therapy and patient stratification, pending functional
evaluation (160).

3.3 Benign lesions associated with low-risk HPV

Low-risk HPV types have been linked to benign, slow-growing lesions in
regions such as the oral mucosa, larynx, and anogenital areas (161). Two low-
risk types, HPV6 and HPV11, have been associated with LP (162). HPV
infection leading to LP can either be vertically transmitted from the mother to
the child or in adults via oro-genital contact (163). The mechanisms by which
infection leads to lesion development are unknown. Out of the low-risk virus
types causing LP, some studies have documented an aggressive behaviour of
HPV6 in LP with young age onset (164, 165). However, HPV11 has been
clinically linked as being the more aggressive of the two (166, 167). Patients
with LP typically exhibit frequent recurrences in the supraglottic, glottic, and
subglottic parts of the larynx (168). Not only does this lead to a reduced quality
of life due to the effect on the voice, but it can also lead to airway obstruction
(169, 170). The associated healthcare-related costs are also a burden for society
(171). Papilloma appears in two stages of life: juvenile (till 12 years) and adult
(onset often from 20-40 years). The juvenile LP can resolve spontaneously or
cause consequences such as dyspnoea and dysphonia (94). RRP rarely
transforms into laryngeal carcinoma (172).

Despite complete debridement of the lesions, recurrences are often observed
(170, 173). It has been postulated that neighbouring tissues may act as the
latent virus reserve, waiting for trigger signals. These, e.g., a surgical
procedure, may stimulate reactivation and multiplication of latent viruses (174,
175). Thus, further research on the interplay between immune cells in LP, and
how HPV infection influences the progression of disease is warranted.

A few studies have compared the immune compartment in peripheral blood
from LP patients and healthy control individuals and found increased
monocyte subpopulations in LP (56) and a deficit in NK cytolytic activity in
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RRP (54, 176). Bonagura et al., also demonstrated a specific subset of
peripheral blood CD4" T cells expressing Tn2-like cytokines in LP patients
(54). Compared to LP patients’ peripheral blood, biopsies obtained from
patients with severe LP featured higher numbers of CD4'CD25'CD127""
FOXP3" and CD8" CD28" T cells, both expressing the Tn2-like cytokines IL-
10 and TGF-B (55, 57). In addition, the role of immune inhibitory receptors in
HPV resistance and RRP development was recently studied. Transcriptomic
expression of PD-L1, located on APCs, and TIGIT on Tregs, were observed to
be upregulated in LP (58, 101, 104), suggesting an attenuation of immune
activity, which may enable persistent HPV infection and the development of
RRP.

In paper IV, we analysed the frequency of immune populations in ten LP
samples and eight adjacent healthy laryngeal (HL) fresh tissue samples using
flow cytometry and validated our findings using transcriptomic data.
Leukocytes (CD45") in the LP and HL samples were assessed for T cell, B cell,
and neutrophil frequencies. A higher frequency of neutrophils and lower
frequencies of CD8" T cells and B cells was detected in LP ¢f. HL. In addition,
we studied a specific patient with chronic LP (a case report). Fresh samples
from this chronic HPV11" LP patient were collected over a period of two years
and analysed by flow cytometry (paper V). An inverse relation between
neutrophils and CD8" T cells was consistently observed when the patient was
not feeling well. Notably, when swab samples were obtained from LP, the
increase in neutrophils correlated with the presence of Streptococcus
dysgalactiae subspecies equisimilis (SDSE, EMM type stG480). After
prescribing antibiotics, the patient’s surgeries decreased to 2 per year cf. 4.5
per year. Further studies of the correlation between bacterial flora and immune
contribution in LP are warranted.
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Chapter 4: Dissection of the
tumour microenvironment using
high-dimensional omics
technologies

Precision medicine is primarily used to tailor therapy based on a tumour’s
molecular characteristics. The TME surrounds the cancer cells and includes
components such as immune cells, stromal cells, blood vessels, extracellular
vesicles, and nerves. The crosstalk between cancer cells and their surrounding
may vary depending on the cause, site, histology, immunological makeup, and
other factors. (177, 178). The uniqueness of each tumour’s phenotypic
interactions leads to distinct changes in the molecular profile of cancer cells,
giving these cells and subclones a selective advantage to spread or to resist
cancer therapies (179).

Recent technological advancements have enabled scientists to gain
unprecedented insights into the cellular and molecular components of the
TME, and how these are affected by treatment. These include next-generation
sequencing (NGS), single-cell and spatial transcriptomics, proteomics,
multiplex imaging, and flow cytometry. Furthermore, these advancements
allow for identification of the variability and heterogeneity of tumour
architecture, different types of immune cells that infiltrate the tumour, and
essential biomarkers that can be used for patient stratification or discovery of
new treatment targets, making precision medicine a reality (178, 180). Using
multi-omics techniques, combined technological improvements have aided in
transitioning pre-clinical knowledge into in-depth precision medicine. For
example, a current HNC clinical trial (NCT05296135) is identifying onco-
immune phenotypic molecular characteristics in FFPE tumour tissue by
utilising NGS-mRNA PD-L1 values to generate a predictive score and
classifier for patients considered for immunotherapy. Another study
(NCT00230308) applies sequencing techniques to identify numerous
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biomarkers to better understand the development and progression of HNC by
2030. They intend to use the discovered biomarkers to develop novel
techniques and therapeutics for identifying and treating HNC, bridging a
translational gap.

Predicting a phenotype from the transcriptome is not straightforward due to
multiple tissue levels and sample manipulation. Spatial resolution would be
necessary to improve this. Obtaining a spatial context of transcriptomic
signatures was difficult until recently, but high-dimensional imaging has
enabled the combination of multiple approaches (181, 182). In this thesis,
numerous cutting-edge workflows and technologies were used to identify
biomarkers that can potentially identify novel treatment targets and be
translated into improved patient stratification for treatment.

4.1 Transcriptomic analysis and cell
characterization using deconvolution techniques

ScRNA-seq provides transcriptomic information on single cells, such as
immune cells and cancer cells, and has been utilized in numerous oncological
disorders to decipher intra- and intertumoral composition and heterogeneity
(183, 184). In addition, this technique has made significant advances in
investigating cancer signalling pathways, cell crosstalk, and TME in various
cancers, including HNC (184, 185).

The TCGA, and other public repositories, such as GEO and XENA, provide
transparent dataset accessibility. Moreover, the development of statistical
techniques such as CIBERSORTX (186), xCell (187), and Ecotyper (188) have
made it possible to correlate gene expression with phenotypes. These
workflows are powerful for in silico characterisation of cell subsets and
currently encompass 69 diverse cell signatures. Furthermore, they can be
applied using biologically relevant or newfound signatures (e.g., from single-
cell transcriptomics) to identify distributions of cell types of interest in, e.g.,
bulk RNA samples.

Bioinformatic pipelines, such as those mentioned above, are also advantageous
for mapping differences between cohorts as well as at individual levels. In
papers I, II, and III, we conducted cell characterisation in addition to
differential expression analysis. CIBERSORTX (186) was used on publicly
available datasets in the first two studies. We used the method by Danaher et
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al., (189) in the third study, which is specially designed for NanoString® GEN2
nCounter® data.

4.1.1 Gene expression evaluation in NPC and transcriptomics-
based association with immune phenotypes

In paper I, gene expression analysis, focusing on cell signatures, was
performed using publicly available NPC and healthy control data (134, 190).
The CD8" T cell signature from Puram e al, and Newman et al, via
CIBERSORTX (185, 186, 191) assisted in dividing the NPC into CD8"'“" and
CD8"°Y samples. Differences in immune cell signatures between the NPC
subgroups (CD8M! and CD8"°Y) and healthy controls were observed. There
was a considerable increase in "Macrophages" for CD8"" NPC compared to
controls. Increased expression of signatures linked to macrophages, pDCs, NK
cells, and CLEC9A" DCs have been shown to be associated with improved
survival, suggesting an anti-tumoural role of these cells in the NPC TME (118).
In addition, Pearson’s correlation analysis was carried out between CDSA
transcript levels and DE genes from multigroup analysis from CDgHGHLOW
NPC and healthy controls. A significant (r>0.7) correlation was observed
between the CD8A gene and the immune checkpoint marker LAG3. Chen et
al., also established an association between LAG3 with tumour infiltrating
CD8" T cells in NPC (118). Higher expression of LAG3 along with PD-1 in
NPC TILs has been associated with poor DFS (192). Pre-clinical mouse
models-based studies had earlier shown that LAG-3 inhibition enhanced T cell
effector capacities and was complementary to anti-PD-1/PD-L1 (193, 194).
Therefore, combining anti-LAG3 and anti-PD-1 therapy for NPC treatment
may be favourable for immune activation and response in NPC.

Apart from TILs, other studies using scRNA-seq have demonstrated that
tumour-infiltrating myeloid cells are a heterogeneous mix of cell types,
including mature mast cells, monocytes, macrophages, DCs, and MDSCs (119,
142). Interestingly, macrophage maturation and polarization do not follow the
conventional M1/M2 model in the NPC TME. Instead, the invading
macrophages express both M1 and M2-polarized markers such as FCGR2A,
FCGR3A, TREM2, and APOCI1 (119). Although the role of MDSCs enriched
in cancer remains unclear in NPC, a high presence of circulating HLA-
DR CD33"CD11b" MDSCs and high MDSC mRNA expression in NPC
correlate with poor DFS (119, 195). Further functional studies at the cellular
level are required to assess MDSCs’ modulatory potential in NPC.
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4.1.2 Correlating HPV status and TME profile in TC based on
gene expression data

In paper 111, we examined the transcriptional activity of HPV/HPV" TC using
TCGA RNA sequencing data. Similar to paper I, various cell signatures (185,
186, 191) aided in understanding the TME profile. Pathway analysis revealed
higher leukocyte infiltration, antigen presentation, and T cell priming in HPV"
TC ¢f. HPV™ TC. Considering our observations from fresh tissue analysis, a
subdivision of HPV" TC samples from TCGA data was performed based on
CD8" T cell signatures. Previously, increased CD8" T cells associated with
HPYV have been noted in HPV-driven OPC (TC and base of the tongue cancer)
(196). An increase of CD8" T cells populations has also been demonstrated in
HPV" HNC, as compared to HPV- HNC, by scRNA-seq analysis (127). The
distinction between HPV" and HPV™ OPC has been attributed to the presence
of viral antigens, which may lead to early innate immune responses and an
increase in the T cells' adaptive immunological response, resulting in different
immune profiles in the TME (196, 197). Previous studies had included all
anatomic subsites in HNC and OPC; however, we used TCGA data in paper
I1I to study the TC-specific immune profiles. CD8 T cell signatures from both
bulk and single-cell mRNA sequencing data were utilised to identify and
categorise HPV'" TC samples from the TCGA into CD8™H/CD8™OY (185,
191). Interestingly, the CD8™" HPV* samples, but not HPV" ones, correlated
significantly with increased overall survival and higher inflammatory scores,
as defined by Thorsson et al. (198).

When looking into CD8A correlated genes, we observed that IC markers like
PDCDI1 (PD-1), LAG3, and TIGIT were expressed at a higher level in the
CDSMSH HPV' group. Other studies have also reported the expression of PD-
1 in some fractions of CD8" T cells in HPV" HNC (127, 199, 200). Consistent
with our findings, Wu et al., using scRNA-seq analysis, also demonstrated
increased expression levels of CTLA4, PD-1, and LAG3 in CD8" T cells from
HPV" HNC (127). Badoaul et al., reported that patients with high levels of
PD-1-expressing T cells in the TME had a higher five-year overall survival
(93.9%) than those with low levels (63.6%) (200). Currently, therapeutic
antibodies targeting PD-1 and LAG3 (NCT01968109) are under investigation
to treat advanced solid tumours, including TC. However, there is still a low
response rate for these therapies and a lack of clear understanding of the spatial
relationship of IC marker expression and immune cells within the TME. The
expression of other IC markers, such as LAG3 and TIGIT, and their correlation
to various immune cell populations within HPV'/* TC may shed light on the
different subgroups for future clinical purposes.

39



4.1.3 Laryngeal papilloma and transcriptional data

Several studies have revealed a suppressive TME in LP with a shifting balance
between Tn1 and Ty2 responses (58, 201). The expression of IL-4 by CD4" T
cells, upregulation of CCL20 mRNA, and downregulation of CCL19 and
CCL21 mRNA in LP ¢f control tissue supports a Tn2-like profile (201, 202).
Moreover, when comparing blood samples from LP/RRP-patients with healthy
subjects, increased monocyte subpopulations were observed in LP (56), with a
defect in the NK cell cytolytic activity for RRP patients (54).

To evaluate the ongoing immune responses in the TME of LP, we compared
the transcriptional levels of immune- and tumour-related genes in LP and
paired unaffected neighboring healthy laryngeal tissue (HL) (paper IV).
Transcriptional analysis was performed using the NanoString® GEN2
nCounter® Analysis System with the PanCancer Immune Profiling Panel. This
resulted in 113 transcripts, out of 494 included in the panel, being significantly
DE after background threshold and variance filtering were applied. A
comparative analysis showed that 37 genes were expressed at higher levels in
LP, whereas 76 genes were expressed at lower levels (p <0.05, FC) > 2). The
Danaher ef al., method (189) for in silico immunoscoring aided in assessing
the distribution of various immune cells associated with significantly
expressed genes in LP ¢f HL, resulting in immune signature scores for 14
immune cell profiles. Due to a lack of probe availability in the refined data set
(i.e., for "NK CD56%™ cells" and "Tr cells"), twelve signatures out of 14
expected cell profiles were established. Cell profile scoring revealed a
significant increase in expression profiles related to "neutrophils" in LP ¢f. HL
(p-value<0.05), and a significant decrease in "cytotoxic cells", "CD8 T cells",
"B cells", and "T cells". A recent RNA-seq study examined the transcriptome
characteristics of juvenile RRP and adjacent normal tissues (203). Pathway
enrichment analysis in RRP revealed that HPV6 RRP was associated with
transcripts revealing downregulation of pathways such as "Tyl and Tn2 cell
differentiation”, "Tu17 cell differentiation", "T cell activation", "B cell
activation”, and "humoral immune response", whereas HPV11 RRP was
associated with transcripts revealing negative enrichment of "T cell
activation", "neutrophil activation", "neutrophil degranulation”, and "dendritic
cell migration" (203). Also, TGF-Bl-mediated reduction of NK cell
cytotoxicity from HPV6/HPV11" RRP with downregulated NK cell-activating
receptors in RRP peripheral blood has been reported (176). Previously, lower
serum IgG levels and a poor prognosis in early-onset RRP were linked to a
reduced frequency of plasma B and memory B cells (CD19") and impaired IL-
21 release by T-follicular helper cells in peripheral blood cf. healthy controls
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(204). Interestingly, to our knowledge, none of the previous studies have
reported an increased abundance of neutrophils related to LP, as seen in paper
IV, and this finding needs to be further evaluated.

4.2 Spatial proteomics and transcriptomics

The evolution of genomics and transcriptomics from bulk to single-cell
analysis has provided profound insights into the cellular makeup of tumours.
On the one hand, single-cell resolution has successfully dissected sub-
populations within the TME, but spatial resolution remains unclear (205). On
the other hand, single-cell resolution may result in a loss of information on
dissociation-sensitive or lowly-expressed protein markers (205). However,
advances in spatial resolution techniques, such as GeoMx DSP, Phenocycler,
Phenolmager, COSMx, and 10x Visium, have made it possible to correlate the
dynamic architecture of TMEs with 100-1000’s of proteins/transcripts.
Combinatorial analysis merging single-cell data with spatial structures has the
potential to shed light on changes in biomarkers in various settings relevant to
cancer.

In DSP, using three tissue-specific morphological markers (and one nuclear
stain), one can visualise and obtain information on selected regions of interest
(ROIs) for specific proteins or transcripts (206). With this technique, the
information is limited to a minimum of a certain number of cells: for example,
for protein analysis, a minimum of 20 cells is required (207). Interestingly,
NanoString® technologies recently launched COSMx, which generates data
from single-cell to intracellular levels integrating spatial information with
transcriptomics and proteomics (208). Until recently, in techniques such as
Phenocycler (Akoya Biosciences®), approximately 100 protein targets have
been tagged and visualised at the single-cell level. However, transcriptomics-
based information is lacking (209). The advantages of including spatial omics
can range from biomarker findings to validations and verifications of treatment
responses. Using multiplex staining, Phenolmager, and Phenocycler,
researchers have visualised and calculated fold-increases within specific cell
populations in dose-response studies for anti—-PD-1 or anti-PD-L1 therapy in
human FFPE samples (210). Additionally, DSP has been applied to understand
proteomic changes within the distinctive tumour morphologies (181, 182). One
of the first HNC spatial proteomic studies using the DSP platform was
conducted by Kulasinghe et al. (211). This study examined tissue morphology
using 44 protein markers in 7 metastatic HNC patients treated with nivolumab
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and pembrolizumab. Progressive disease was linked to expression of protein
markers CD4, CD45RO, CD68, IDO-1, P-ERK, Ki67, PD-L1 PD-1, GZMB,
CD45, 0X40, STAT3, P-STAT3, CD44, STING, CD66b, P-AKT, and PTEN
(211).

Other studies based on multiplex staining, such as Phenolmager, De Sousa et
al., reported the effect of the HPV-peptide vaccine in combination with
nivolumab in patients with advanced HPV16" HNC where only responders
showed an increase in activated CTLs (PD-1"CD8°CD3"), T cells (PD-
1"CD3"), and total macrophages (PD-L1'CD68" and PD-L1°CD68") (212).
Furthermore, only C3aR expression in macrophages was associated with
progression-free survival (212). Korpela et al, visualised the effect of
epidermal growth factor receptor (EGFR) treatment using the Phenolmager
pre- and post-treatment in advanced-stage patients. Patients with an excellent
response to the drug showed a 4-fold increase in CD8" T cells compared to
those with a poor response (213).

4.2.1 Delineating spatial heterogeneity in NPC

The NPC TME has an intricate architecture rich in infiltrating leukocytes,
potentially making NPC an attractive target for immunotherapy. T cells, B
cells, mast cells, macrophages, and neutrophils are among the immune cells
forming the TME. Prior research has suggested that an increase in specific
subtypes of macrophages (CD68"), mast cells, and neutrophil infiltration in
NPC might lead to an anti-tumour response (112, 119, 136,214, 215). Keeping
this in mind, we obtained information on 42 protein targets in 30 NPC FFPE
samples (paper II). Variations between the tumour regions were explored,
where immune cells interacting with the cancer cells ("immune-rich cancer cell
islet") had higher expression of markers such as GZMB, CD56, CD20,
FOXP3, PD-1, and CD68. In contrast, "surrounding stromal leukocytes"
regions showed higher expression of B7-H3, CD163, FN1, and CD44, as well
as of IC markers such as PD-L1, TIM-3, VISTA, and LAG3. Our findings align
with those of Wang et al., who employed digital pathology to show that ICs
like PD-L1, B7-H3, B7-H4, and IDO-1 were expressed by both tumour cells
and associated immune cells in NPC. In their study, IC markers LAG3,
VISTA, TIM3, ICOS, and OX40, on the other hand, were only found to be
expressed by immune cells in tumour stroma (141).

Transcriptomic investigations have previously revealed that CD4" and CD8" T
cell clusters in NPC are highly activated and exhausted, as they co-express
exhaustion markers LAG3, TIGIT, PD-1, HAVCR2, CTLA4, and TOX and

42



effector molecules GZMB, GZMK, IFNG, NKG7, and GNLY (118, 119, 141,
145). By multiplex staining of a cohort of 304 NPC patients, Liu et al.,
identified a combination or biomarkers, i.e., PD-L1, CD163, CXCRS5, and
CD117, which suggestively could be used to identify low-risk patients that
may benefit from IC-therapy (216). In our study, a few CAF-associated
markers, such as FN1, were highly expressed in "surrounding stromal
leukocytes" regions. FN1 has been found to inhibit cell death in NPC cells by
activating the NF-kB pathway, which increases the levels of BCL2 and p65.
Additionally, FN1 promotes the migration and invasion of NPC cells by
increasing the levels of matrix metalloproteinase 9 (MMP9) and MMP2:
enzymes, which break down the extracellular matrix (ECM), and are primarily
produced by CAFs (217, 218). Similarly, markers such as B7-H3, which are
equally elevated in the surrounding stroma, have been associated with tumour
growth in various cancers (219, 220). Furthermore, a significant decrease in
cancer cell adhesion to FN1, and a substantial reduction in migration and
invasion in B7-H3 depleted cells, have been demonstrated in vitro (221). Prior
research suggests that B7-H3 is overexpressed in numerous tumour tissue
types, which limits the activity of CD4" and CD8" T cells and may be used as
a potential immunotherapy target (222, 223, 224). In addition, combining B7-
H3 and FN1 expression in NPC and its stroma may reflect disease progression
and be employed as a predictive diagnostic marker. Overall, we were able to
identify protein markers associated with immune cells in the TME and
correlate them with three phenotypes (paper II) and overall survival.
Functional studies of these markers might explore their potential therapeutic
use in NPC.
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Chapter 5: Concluding remarks
and future outlook

HNCs, such as NPC and TC, are heterogeneous lesions characterised by
substantial immune cell infiltration and a tolerogenic milieu that promotes
tumour progression. Advanced molecular methods, including gene expression
analysis and proteome profiling, are increasingly used for biomarker
development, with emphasis on the TME, to enable HNC patient stratification
and the identification of new therapeutic targets (e.g., papers I-11I). However,
due to the apparent biological complexities involved, it is improbable that a
single marker can predict a specific outcome, whereas immune profiles may
do so.

Microarray and single-cell sequencing technology enable gene profiling at
DNA and RNA levels for nearly all expressed genes as well as for protein
profiling, allowing for investigations of the prognostic and therapeutic
importance of biomarkers related to tumour characteristics such as cause, site,
and stage. In papers I-III, fresh biopsies and biobanked FFPE materials of
NPC and TC were used to outline biomarkers and profiles focusing on APCs
and CD8" T cells.

Paper I was a retrospective assessment in which immunological
characteristics of NPC were investigated and correlated to EBV status, clinical
stage, and survival. Based on the number and location of CD8" T cells, three
immunological phenotypes were identified: "inflamed", "immune-excluded",
and "desert" NPC. Additionally, the presence and distribution of CD207" cells,
presumably a subset of antigen-presenting DCs, which may be used in immune
cell targeting, was described. Immune profiles differed between NPC and
control tissue as well as between NPC subgroups based on CDS8 expression, as
evidenced by gene expression (CD8"! ys. CD8"Y). More research into in-
depth protein markers is needed to identify different immune cells and
comprehend the interaction of all APCs to T cells. Nevertheless, our findings
highlight the significance of categorizing pre-treatment NPC.
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Limiting aspects of biomarker utility includes tumour heterogeneity,
discrepancies between different techniques, and variability in scoring. We used
spatial profiling combined with morphological staining in paper II to assess
the distribution of proteins between various sites, such as cancer cell islets and
surrounding stroma in NPC. We further characterized the differences between
the phenotypes defined in paper I and correlated survival to various markers
on the protein level and to independent transcriptomic data. However, the
sample size in this study was limited. In the future, larger sample sizes may
provide insight into NPC biomarkers’ biological impact.

In paper III, we compared the immunological profiles of fresh TC samples
and contralateral HT and included DNA quantification and RNA expression
analyses to characterize HPV status. We showed a link between CD8" T cell
numbers and APC abundance and revealed differentially expressed biomarkers
and signalling pathways in CD8"! y5. CD8*°Y HPV" TC. In summary, our
study reports distinct immunological phenotypes and immune compartment
heterogeneity in HPV' TC. More research is needed to determine whether this
information can aid in patient prognosis and treatment decisions. Furthermore,
the diversity of immune cells needs exploration to identify the effector cells
and activated cells essential for an anti-tumour response.

This thesis also includes extensive molecular characterisation of LP (paper IV
and V). In paper IV, we identified cellular and transcriptional features of LP
¢f- HL. One interesting finding from the case report (paper V) sheds light on
the microbial interaction within the RRP microenvironment. Our results
suggest the possibility of immune cell populations being involved in the
progression of LP and thus may aid in developing future therapeutics aimed at
reversing the immunosuppressive environment in LP by restoring effective
anti-HPV responses.

Understanding the genetics and molecular underpinnings of cancers have made
it possible to identify molecular changes that may guide disease management.
However, the absence or minimal overlap of biomarkers with high prognostic
value identified by similar studies, and the diversity in cancer-specific
biological and physiological characteristics, are key factors raised as criticisms
of biomarker discovery studies. To overcome such limitations, studies with
larger sample sizes, validation of trends or variances in gene expression
profiling, and consistent tumour specimen features are necessary. Biomarkers
paired with imaging modalities can aid in the management of patients. Pending
further clinical studies, biomarkers associated with HPV and EBYV, like those
mentioned in this thesis, may assist in clinically examining HNC and LP.
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In the end, several pre-clinical and clinical studies are being conducted
globally, with an aim to identify and treat cancers as early and effectively as
possible. Moreover, thereby constructively visualising our work with future
motivation to continue working in the field, I would like to conclude with a
quote I firmly believe in "We do not need magic to change the world; we carry
all the power we need inside ourselves already: we have the power to imagine
better"- J.K. Rowling.
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Popular science summary

Cancer is the world’s second-most common cause of death. Tumours can arise
in any part of the body when normal cells (the building blocks of our bodies)
change their behaviour as a result of stimuli within or outside the body. Head
and neck cancers (HNC) include tumours of the lips, sinonasal cavities, oral
cavity, pharynx (including the naso-, oro-, and hypopharynx), larynx, and
salivary glands. Nasopharyngeal cancer (NPC) occurs in the nasopharynx,
whereas tonsillar cancer (TC) is an oropharyngeal cancer subtype. NPC and
TC are most common in people between the ages of 30 and 60. In addition to
deadliness, both are associated with disease-related side effects and adverse
effects of existing treatments.

An emerging goal is to treat patients individually to maximise treatment
efficacy and minimise side effects. It has been established that NPC linked
with Epstein-Barr virus (EBV) and TC linked with human papillomavirus
(HPV) respond to treatment better than virus-negative disease. Therefore, in
these conditions, we conducted studies to identify disease-specific immune
profiles, which are biological qualities of the immune system that can be
assessed and associated with a specific disease and may be used to stratify
patients in order to guide treatment decisions.

Cancer cells interact with the body’s disease-fighting mechanisms, such as
immune cells (i.e., white blood cells), in diverse ways. Immune cells can
damage and destroy cancer cells. However, cancer cells can modify and stop
this response, turn it in their own favour, and continue to grow. It is essential
to realise that not all cancers have the same makeup; they behave differently
depending on what causes them, where they are located, and what surrounding
factors, such as immune cells, are present. In a series of studies, we used
cutting-edge technologies and procedures to study differences at molecular and
cellular levels to provide an improved understanding of the immune
compartment in the tumour microenvironment.

We also investigated laryngeal papilloma (LP), also known as recurrent
respiratory papillomatosis (RRP). It is a non-invasive laryngeal condition
caused by low-risk HPV, which can cause hoarseness and breathing
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difficulties. LP can appear at any age, from childhood to maturity, and reappear
anytime. Through our investigations into the lesions, their potential links to
bacteria, and their interactions with immune cells, we gained a more
comprehensive knowledge of LP and set a course for future biomarker-based
studies.

Overall, different high-end technologies and detailed analyses helped us to
identify characteristics and differences in the architecture and behaviour of
invading immune cells in TC, NPC, and LP. Furthermore, we associated these
data with clinically essential parameters, including survival. Finally, we used
our findings to make recommendations on specific targets and profiles that
may aid in categorising patients for treatment and serve as new prospective
treatments.

48



NIEIFCRERIGKIEE

SR IIT 2T GO e Heea Ul 0T 8| A I o fefrelt oft et H Sea1 &1 wehd & Sfet | shifireTd
(2R TR % Fomior ©ie) TR o it 31 STet SosHTetl & TRUmEEEy 19 sFaer & aeed 8| Rt 3fi
T o HET (TAUAH) & B3l o TIHT, HISAIE T, Hfesh 1T, T (-, SHAI-371 greuith i dfed),
Tt I AR T st €1 Arethsiier e (Cdet) et 3 2iar 8, Sefen S Fe ()
Tk ARSI e ST 2

TAATET ST 30 ST 60 T AT AT 6 s o AT H o AT | TH HT 6 STATIT, ST AT H Helfere
ZTEl A HISET U= o Fidepel JuTell & S €| g FeAre, Uh TR-gafee erifoerer Reafa i@
AR YT (Tadh) & &9 8 ST S1ar 2, [ eTede e Ao (e & & 1 off S
ST R, o1 T # fafehcashia &9 @ qg=imn St 81 wedt forelt oft 39 H, s=ro @ aitaserarn e fews @
Hoha 2, 3T ot oft T foft & wehe &1 Tkt 21

T AT EAT & TR THIAHTINAT h STersharel S S GTEl ol o ot o Toaq AT ot et
T Y IATST HET 31 T8 T R 7 R T wodi-aR e (Sefieh) SR we uftretiarerE (Terdiet)
U g It W g T AT -ehrrcaeh e il JorT H Seqt ST I STaTe od gl Ferofe, g -
fafRre st serse i de=m i % forg svera fomam, S s sromeft 3 Siferss 7o & et eariar
e ST R 2 31T uek fafiTe siuT & Siret ST wehar € ST 3w o Tt ot griesta s o fow Afe
1 R & o forw ST fofa ST wehet 21

T HITRTERTE T T & A ATl o, S et SIfRrehreit (AT, e T ifRrerre) & ary fafie
T H ST T ) TTeT SIRTHTE FH HIRTEHIAT Bl JHAH Tg= Gohall & SR AT FT Fhal ol
BT, e FHITERTE 38 TTafsRaT 1 TR ST U weohdl &, 38 310 vat & HIg Hehdl! 8, ST Jgd! Tt
2 T TEgH FAT AT & fof @t e § v & Henetd TEl At 8 9 39 a1 W it 2 o o
R R T, I et Feod &, ST 7Ty 3 e, S A HIRET, Hisg 2 st fi U e b,
B AT HTSShITTIHE H Sfcret fgsel i sredt @wet Jar st o foTe amorfereh St Segert Tl W it
T LI F 6 [T AT Foheftent 3 SfshanaTt i1 3w foram|

T Tt Trat 9T ot v fora - A siftew aret werdiel) & ot B et dieg antfsee staw w6
YeRTL, ST sie 3T GG o7 | ShiaATS ol shIoT oI Heha 31 =16 8 g0 Stier & Hread &, Jedifen & fag
Ik GwTTord fofeh, 3 Tiemer hifTenTatl o @re Seht SITaeiid, TH TeTdt o S71eh 5419 J W16 fora
3 wifersy & srmTER-eTTaTia vt 3 fore uen i freifi fomem

i firerent, i s==r 37 enfiferat o foreqa fersaaott = & el T et 31t werdt & sremer wfeem
SHITRTRTST ShT ATETRT S TR H FoRIVATST ST ST T T8= Fi H Hag | 0 AT, 8 37

49



SATRST o SHITord & Hied ATk &Y T STk HIYSST & 1Y ST 3d §, §H et AT faiRre weat
S ThTeet T FwTRT st 3 fore fomam it &1 wehd 2

50



Acknowledgements

‘Dreams are not those which comes while we are sleeping, but dreams are
those when u don't sleep before fulfilling them’.

- A.P.J. Abdul Kalam

I started with a dream to do research and be of use to people, clinically and via
research. This dream would not have been possible without a village of people.
Coming closer to the finish line of this chapter in my life, I cannot cross the
line without thanking and showing gratitude towards ‘my village’.

First and foremost, to my invaluable supervisors! (Prof.) Malin, I sincerely
appreciate the opportunity you provided and showed confidence in me to come
to Sweden and be part of the cancer research topic closer to my heart.
Furthermore, your patience with a novice clinician in learning immunology
and bioinformatics is something I will admire over time. Like any other life
journey, the last four and half years were full of ups and downs, laughs (and
tears), and I am glad you stood by me in all of them. You provided constructive
feedback, insightful advice, and helpful resources that aided me in developing
as a researcher and refining my ideas. Additionally, you motivated and
challenged me to strive every day professionally and personally to become a
better scientist. I can never forget that and am deeply grateful.

(Prof.) Lennart, nothing in this thesis would have been possible without your
connection with our group and my project. Thank you for your constant
feedback and for showing how translational science is possible as a clinician
and a scientist. Your understanding of things has always encouraged me and
shown me ‘how it’s done’. Additionally, your eye for detail, expertise,
knowledge, and mentorship was critical in shaping the direction and outcomes
of my work. You challenged me to think critically and creatively and to
develop a deeper understanding of the subject. Regardless of the day and time,
you have supported me and been there with your support, and I can never fully
express my gratitude.

(Dr.) Peter, thank you for opening the door of the research, which was entirely
new for me. You paved the way and demonstrated in action by example how

51



translational research is conducted. I am deeply thankful for the time and effort
you invested in me and my work, and I will always cherish the lessons and
experiences I gained from working with you. Christina, I sincerely appreciate
the open door, invaluable guidance, friendship and support throughout my time
at Immunotechnology.

I want to express my sincere gratitude to (Dr.) Ola Forslund for your invaluable
guidance, support, and mentorship throughout my doctoral journey. You have
been no less than a co-supervisor, and without your knowledge, insights, and
feedback on the laryngeal papilloma project, that aspect of my thesis would
not have happened. You have been instrumental in shaping my research, and
your unwavering commitment to excellence and passion for your field has
inspired me to push my boundaries and strive for the best.

I would like to express my sincere appreciation and gratitude to (Prof.) Mats
for their guidance, mentorship, and support throughout my professional
journey as not only the head of the department but also my study director. I am
grateful for the time you took to share your insights and expertise with me.
Your guidance has been instrumental in shaping my career and achieving my
goals. I appreciate your support and encouragement during times of stress and
pressure, and your willingness to offer assistance and guidance when needed.

I would like to extend my heartfelt thanks to the talented and committed
clinicians who collaborated with me on this project- Johan, David A., Sabine,
Roland and Katarina. Thank you for your invaluable insights, expertise, and
support in bringing this research to fruition. Your passion for patient care and
dedication to advancing the field has been a constant source of inspiration. I
am deeply grateful for your generosity of time and resources, which has
enabled me to access the clinical expertise necessary for this research. Your
tireless efforts, support, and commitment to this project have been critical to
its success. I am humbled by your willingness to work with me and your
commitment to collaboration and open communication. Additionally, your
feedback, guidance, and sharing of the knowledge have been instrumental in
shaping my research. The insights and experiences you have shared with me
have enriched the clinical aspects of the research and have helped me to not
stay too far from the clinics during these years. I look forward to continuing
our collaboration in the future, and to build on the momentum that we have
generated together.

I would like to express my gratitude to my fellow colleagues and peers in the
group for their support and camaraderie during my time at Department of
Immunotechnology. David, your friendliness and professionalism gave me a

52



learning opportunity and made my experience here fulfilling. I appreciate the
cell lab moments, especially the Aria’s magic and its secret mantra. Sofia, you
have been one of the most optimistic person with vibrant aura and your baking
treats will always be cherished. Can, thank you for being part of our group,
your collaborative spirit and team-oriented approach is always admirable.
Moreover, I would like to acknowledge all the lovely master students who
made me learn and grow along with their projects — Johan O., Johan A., Joel,
Ruban and numerous others with whom I have had the opportunity to
troubleshoot in cell lab or outside. Thank you for all the stimulation.

This thesis is incomplete without the tremendous support from the CanFaster
funding and the person behind it. (Prof.) Sara, you starting and taking in the
international students with the translational approach was life-changing for me.
Your impeccable muti-tasking, vision as a scientist and at the same time your
fun loving and never saying ‘no’ attitude, made my time during the program
much more enjoyable. Jana, you are one the most creative persons I have met.
You have never failed to surprise me with all your unique qualities and making
sure everyone is actually like a family and happy. You have been a true,
trustworthy and an encouraging friend.

I have had the best luck in having best office mates during my doctoral thesis.
Kathrin, since the first day you welcomed me not only in the department but
also in your home. You have been a mentor, a friend and constant support. I
have sincerely cherished our times together, both in and outside of the
department. Even during your times of stress, you never failed to encourage
and help people. Angelica, although I just know you for just over a year, but
with your sincerity and truthfulness, you made it feel like home since day one.
I cannot fathom growing herbs and tomatoes with anyone else in the office
room! Thank you for the stimulating discussions and thought-provoking
insights.

To the rest of my colleagues at the department, [ want to acknowledge your
impact on my personal and professional growth and express my gratitude for
the opportunity to work alongside such talented and friendly colleagues. I look
forward to maintaining our relationships and collaborating with you in the
future.

To my friends-

I would like to express my heartfelt appreciation to all my friends, near or far,
for their unwavering support, encouragement, and companionship throughout
my journey. Their constant presence and positivity have been a source of
strength and motivation, and I am fortunate to have them in my life. I am

53



grateful for their patience and understanding during times of stress and
pressure, and their willingness to lend an ear and offer advice when needed.
Their kindness and generosity have made a significant impact on my personal
and professional growth, and I am indebted to them for their friendship.

Lavanya, Sergio, Joana and May, you have been an integral part of my life,
and I am grateful for the joy and laughter you bring to my days. Your presence
has been a constant source of comfort, encouragement, and inspiration.
Lavanya, | am grateful for the countless memories we have shared together,
from our adventures of dancing on the roads to our simple hangouts and heart-
to-heart conversations over ‘chai’. You are one of the most spirited and
dynamic people who is equally kind, especially to her close friends. I didn’t
know that I will be able to have an Indian sister and extended family in Sweden.
My acknowledgement would be incomplete without recognising your family’s
love and generosity. Your animated personality makes you unique, don’t ever
loose that. Sergio, the psychologist of the group! The journey for you haven’t
been an easy one, but your resilience made you a strong fighter. Apart from
fighting your own battles, you have been more than compassionate and
considerate for all your friends. The Brazilian-Swedish who is my telepathic
twin from another continent. Your kindness, generosity, and selflessness have
inspired me to be a better person, and I hope that I have been able to repay
even a fraction of the kindness you have shown me. Lavanya and Sergio, |
really hope we remain ‘Triumvirate’ forever!!

Joana, I cannot say enough but your straight forwardness and transparency has
always made me admire you. You are one of the most hardworking people,
who sincerely wants good for everyone. You have defined the meaning of
‘work bestie’ for me and thank you for being such an amazing friend and for
all that you have done for me. I cherish our friendship and look forward to
creating many more unforgettable moments together. May, you are more than
just friend to me, you are family. Your unwavering support and encouragement
have helped me during the tough times. I am grateful for your friendship, the
amazing food love language which we share and cherish the memories we have
created together.

Shuvolina, thank you for your genuine and constant concern for other’s
wellbeing. [ appreciate your sincerity and your zest to help and feed with home-
cooked food during the stressful times despite going through your own issues.

My former housemates, Tova and Mirjam, you let in a stranger in your house,
and I could not have asked for better housemates. You made living fun. I

54



deeply appreciate the fun game nights and thoughtful vegan ‘fika’ treats which
you both spoiled me with over the years.

To all the mentioned above and the ones I didn’t (you know who you are!), |
feel incredibly fortunate to have friends who are always there for me, through
thick and thin. You have celebrated my successes, stood by me during my
struggles, and lifted me up when I needed it the most. Thank you for being
there for me, for sharing in my joys and sorrows, and for making my life richer
and more meaningful. [ look forward to many more years of laughter, love, and
friendship.

To my family-

I want to take a moment to express my heartfelt gratitude and appreciation
towards my parents, for all that you have done for me. Maa and Paa, from the
moment [ was born, you have been there for me, providing love, care, and
support every step of the way. Paa - your guidance and encouragement have
helped me to become the person I am today. Thank you for the sacrifices you
have made, for the long hours you have worked, and for the many challenges
you have overcome to provide for our family. Your dedication and hard work
have not gone unnoticed, and I am grateful for everything you have done for
us. Maa- your words of ‘ Do something which just doesn’t uplifts you, but
uplifts everyone’ has been my motivation throughout. I also want to thank you
for the values you have instilled in me, for teaching me the importance of
honesty, integrity, and hard work. Your guidance has helped me to navigate
life's challenges with confidence and resilience.

Maa and Paa, I want you to know that I appreciate you more than words can
express and am blessed to have you as my parents and will always be grateful
for your unwavering love and support.

Last but not the least, Ankit. Being in a long-distance relationship is not easy,
but your commitment and dedication have helped to make it possible. Your
unwavering love and support have given me strength and courage during times
of difficulty, and your constant encouragement and reassurance have helped
me to stay focused on our future together. I am grateful for the sacrifices you
have made, the late-night phone calls, the surprise trips, and the countless ways
you have shown your love for me. You have been my rock during this time
apart, and I am blessed to have you. Thank you for being my partner, my
confidant, and my best friend.

55



References

10.

11.

12.

13.

14.

56

Bray F, Laversanne M, Weiderpass E, Soerjomataram I. The ever-increasing
importance of cancer as a leading cause of premature death worldwide. Cancer.
2021;127(16):3029-30.

Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: A
Cancer Journal for Clinicians. 2022;72(1):7-33.

Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100(1):57-70.
Hanahan D, Weinberg Robert A. Hallmarks of Cancer: The Next Generation.
Cell. 2011;144(5):646-74.

Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discovery.
2022;12(1):31-46.

Ehrlich P. Ueber den jetzigen Stand der Karzinomforschung1908.

Dunn GP, Old LJ, Schreiber RD. The three Es of cancer immunoediting. Annu
Rev Immunol. 2004;22:329-60.

Lei X, Lei Y, Li J-K, Du W-X, Li R-G, Yang J, et al. Immune cells within the
tumor microenvironment: Biological functions and roles in cancer
immunotherapy. Cancer Letters. 2020;470:126-33.

Medzhitov R, Janeway CA, Jr. Decoding the patterns of self and nonself by the
innate immune system. Science. 2002;296(5566):298-300.

Pulendran B, van Driel R, Nossal GJV. Immunological tolerance in germinal
centres. Immunology Today. 1997;18(1):27-32.

Labani-Motlagh A, Ashja-Mahdavi M, Loskog A. The Tumor
Microenvironment: A Milieu Hindering and Obstructing Antitumor Immune
Responses. Front Immunol. 2020;11:940.

Rosenberg SA. Adoptive immunotherapy of cancer: accomplishments and
prospects. Cancer Treat Rep. 1984;68(1):233-55.

Gooden MJ, de Bock GH, Leffers N, Daemen T, Nijman HW. The prognostic
influence of tumour-infiltrating lymphocytes in cancer: a systematic review
with meta-analysis. British journal of cancer. 2011;105(1):93-103.

Trujillo JA, Sweis RF, Bao R, Luke JJ. T Cell-Inflamed versus Non-T Cell-
Inflamed Tumors: A Conceptual Framework for Cancer Immunotherapy Drug

Development and Combination Therapy Selection. Cancer Immunology
Research. 2018;6(9):990-1000.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours
with combination immunotherapies. Nat Rev Drug Discov. 2019;18(3):197-
218.

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD. Cancer immunoediting:
from immunosurveillance to tumor escape. Nature immunology.
2002;3(11):991-8.

Stewart TH, Hollinshead AC, Raman S. Tumour dormancy: initiation,
maintenance and termination in animals and humans. Can J Surg.
1991;34(4):321-5.

Swann JB, Smyth MJ. Immune surveillance of tumors. The Journal of Clinical
Investigation. 2007;117(5):1137-46.

Koebel CM, Vermi W, Swann JB, Zerafa N, Rodig SJ, Old LJ, et al. Adaptive
immunity maintains occult cancer in an equilibrium state. Nature.
2007;450(7171):903-7.

Kortylewski M, Xin H, Kujawski M, Lee H, Liu Y, Harris T, et al. Regulation
of the IL-23 and IL-12 balance by Stat3 signaling in the tumor
microenvironment. Cancer cell. 2009;15(2):114-23.

Teng MW, Vesely MD, Duret H, McLaughlin N, Towne JE, Schreiber RD, et
al. Opposing roles for IL-23 and IL-12 in maintaining occult cancer in an
equilibrium state. Cancer research. 2012;72(16):3987-96.

Wu X, Peng M, Huang B, Zhang H, Wang H, Huang B, et al. Immune
microenvironment profiles of tumor immune equilibrium and immune escape
states of mouse sarcoma. Cancer letters. 2013;340(1):124-33.

Chen Q, Daniel V, Maher DW, Hersey P. Production of IL-10 by melanoma
cells: examination of its role in immunosuppression mediated by melanoma.
International journal of cancer. 1994;56(5):755-60.

Chen M-L, Pittet MJ, Gorelik L, Flavell RA, Weissleder R, Von Boehmer H, et
al. Regulatory T cells suppress tumor-specific CD8 T cell cytotoxicity through
TGF-p signals in vivo. Proceedings of the National Academy of Sciences.
2005;102(2):419-24.

Campoli M, Chang CC, Ferrone S. HLA class I antigen loss, tumor immune
escape and immune selection. Vaccine. 2002;20 Suppl 4:A40-5.

Munn DH, Mellor AL. Indoleamine 2, 3-dioxygenase and tumor-induced
tolerance. The Journal of clinical investigation. 2007;117(5):1147-54.
Takahashi H, Feuerhake F, Kutok JL, Monti S, Dal Cin P, Neuberg D, et al.
FAS death domain deletions and cellular FADD-like interleukin 1 converting
enzyme inhibitory protein (long) overexpression: alternative mechanisms for
deregulating the extrinsic apoptotic pathway in diffuse large B-cell lymphoma
subtypes. Clinical cancer research. 2006;12(11):3265-71.

57



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

58

Shin MS, Kim HS, Lee SH, Park WS, Kim SY, Park JY, et al. Mutations of
tumor necrosis factor-related apoptosis-inducing ligand receptor 1 (TRAIL-R1)
and receptor 2 (TRAIL-R2) genes in metastatic breast cancers. Cancer research.
2001;61(13):4942-6.

Hinz S, Trauzold A, Boenicke L, Sandberg C, Beckmann S, Bayer E, et al. Bcl-
XL protects pancreatic adenocarcinoma cells against CD95-and TRAIL-
receptor-mediated apoptosis. Oncogene. 2000;19(48):5477-86.

Takahashi H, Sakakura K, Kudo T, Toyoda M, Kaira K, Oyama T, et al.
Cancer-associated fibroblasts promote an immunosuppressive
microenvironment through the induction and accumulation of protumoral
macrophages. Oncotarget. 2017;8(5):8633.

Zhang A, Qian Y, Ye Z, Chen H, Xie H, Zhou L, et al. Cancer-associated
fibroblasts promote M2 polarization of macrophages in pancreatic ductal
adenocarcinoma. Cancer medicine. 2017;6(2):463-70.

De Val S, Black BL. Transcriptional Control of Endothelial Cell Development.
Developmental Cell. 2009;16(2):180-95.

Huang H, Langenkamp E, Georganaki M, Loskog A, Fuchs PF, Dieterich LC,
et al. VEGF suppresses T-lymphocyte infiltration in the tumor
microenvironment through inhibition of NF-kB-induced endothelial activation.
The FASEB Journal. 2015;29(1):227-38.

Cheong JE, Sun L. Targeting the IDO1/TDO2-KYN-AhR Pathway for Cancer
Immunotherapy - Challenges and Opportunities. Trends Pharmacol Sci.
2018;39(3):307-25.

Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation,
counter-regulation, and tolerance. Trends in immunology. 2016;37(3):193-207.

Zollinger AJ, Smith ML. Fibronectin, the extracellular glue. Matrix Biology.
2017;60:27-37.

Lieverse RI, Marcus D, van der Wiel AM, Van Limbergen EJ, Theys J,
Yaromina A, et al. Human fibronectin extra domain B as a biomarker for
targeted therapy in cancer. Molecular oncology. 2020;14(7):1555-68.

Zhou WH, Du WD, Li YF, Al-Aroomi MA, Yan C, Wang Y, et al. The
Overexpression of Fibronectin 1 Promotes Cancer Progression and Associated
with M2 Macrophages Polarization in Head and Neck Squamous Cell
Carcinoma Patients. Int J Gen Med. 2022;15:5027-42.

Yu C, Li Q, Zhang Y, Wen Z-F, Dong H, Mou Y. Current status and
perspective of tumor immunotherapy for head and neck squamous cell
carcinoma. Frontiers in Cell and Developmental Biology. 2022;10.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Xu R-h, Mai H-Q, Chen Q-Y, Chen D, Hu C, Yang K, et al. JUPITER-02:
Randomized, double-blind, phase III study of toripalimab or placebo plus
gemcitabine and cisplatin as first-line treatment for recurrent or metastatic
nasopharyngeal carcinoma (NPC). Journal of Clinical Oncology.
2021;39(18_suppl):LBA2-LBA.

Yang Y, QuS, LiJ, Hu C, Xu M, Li W, et al. Camrelizumab versus placebo in
combination with gemcitabine and cisplatin as first-line treatment for recurrent
or metastatic nasopharyngeal carcinoma (CAPTAIN-1st): a multicentre,
randomised, double-blind, phase 3 trial. Lancet Oncol. 2021;22(8):1162-74.

Mehra R, Seiwert TY, Gupta S, Weiss J, Gluck I, Eder JP, et al. Efficacy and
safety of pembrolizumab in recurrent/metastatic head and neck squamous cell
carcinoma: pooled analyses after long-term follow-up in KEYNOTE-012.
British journal of cancer. 2018;119(2):153-9.

Wang G, Zhang M, Cheng M, Wang X, Li K, Chen J, et al. Tumor
microenvironment in head and neck squamous cell carcinoma: Functions and
regulatory mechanisms. Cancer Lett. 2021;507:55-69.

Ferris RL, Whiteside TL, Ferrone S. Immune escape associated with functional
defects in antigen-processing machinery in head and neck cancer. Clinical
Cancer Research. 2006;12(13):3890-5.

Gillison ML, Koch WM, Capone RB, Spafford M, Westra WH, Wu L, et al.
Evidence for a causal association between human papillomavirus and a subset
of head and neck cancers. J Natl Cancer Inst. 2000;92(9):709-20.

Mellin H, Friesland S, Lewensohn R, Dalianis T, Munck-Wikland E. Human
papillomavirus (HPV) DNA in tonsillar cancer: Clinical correlates, risk of
relapse, and survival. International Journal of Cancer. 2000;89(3):300-4.

Gunvén P, Klein G, Henle G, Henle W, Clifford P. Epstein-Barr virus in
Burkitt's lymphoma and nasopharyngeal carcinoma. Antibodies to EBV
associated membrane and viral capsid antigens in Burkitt lymphoma patients.
Nature. 1970;228(5276):1053-6.

Kondo S, Wakisaka N, Muramatsu M, Zen Y, Endo K, Murono S, et al.
Epstein-Barr virus latent membrane protein | induces cancer stem/progenitor-
like cells in nasopharyngeal epithelial cell lines. Journal of virology.
2011;85(21):11255-64.

Kong QL, Hu LJ, Cao JY, Huang YJ, Xu LH, Liang Y, et al. Epstein-Barr
virus-encoded LMP2A induces an epithelial-mesenchymal transition and
increases the number of side population stem-like cancer cells in
nasopharyngeal carcinoma. PLoS pathogens. 2010;6(6):e1000940.

Chen SMY, Krinsky AL, Woolaver RA, Wang X, Chen Z, Wang JH. Tumor
immune microenvironment in head and neck cancers. Molecular
Carcinogenesis. 2020;59(7):766-74.

59



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

60

Tong CC, Kao J, Sikora AG. Recognizing and reversing the
immunosuppressive tumor microenvironment of head and neck cancer.
Immunologic research. 2012;54(1):266-74.

Nguyen N, Bellile E, Thomas D, McHugh J, Rozek L, Virani S, et al. Tumor
infiltrating lymphocytes and survival in patients with head and neck squamous
cell carcinoma. Head & neck. 2016;38(7):1074-84.

Partlova S, Boucek J, Kloudova K, Lukesova E, Zabrodsky M, Grega M, et al.
Distinct patterns of intratumoral immune cell infiltrates in patients with HPV-
associated compared to non-virally induced head and neck squamous cell
carcinoma. Oncoimmunology. 2015;4(1):e965570.

Bonagura VR, Hatam LJ, Rosenthal DW, de Voti JA, Lam F, Steinberg BM, et
al. Recurrent respiratory papillomatosis: a complex defect in immune
responsiveness to human papillomavirus-6 and -11. APMIS : acta pathologica,
microbiologica, et immunologica Scandinavica. 2010;118(6-7):455-70.

Hatam L, Rosenthal DW, DeVoti JA, Lam F, Abramson A, Steinberg BM, et
al. CD4+ Foxp3+ CD127+ low T-regulatory cells are increased in HPV
infected papillomas in patients with recurrent respiratory papillomatosis (RRP).
Journal of Allergy and Clinical Immunology. 2008;121(2):S211.

Israr M, DeVoti JA, Lam F, Abramson AL, Steinberg BM, Bonagura VR.
Altered Monocyte and Langerhans Cell Innate Immunity in Patients With
Recurrent Respiratory Papillomatosis (RRP). Frontiers in Immunology.
2020;11(336).

Bonagura VR, Hatam L, DeVoti J, Zeng F, Steinberg BM. Recurrent
respiratory papillomatosis: altered CD8(+) T-cell subsets and T(H)1/T(H)2
cytokine imbalance. Clinical immunology (Orlando, Fla). 1999;93(3):302-11.

Hatam LJ, Devoti JA, Rosenthal DW, Lam F, Abramson AL, Steinberg BM, et
al. Immune suppression in premalignant respiratory papillomas: enriched
functional CD4+Foxp3+ regulatory T cells and PD-1/PD-L1/L2 expression.
Clin Cancer Res. 2012;18(7):1925-35.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: A Cancer Journal
for Clinicians. 2021;71(3):209-49.

Lorenzoni V, Chaturvedi AK, Vignat J, Laversanne M, Bray F, Vaccarella S.
The Current Burden of Oropharyngeal Cancer: A Global Assessment Based on
GLOBOCAN 2020. Cancer Epidemiology, Biomarkers & Prevention.
2022:0F1-OF9.

Sacco AG, Cohen EE. Current Treatment Options for Recurrent or Metastatic
Head and Neck Squamous Cell Carcinoma. Journal of Clinical Oncology.
2015;33(29):3305-13.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

Brook I. Early side effects of radiation treatment for head and neck cancer.
Cancer Radiother. 2021;25(5):507-13.

Hashibe M, Brennan P, Chuang SC, Boccia S, Castellsague X, Chen C, et al.
Interaction between tobacco and alcohol use and the risk of head and neck
cancer: pooled analysis in the International Head and Neck Cancer
Epidemiology Consortium. Cancer epidemiology, biomarkers & prevention : a
publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology. 2009;18(2):541-50.

Chow LQM. Head and Neck Cancer. New England Journal of Medicine.
2020;382(1):60-72.

Chen YP, Chan ATC, Le QT, Blanchard P, Sun Y, Ma J. Nasopharyngeal
carcinoma. Lancet (London, England). 2019;394(10192):64-80.

Song Y, Cheng W, Li H, Liu X. The global, regional, national burden of
nasopharyngeal cancer and its attributable risk factors (1990-2019) and
predictions to 2035. Cancer Med. 2022;11(22):4310-20.

Chang ET, Ye W, Zeng YX, Adami HO. The Evolving Epidemiology of
Nasopharyngeal Carcinoma. Cancer epidemiology, biomarkers & prevention : a
publication of the American Association for Cancer Research, cosponsored by
the American Society of Preventive Oncology. 2021;30(6):1035-47.

Hildesheim A, Wang CP. Genetic predisposition factors and nasopharyngeal
carcinoma risk: a review of epidemiological association studies, 2000-2011:
Rosetta Stone for NPC: genetics, viral infection, and other environmental
factors. Semin Cancer Biol. 2012;22(2):107-16.

Young D, Xiao CC, Murphy B, Moore M, Fakhry C, Day TA. Increase in head
and neck cancer in younger patients due to human papillomavirus (HPV). Oral
Oncology. 2015;51(8):727-30.

Haeggblom L, Attoff T, Yu J, Holzhauser S, Vlastos A, Mirzae L, et al.
Changes in incidence and prevalence of human papillomavirus in tonsillar and
base of tongue cancer during 2000-2016 in the Stockholm region and Sweden.
Head & Neck. 2019;41(6):1583-90.

Fakhry C, Westra WH, Li S, Cmelak A, Ridge JA, Pinto H, et al. Improved
Survival of Patients With Human Papillomavirus—Positive Head and Neck
Squamous Cell Carcinoma in a Prospective Clinical Trial. JNCI: Journal of the
National Cancer Institute. 2008;100(4):261-9.

Brierley JD, Gospodarowicz MK, Wittekind C. TNM classification of
malignant tumours: John Wiley & Sons; 2017.

Amin MB, Edge SB. AJCC cancer staging manual: springer; 2017.

Pignon JP, le Maitre A, Maillard E, Bourhis J. Meta-analysis of chemotherapy
in head and neck cancer (MACH-NC): an update on 93 randomised trials and

17,346 patients. Radiotherapy and oncology : journal of the European Society
for Therapeutic Radiology and Oncology. 2009;92(1):4-14.

61



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

62

Colevas AD, Yom SS, Pfister DG, Spencer S, Adelstein D, Adkins D, et al.
NCCN Guidelines Insights: Head and Neck Cancers, Version 1.2018.
2018;16(5):479.

Vermorken JB, Mesia R, Rivera F, Remenar E, Kawecki A, Rottey S, et al.
Platinum-based chemotherapy plus cetuximab in head and neck cancer. The
New England journal of medicine. 2008;359(11):1116-27.

Moore EJ, Janus J, Kasperbauer J. Transoral robotic surgery of the oropharynx:
Clinical and anatomic considerations. Clin Anat. 2012;25(1):135-41.

Weiss BG, Ihler F, Wolff HA, Schneider S, Canis M, Steiner W, et al.
Transoral laser microsurgery for treatment for hypopharyngeal cancer in 211
patients. Head Neck. 2017;39(8):1631-8.

Abbott M, Ustoyev Y. Cancer and the Immune System: The History and
Background of Immunotherapy. Seminars in Oncology Nursing.
2019;35(5):150923.

Akinleye A, Rasool Z. Immune checkpoint inhibitors of PD-L1 as cancer
therapeutics. Journal of Hematology & Oncology. 2019;12(1):92.

Duan J, Cui L, Zhao X, Bai H, Cai S, Wang G, et al. Use of Immunotherapy
With Programmed Cell Death 1 vs Programmed Cell Death Ligand 1 Inhibitors
in Patients With Cancer: A Systematic Review and Meta-analysis. JAMA
Oncol. 2020;6(3):375-84.

Sharpe M. KEYTRUDA®(Pembrolizumab) for Injection, for Intravenous use.
2017.

Peggs KS, Quezada SA, Chambers CA, Korman AJ, Allison JP. Blockade of
CTLA-4 on both effector and regulatory T cell compartments contributes to the
antitumor activity of anti-CTLA-4 antibodies. Journal of Experimental
Medicine. 2009;206(8):1717-25.

Selby MJ, Engelhardt JJ, Quigley M, Henning KA, Chen T, Srinivasan M, et al.
Anti-CTLA-4 antibodies of IgG2a isotype enhance antitumor activity through
reduction of intratumoral regulatory T cells. Cancer immunology research.
2013;1(1):32-42.

Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F,
et al. Fc-dependent depletion of tumor-infiltrating regulatory T cells co-defines
the efficacy of anti-CTLA-4 therapy against melanoma. Journal of
Experimental Medicine. 2013;210(9):1695-710.

Nayak-Kapoor A, Hao Z, Sadek R, Dobbins R, Marshall L, Vahanian NN, et al.
Phase Ia study of the indoleamine 2,3-dioxygenase 1 (IDO1) inhibitor
navoximod (GDC-0919) in patients with recurrent advanced solid tumors. J
Immunother Cancer. 2018;6(1):61.

Mandal R, Senbabaoglu Y, Desrichard A, Havel JJ, Dalin MG, Riaz N, et al.
The head and neck cancer immune landscape and its immunotherapeutic
implications. JCI Insight. 2016;1(17):e89829.



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Massarelli E, William W, Johnson F, Kies M, Ferrarotto R, Guo M, et al.
Combining Immune Checkpoint Blockade and Tumor-Specific Vaccine for
Patients With Incurable Human Papillomavirus 16-Related Cancer: A Phase 2
Clinical Trial. JAMA Oncol. 2019;5(1):67-73.

Taylor GS, Jia H, Harrington K, Lee LW, Turner J, Ladell K, et al. A
recombinant modified vaccinia ankara vaccine encoding Epstein-Barr Virus
(EBV) target antigens: a phase I trial in UK patients with EBV-positive cancer.
Clin Cancer Res. 2014;20(19):5009-22.

Derkay CS, Malis DJ, Zalzal G, Wiatrak BJ, Kashima HK, Coltrera MD. A
staging system for assessing severity of disease and response to therapy in
recurrent respiratory papillomatosis. Laryngoscope. 1998;108(6):935-7.

Derkay CS, Hester RP, Burke B, Carron J, Lawson L. Analysis of a staging
assessment system for prediction of surgical interval in recurrent respiratory
papillomatosis. Int J Pediatr Otorhinolaryngol. 2004;68(12):1493-8.

Arffa RE, Krishna P, Gartner-Schmidt J, Rosen CA. Normative values for the
Voice Handicap Index-10. J Voice. 2012;26(4):462-5.

Kupfer RA, Cadalli Tatar E, Barry JO, Allen CT, Merati AL. Anatomic Derkay
Score Is Associated with Voice Handicap in Laryngeal Papillomatosis in
Adults. Otolaryngology—Head and Neck Surgery. 2016;154(4):689-92.

Hermann JS, Pontes P, Weckx LL, Fujita R, Avelino M, Pignatari SS.
Laryngeal sequelae of recurrent respiratory papillomatosis surgery in children.
Revista da Associacao Medica Brasileira (1992). 2012;58(2):204-8.

Welschmeyer A, Berke GS. An updated review of the epidemiological factors
associated with recurrent respiratory papillomatosis. Laryngoscope Investig
Otolaryngol. 2021;6(2):226-33.

Markowitz LE, Dunne EF, Saraiya M, Chesson HW, Curtis CR, Gee J, et al.
Human papillomavirus vaccination: recommendations of the Advisory
Committee on Immunization Practices (ACIP). MMWR Recommendations and
reports : Morbidity and mortality weekly report Recommendations and reports.
2014;63(Rr-05):1-30.

Healy GB, Gelber RD, Trowbridge AL, Grundfast KM, Ruben RJ, Price KN.
Treatment of Recurrent Respiratory Papillomatosis with Human Leukocyte
Interferon. New England Journal of Medicine. 1988;319(7):401-7.

Allen CT, Lee S, Norberg SM, Kovalovsky D, Ye H, Clavijo PE, et al. Safety
and clinical activity of PD-L1 blockade in patients with aggressive recurrent
respiratory papillomatosis. J Immunother Cancer. 2019;7(1):119.

Lee AS, Rosen CA. Efficacy of cidofovir injection for the treatment of
recurrent respiratory papillomatosis. Journal of Voice. 2004;18(4):551-6.

63



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

64

Pransky SM, Brewster DF, Magit AE, Kearns DB. Clinical update on 10
children treated with intralesional cidofovir injections for severe recurrent
respiratory papillomatosis. Archives of Otolaryngology—Head & Neck Surgery.
2000;126(10):1239-43.

Ivancic R, Igbal H, deSilva B, Pan Q, Matrka L. Immunological tolerance of
low-risk HPV in recurrent respiratory papillomatosis. Clin Exp Immunol.
2020;199(2):131-42.

Mauz PS, Schafer FA, Iftner T, Gonser P. HPV vaccination as preventive
approach for recurrent respiratory papillomatosis - a 22-year retrospective
clinical analysis. BMC infectious diseases. 2018;18(1):343.

Matsuzaki H, Makiyama K, Hirai R, Suzuki H, Asai R, Oshima T. Multi-Year
Effect of Human Papillomavirus Vaccination on Recurrent Respiratory
Papillomatosis. Laryngoscope. 2020;130(2):442-7.

Ahn J, Bishop JA, Roden RBS, Allen CT, Best SRA. The PD-1 and PD-L1
pathway in recurrent respiratory papillomatosis. Laryngoscope.
2018;128(1):E27-¢32.

Stanley MA. Epithelial cell responses to infection with human papillomavirus.
Clinical microbiology reviews. 2012;25(2):215-22.

Graham SV. The human papillomavirus replication cycle, and its links to
cancer progression: a comprehensive review. Clinical science.
2017;131(17):2201-21.

Liu W, Chen G, Zhang C, Liao X, Xie J, Liang T, et al. Prognostic significance
of tumor-infiltrating lymphocytes and macrophages in nasopharyngeal
carcinoma: a systematic review and meta-analysis. Eur Arch Otorhinolaryngol.
2022;279(1):25-35.

Ward MJ, Thirdborough SM, Mellows T, Riley C, Harris S, Suchak K, et al.
Tumour-infiltrating lymphocytes predict for outcome in HPV-positive
oropharyngeal cancer. British journal of cancer. 2014;110(2):489-500.
Al-Rajhi N, Soudy H, Ahmed SA, Elhassan T, Mohammed SF, Khoja HA, et
al. CD3+T-lymphocyte infiltration is an independent prognostic factor for
advanced nasopharyngeal carcinoma. BMC Cancer. 2020;20(1):240.

Huang SCM, Tsao SW, Tsang CM. Interplay of Viral Infection, Host Cell
Factors and Tumor Microenvironment in the Pathogenesis of Nasopharyngeal
Carcinoma. Cancers (Basel). 2018;10(4).

Perri F, Ionna F, Longo F, Della Vittoria Scarpati G, De Angelis C, Ottaiano A,
et al. Immune Response Against Head and Neck Cancer: Biological
Mechanisms and Implication on Therapy. Transl Oncol. 2020;13(2):262-74.
Wang Y-Q, Chen Y-P, Zhang Y, Jiang W, Liu N, Yun J-P, et al. Prognostic
significance of tumor-infiltrating lymphocytes in nondisseminated
nasopharyngeal carcinoma: A large-scale cohort study. 2018;142(12):2558-66.



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Nasman A, Romanitan M, Nordfors C, Grun N, Johansson H, Hammarstedt L,
et al. Tumor infiltrating CD8+ and Foxp3+ lymphocytes correlate to clinical
outcome and human papillomavirus (HPV) status in tonsillar cancer. PLoS
One. 2012;7(6):e38711.

Karpathiou G, Casteillo F, Giroult J-B, Forest F, Fournel P, Monaya A, et al.
Prognostic impact of immune microenvironment in laryngeal and pharyngeal
squamous cell carcinoma: Immune cell subtypes, immuno-suppressive
pathways and clinicopathologic characteristics. Oncotarget. 2017;8(12):19310.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and
immune tolerance. cell. 2008;133(5):775-87.

Shang B, Liu Y, Jiang S-j, Liu Y. Prognostic value of tumor-infiltrating
FoxP3+ regulatory T cells in cancers: a systematic review and meta-analysis.
Scientific reports. 2015;5(1):1-9.

Kindt N, Descamps G, Seminerio I, Bellier J, Lechien JR, Mat Q, et al. High
stromal Foxp3-positive T cell number combined to tumor stage improved
prognosis in head and neck squamous cell carcinoma. Oral Oncol.
2017;67:183-91.

Chen Y-P, Yin J-H, Li W-F, Li H-J, Chen D-P, Zhang C-J, et al. Single-cell
transcriptomics reveals regulators underlying immune cell diversity and
immune subtypes associated with prognosis in nasopharyngeal carcinoma. Cell
Research. 2020.

Gong L, Kwong DL, Dai W, Wu P, Li S, Yan Q, et al. Comprehensive single-
cell sequencing reveals the stromal dynamics and tumor-specific characteristics
in the microenvironment of nasopharyngeal carcinoma. Nat Commun.
2021;12(1):1540.

Deng WW, Wu L, Sun ZJ. Co-inhibitory immune checkpoints in head and neck
squamous cell carcinoma. Oral diseases. 2018;24(1-2):120-3.

Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS, et al.
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in
cancer patients. Nature. 2014;515(7528):563-7.

Huang YH, Zhu C, Kondo Y, Anderson AC, Gandhi A, Russell A, et al.
CEACAMI regulates TIM-3-mediated tolerance and exhaustion. Nature.
2015;517(7534):386-90.

Oguejiofor K, Galletta-Williams H, Dovedi SJ, Roberts DL, Stern PL, West
CM. Distinct patterns of infiltrating CD8+ T cells in HPV+ and CD68
macrophages in HPV- oropharyngeal squamous cell carcinomas are associated

with better clinical outcome but PD-L1 expression is not prognostic.
Oncotarget. 2017;8(9):14416-27.

65



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

66

Balermpas P, Rodel F, Rodel C, Krause M, Linge A, Lohaus F, et al. CD 8+
tumour-infiltrating lymphocytes in relation to HPV status and clinical outcome
in patients with head and neck cancer after postoperative chemoradiotherapy: A
multicentre study of the G erman cancer consortium radiation oncology group
(DKTK-ROG). International journal of cancer. 2016;138(1):171-81.

Wang Y-Q, Chen L, Mao Y-P, Li Y-Q, Jiang W, Xu S-Y, et al. Prognostic
value of immune score in nasopharyngeal carcinoma using digital pathology.
Journal for immunotherapy of cancer. 2020;8(2).

Selitsky SR, Marron D, Mose LE, Parker JS, Dittmer DP. Epstein-Barr Virus-
Positive Cancers Show Altered B-Cell Clonality. mSystems. 2018;3(5).

Wu'Y, Meng L, Cai K, Zhao J, He S, Shen J, et al. A Tumor-Infiltration CD8+
T Cell-Based Gene Signature for Facilitating the Prognosis and Estimation of
Immunization Responses in HPV+ Head and Neck Squamous Cell Cancer.
Front Oncol. 2021;11:749398.

Seminerio I, Kindt N, Descamps G, Bellier J, Lechien JR, Mat Q, et al. High
infiltration of CD68+ macrophages is associated with poor prognoses of head
and neck squamous cell carcinoma patients and is influenced by human
papillomavirus. Oncotarget. 2018;9(13):11046-59.

Kindt N, Descamps G, Seminerio I, Bellier J, Lechien JR, Pottier C, et al.
Langerhans cell number is a strong and independent prognostic factor for head
and neck squamous cell carcinomas. Oral Oncology. 2016;62:1-10.

Nilsson JS, Forslund O, Andersson FC, Lindstedt M, Greiff L. Intralesional
EBV-DNA load as marker of prognosis for nasopharyngeal cancer. Sci Rep.
2019;9(1):15432.

Lee VH, Kwong DL, Leung TW, Choi CW, O'Sullivan B, Lam KO, et al. The
addition of pretreatment plasma Epstein-Barr virus DNA into the eighth edition
of nasopharyngeal cancer TNM stage classification. Int J Cancer.
2019;144(7):1713-22.

Hau PM, Lung HL, Wu M, Tsang CM, Wong KL, Mak NK, et al. Targeting
Epstein-Barr Virus in Nasopharyngeal Carcinoma. Front Oncol. 2020;10:600.

Fares S, Spiess K, Olesen ETB, Zuo J, Jackson S, Kledal TN, et al. Distinct
Roles of Extracellular Domains in the Epstein-Barr Virus-Encoded BILF1
Receptor for Signaling and Major Histocompatibility Complex Class I
Downregulation. mBio. 2019;10(1).

Sengupta S, den Boon JA, Chen IH, Newton MA, Dahl DB, Chen M, et al.
Genome-wide expression profiling reveals EBV-associated inhibition of MHC

class I expression in nasopharyngeal carcinoma. Cancer Res.
2006;66(16):7999-8006.



135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Ooft ML, van Ipenburg JA, Sanders ME, Kranendonk M, Hofland I, de Bree R,
et al. Prognostic role of tumour-associated macrophages and regulatory T cells
in EBV-positive and EBV-negative nasopharyngeal carcinoma. Journal of
clinical pathology. 2018;71(3):267-74.

Nilsson JS, Abolhalaj M, Lundberg K, Lindstedt M, Greiff L. Dendritic cell
subpopulations in nasopharyngeal cancer. Oncol Lett. 2019;17(2):2557-61.
Cai T-T, Ye S-B, Liu Y-N, He J, Chen Q-Y, Mai H-Q, et al. LMP1-mediated
glycolysis induces myeloid-derived suppressor cell expansion in
nasopharyngeal carcinoma. PLoS pathogens. 2017;13(7):¢1006503.

Fang W, Zhang J, Hong S, Zhan J, Chen N, Qin T, et al. EBV-driven LMP1
and IFN-y up-regulate PD-L1 in nasopharyngeal carcinoma: Implications for
oncotargeted therapy. Oncotarget. 2014;5(23):12189.

Li Z-L, Ye S-B, OuYang L-Y, Zhang H, Chen Y-S, He J, et al. COX-2
promotes metastasis in nasopharyngeal carcinoma by mediating interactions

between cancer cells and myeloid-derived suppressor cells. Oncoimmunology.
2015;4(11):e1044712.

Groth C, Hu X, Weber R, Fleming V, Altevogt P, Utikal J, et al.
Immunosuppression mediated by myeloid-derived suppressor cells (MDSCs)
during tumour progression. British journal of cancer. 2019;120(1):16-25.

Wang Y-Q, Zhang Y, Jiang W, Chen Y-P, Xu S-Y, Liu N, et al. Development
and validation of an immune checkpoint-based signature to predict prognosis in
nasopharyngeal carcinoma using computational pathology analysis. Journal for
immunotherapy of cancer. 2019;7(1):298-.

Cheng S, Li Z, Gao R, Xing B, Gao Y, Yang Y, et al. A pan-cancer single-cell
transcriptional atlas of tumor infiltrating myeloid cells. Cell. 2021;184(3):792-
809.e23.

Liu W, Chen G, Zhang C, Liao X, Xie J, Liang T, et al. Prognostic significance
of tumor-infiltrating lymphocytes and macrophages in nasopharyngeal
carcinoma: a systematic review and meta-analysis. European Archives of Oto-
Rhino-Laryngology. 2022;279(1):25-35.

Chao P-Z, Hsiech M-S, Cheng C-W, Hsu T-J, Lin Y-T, Lai C-H, et al. Dendritic
cells respond to nasopharygeal carcinoma cells through annexin A2-
recognizing DC-SIGN. Oncotarget. 2015;6(1):159.

Liu Y, He S, Wang X-L, Peng W, Chen Q-Y, Chi D-M, et al. Tumour
heterogeneity and intercellular networks of nasopharyngeal carcinoma at single
cell resolution. Nature Communications. 2021;12(1):741.

Nasman A, Attner P, Hammarstedt L, Du J, Eriksson M, Giraud G, et al.
Incidence of human papillomavirus (HPV) positive tonsillar carcinoma in

Stockholm, Sweden: an epidemic of viral-induced carcinoma? Int J Cancer.
2009;125(2):362-6.

67



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

68

Carlander AF, Gronhoj Larsen C, Jensen DH, Garnaes E, Kiss K, Andersen L,
et al. Continuing rise in oropharyngeal cancer in a high HPV prevalence area:
A Danish population-based study from 2011 to 2014. Eur J Cancer.
2017;70:75-82.

Faust H, Fldenhed Alwan E, Roslin A, Wennerberg J, Forslund O. Prevalence
of human papillomavirus types, viral load and physical status of HPV16 in head
and neck squamous cell carcinoma from the South Swedish Health Care
Region. The Journal of general virology. 2016;97(11):2949-56.

Koneva LA, Zhang Y, Virani S, Hall PB, McHugh JB, Chepeha DB, et al. HPV
Integration in HNSCC Correlates with Survival Outcomes, Immune Response
Signatures, and Candidate Drivers. Mol Cancer Res. 2018;16(1):90-102.

Human papillomaviruses. IARC monographs on the evaluation of carcinogenic
risks to humans. 1995;64:1-378.

Hoffmann M, Thloff AS, Gorogh T, Weise JB, Fazel A, Krams M, et al.
p16(INK4a) overexpression predicts translational active human papillomavirus
infection in tonsillar cancer. Int J Cancer. 2010;127(7):1595-602.

Albers A, Abe K, Hunt J, Wang J, Lopez-Albaitero A, Schaefer C, et al.
Antitumor activity of human papillomavirus type 16 E7-specific T cells against
virally infected squamous cell carcinoma of the head and neck. Cancer Res.
2005;65(23):11146-55.

Masterson L, Lechner M, Loewenbein S, Mohammed H, Davies-Husband C,
Fenton T, et al. CD8(+) T cell response to human papillomavirus 16 E7 is able
to predict survival outcome in oropharyngeal cancer. Eur J Cancer.
2016;67:141-51.

Nisman A, Romanitan M, Nordfors C, Griin N, Johansson H, Hammarstedt L,
et al. Tumor infiltrating CD8+ and Foxp3+ lymphocytes correlate to clinical
outcome and human papillomavirus (HPV) status in tonsillar cancer. PloS one.
2012;7(6):e38711.

Krishna S, Ulrich P, Wilson E, Parikh F, Narang P, Yang S, et al. Human
Papilloma Virus Specific Inmunogenicity and Dysfunction of CD8+ T Cells in
Head and Neck Cancer. Cancer Research. 2018;78(21):6159-70.

Kim MH, Kim J-H, Lee JM, Choi JW, Jung D, Cho H, et al. Molecular
subtypes of oropharyngeal cancer show distinct immune microenvironment
related with immune checkpoint blockade response. British journal of cancer.
2020;122(11):1649-60.

Chaiwongkot A, Vinokurova S, Pientong C, Ekalaksananan T, Kongyingyoes
B, Kleebkaow P, et al. Differential methylation of E2 binding sites in episomal
and integrated HPV 16 genomes in preinvasive and invasive cervical lesions.
Int J Cancer. 2013;132(9):2087-94.



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Reuschenbach M, Huebbers CU, Prigge ES, Bermejo JL, Kalteis MS, Preuss
SF, et al. Methylation status of HPV 16 E2-binding sites classifies subtypes of
HPV-associated oropharyngeal cancers. Cancer. 2015;121(12):1966-76.

Nishimura A, Ono T, Ishimoto A, Dowhanick JJ, Frizzell MA, Howley PM, et
al. Mechanisms of human papillomavirus E2-mediated repression of viral
oncogene expression and cervical cancer cell growth inhibition. Journal of
virology. 2000;74(8):3752-60.

Jimenez DG, Altunbulakli C, Swoboda S, Sobti A, Askmyr D, Ali A, et al.
Single-cell analysis of myeloid cells in HPV+ tonsillar cancer. Frontiers in
Immunology. 2023;13.

Cogliano V, Baan R, Straif K, Grosse Y, Secretan B, Ghissassi FE.
Carcinogenicity of human papillomaviruses. The Lancet Oncology.
2005;6(4):204.

Gillison ML, Shah KV. Chapter 9: Role of mucosal human papillomavirus in
nongenital cancers. JNCI Monographs. 2003;2003(31):57-65.

Kashima HK, Shah F, Lyles A, Glackin R, Muhammad N, Turner L, et al. A
comparison of risk factors in juvenile-onset and adult-onset recurrent
respiratory papillomatosis. Laryngoscope. 1992;102(1):9-13.

Padayachee A, Prescott CA. Relationship between the clinical course and HPV
typing of recurrent laryngeal papillomatosis. The Red Cross War Memorial
Children's Hospital experience 1982-1988. Int J Pediatr Otorhinolaryngol.
1993;26(2):141-7.

Mounts P, Kashima H. Association of human papillomavirus subtype and
clinical course in respiratory papillomatosis. Laryngoscope. 1984;94(1):28-33.

Rabah R, Lancaster WD, Thomas R, Gregoire L. Human papillomavirus-11-
associated recurrent respiratory papillomatosis is more aggressive than human
papillomavirus-6-associated disease. Pediatric and developmental pathology :
the official journal of the Society for Pediatric Pathology and the Paediatric
Pathology Society. 2001;4(1):68-72.

Wiatrak BJ, Wiatrak DW, Broker TR, Lewis L. Recurrent respiratory
papillomatosis: a longitudinal study comparing severity associated with human
papilloma viral types 6 and 11 and other risk factors in a large pediatric
population. Laryngoscope. 2004;114(11 Pt 2 Suppl 104):1-23.

Kashima H, Mounts P, Leventhal B, Hruban RH. Sites of predilection in
recurrent respiratory papillomatosis. The Annals of otology, rhinology, and
laryngology. 1993;102(8 Pt 1):580-3.

Reeves WC, Ruparelia SS, Swanson KI, Derkay CS, Marcus A, Unger ER.
National registry for juvenile-onset recurrent respiratory papillomatosis.
Archives of otolaryngology--head & neck surgery. 2003;129(9):976-82.

69



170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

70

Rihkanen H, Aaltonen LM, Syrjanen SM. Human papillomavirus in laryngeal
papillomas and in adjacent normal epithelium. Clin Otolaryngol Allied Sci.
1993;18(6):470-4.

Bishai D, Kashima H, Shah K. The Cost of Juvenile-Onset Recurrent
Respiratory Papillomatosis. Archives of Otolaryngology—Head & Neck
Surgery. 2000;126(8):935-9.

Gaylis B, Hayden RE. Recurrent respiratory papillomatosis: progression to

invasion and malignancy. American journal of otolaryngology. 1991;12(2):104-
12.

Smith EM, Pignatari SS, Gray SD, Haugen TH, Turek LP. Human
papillomavirus infection in papillomas and nondiseased respiratory sites of
patients with recurrent respiratory papillomatosis using the polymerase chain
reaction. Archives of otolaryngology--head & neck surgery. 1993;119(5):554-
7.

Chow LT, Broker TR, Steinberg BM. The natural history of human
papillomavirus infections of the mucosal epithelia. APMIS : acta pathologica,
microbiologica, et immunologica Scandinavica. 2010;118(6-7):422-49.

Pignatari S, Smith EM, Gray SD, Shive C, Turek LP. Detection of human
papillomavirus infection in diseased and nondiseased sites of the respiratory
tract in recurrent respiratory papillomatosis patients by DNA hybridization. The
Annals of otology, rhinology, and laryngology. 1992;101(5):408-12.

Wu X, Xiao Y, Guo D, Zhang Z, Liu M. Reduced NK Cell Cytotoxicity by
Papillomatosis-Derived TGF-3 Contributing to Low-Risk HPV Persistence in
JORRP Patients. Front Immunol. 2022;13:849493.

Baghban R, Roshangar L, Jahanban-Esfahlan R, Seidi K, Ebrahimi-Kalan A,
Jaymand M, et al. Tumor microenvironment complexity and therapeutic
implications at a glance. Cell Communication and Signaling. 2020;18(1):59.
Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective
therapy. Nature medicine. 2018;24(5):541-50.

Kaidar-Person O, Gil Z, Billan S. Precision medicine in head and neck cancer.
Drug Resistance Updates. 2018;40:13-6.

Cieslik M, Chinnaiyan AM. Cancer transcriptome profiling at the juncture of
clinical translation. Nature Reviews Genetics. 2018;19(2):93-109.

Lewis SM, Asselin-Labat M-L, Nguyen Q, Berthelet J, Tan X, Wimmer VC, et
al. Spatial omics and multiplexed imaging to explore cancer biology. Nature
Methods. 2021;18(9):997-1012.

Saiselet M, Rodrigues-Vitdria J, Tourneur A, Craciun L, Spinette A, Larsimont

D, et al. Transcriptional output, cell-type densities, and normalization in spatial
transcriptomics. Journal of Molecular Cell Biology. 2020;12(11):906-8.



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Cieslik M, Chinnaiyan AM. Cancer transcriptome profiling at the juncture of
clinical translation. Nat Rev Genet. 2018;19(2):93-109.

Suva ML, Tirosh I. Single-Cell RNA Sequencing in Cancer: Lessons Learned
and Emerging Challenges. Mol Cell. 2019;75(1):7-12.

Puram SV, Tirosh I, Parikh AS, Patel AP, Yizhak K, Gillespie S, et al. Single-
Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in
Head and Neck Cancer. Cell. 2017;171(7):1611-24.e24.

Newman AM, Steen CB, Liu CL, Gentles AJ, Chaudhuri AA, Scherer F, et al.
Determining cell type abundance and expression from bulk tissues with digital
cytometry. Nature Biotechnology. 2019;37(7):773-82.

Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular
heterogeneity landscape. Genome Biology. 2017;18(1):220.

Luca BA, Steen CB, Matusiak M, Azizi A, Varma S, Zhu C, et al. Atlas of
clinically distinct cell states and ecosystems across human solid tumors. Cell.
2021;184(21):5482-96.¢28.

Danaher P, Warren S, Dennis L, D’Amico L, White A, Disis ML, et al. Gene
expression markers of Tumor Infiltrating Leukocytes. Journal for
ImmunoTherapy of Cancer. 2017;5(1):18.

Dodd LE, Sengupta S, Chen IH, den Boon JA, Cheng YJ, Westra W, et al.
Genes involved in DNA repair and nitrosamine metabolism and those located
on chromosome 14q32 are dysregulated in nasopharyngeal carcinoma. Cancer
epidemiology, biomarkers & prevention : a publication of the American
Association for Cancer Research, cosponsored by the American Society of
Preventive Oncology. 2006;15(11):2216-25.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nature Methods.
2015;12(5):453-7.

Luo F, Cao J, Lu F, Zeng K, Ma W, Huang Y, et al. Lymphocyte activating
gene 3 protein expression in nasopharyngeal carcinoma is correlated with
programmed cell death-1 and programmed cell death ligand-1, tumor-
infiltrating lymphocytes. Cancer Cell International. 2021;21(1):458.

Grosso JF, Goldberg MV, Getnet D, Bruno TC, Yen H-R, Pyle KJ, et al.
Functionally distinct LAG-3 and PD-1 subsets on activated and chronically
stimulated CDS8 T cells. The Journal of Immunology. 2009;182(11):6659-69.

Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al.
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during
chronic viral infection. Nature Immunology. 2009;10(1):29-37.

LiZL, Ye SB, OuYang LY, Zhang H, Chen YS, He J, et al. COX-2 promotes
metastasis in nasopharyngeal carcinoma by mediating interactions between
cancer cells and myeloid-derived suppressor cells. Oncoimmunology.
2015;4(11):e1044712.

71



196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

72

Nordfors C, Griin N, Tertipis N, Ahrlund-Richter A, Haeggblom L, Sivars L, et
al. CD8+ and CD4+ tumour infiltrating lymphocytes in relation to human
papillomavirus status and clinical outcome in tonsillar and base of tongue
squamous cell carcinoma. Eur J Cancer. 2013;49(11):2522-30.

Kobayashi K, Hisamatsu K, Suzui N, Hara A, Tomita H, Miyazaki T. A review
of HPV-related head and neck cancer. Journal of clinical medicine.
2018;7(9):241.

Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al.
The Immune Landscape of Cancer. Immunity. 2018;48(4):812-30.e14.

Eberhardt CS, Kissick HT, Patel MR, Cardenas MA, Prokhnevska N, Obeng
RC, et al. Functional HPV-specific PD-1+ stem-like CDS8 T cells in head and
neck cancer. Nature. 2021;597(7875):279-84.

Badoual C, Hans S, Merillon N, Van Ryswick C, Ravel P, Benhamouda N, et
al. PD-1-Expressing Tumor-Infiltrating T Cells are a favorable prognostic
biomarker in HPV-Associated Head and Neck Cancer PD-1-Expressing T
Cells in HPV-Associated Oral Cancers. Cancer research. 2013;73(1):128-38.

DeVoti JA, Rosenthal DW, Wu R, Abramson AL, Steinberg BM, Bonagura
VR. Immune dysregulation and tumor-associated gene changes in recurrent
respiratory papillomatosis: a paired microarray analysis. Mol Med. 2008;14(9-
10):608-17.

Rosenthal DW, DeVoti JA, Schmidtmayerova H, Steinberg BM, Bonagura VR.
Human Papillomavirus causes a TH2-like Chemokine Predominance in
Recurrent Respiratory Papillomatotosis (RPR). Journal of Allergy and Clinical
Immunology. 2008;121(2, Supplement 1):S15.

Wu X, Xiao Y, Zhou S, Wang Y, Wang J. Transcriptomic Landscape of Gene
Expression Profiles and Pathways in Juvenile-Onset Recurrent Respiratory
Papillomatosis Tumor Tissues and Human Papillomavirus 6 and 11 E6- and
E7-Overexpressing Head and Neck Squamous Cell Carcinoma Cell Lines.
Journal of virology. 2022;96(2):e0134221.

Wu X, Wang G, Chen X, Zhang J, Zhao J, Wang J, et al. Impaired T Cell-
dependent Humoral Immune Response Associated with Juvenile-onset
Recurrent Respiratory Papillomatosis Progression. Sci Rep. 2016;6:36378.
Longo SK, Guo MG, Ji AL, Khavari PA. Integrating single-cell and spatial
transcriptomics to elucidate intercellular tissue dynamics. Nature Reviews
Genetics. 2021;22(10):627-44.

Merritt CR, Ong GT, Church SE, Barker K, Danaher P, Geiss G, et al.
Multiplex digital spatial profiling of proteins and RNA in fixed tissue. Nat
Biotechnol. 2020;38(5):586-99.



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Hernandez S, Lazcano R, Serrano A, Powell S, Kostousov L, Mehta J, et al.
Challenges and Opportunities for Immunoprofiling Using a Spatial High-Plex
Technology: The NanoString GeoMx® Digital Spatial Profiler. Frontiers in
Oncology. 2022:2946.

He S, Bhatt R, Brown C, Brown EA, Buhr DL, Chantranuvatana K, et al. High-
plex imaging of RNA and proteins at subcellular resolution in fixed tissue by
spatial molecular imaging. Nature Biotechnology. 2022.

Chen HY, Palendira U, Feng CG. Navigating the cellular landscape in tissue:
Recent advances in defining the pathogenesis of human disease. Comput Struct
Biotechnol J. 2022;20:5256-63.

Berry S, Giraldo NA, Green BF, Cottrell TR, Stein JE, Engle EL, et al.
Analysis of multispectral imaging with the AstroPath platform informs efficacy
of PD-1 blockade. Science. 2021;372(6547).

Kulasinghe A, Taheri T, O'Byrne K, Hughes BGM, Kenny L, Punyadeera C.
Highly Multiplexed Digital Spatial Profiling of the Tumor Microenvironment
of Head and Neck Squamous Cell Carcinoma Patients. Front Oncol.
2020;10:607349.

Sousa LG, Rajapakshe K, Rodriguez Canales J, Chin RL, Feng L, Wang Q, et
al. ISA101 and nivolumab for HPV-16(+) cancer: updated clinical efficacy and
immune correlates of response. J Immunother Cancer. 2022;10(2).

Korpela SP, Hinz TK, Oweida A, Kim J, Calhoun J, Ferris R, et al. Role of
epidermal growth factor receptor inhibitor-induced interferon pathway
signaling in the head and neck squamous cell carcinoma therapeutic response. J
Transl Med. 2021;19(1):43.

Chen X, Li X, Zhao F, Huang H, Lu J, Liu X. Distribution and prognostic
significance of tumor-infiltrating mast cells in nasopharyngeal carcinoma].
Zhonghua Er Bi Yan Hou Tou Jing Wai Ke Za Zhi. 2015;50(4):306-11.
YuY,KeL, Lv X, Ling YH, Lu J, Liang H, et al. The prognostic significance
of carcinoma-associated fibroblasts and tumor-associated macrophages in
nasopharyngeal carcinoma. Cancer Manag Res. 2018;10:1935-46.

Liu SL, Bian LJ, Liu ZX, Chen QY, Sun XS, Sun R, et al. Development and
validation of the immune signature to predict distant metastasis in patients with
nasopharyngeal carcinoma. J Immunother Cancer. 2020;8(1).

Liu T, Zhou L, Li D, Andl T, Zhang Y. Cancer-associated fibroblasts build and
secure the tumor microenvironment. Frontiers in cell and developmental
biology. 2019;7:60.

Wang J, Deng L, Huang J, Cai R, Zhu X, Liu F, et al. High expression of
Fibronectin 1 suppresses apoptosis through the NF-xB pathway and is

associated with migration in nasopharyngeal carcinoma. American Journal of
Translational Research. 2017;9(10):4502.

73



219.

220.

221.

222.

223.

224.

Ye Z, Zheng Z, Li X, Zhu Y, Zhong Z, Peng L, et al. B7-H3 overexpression
predicts poor survival of cancer patients: a meta-analysis. Cellular Physiology
and Biochemistry. 2016;39(4):1568-80.

Zhao X, Li D-C, Zhu X-G, Gan W-J, Li Z, Xiong F, et al. B7-H3
overexpression in pancreatic cancer promotes tumor progression. International
journal of molecular medicine. 2013;31(2):283-91.

Yu T-T, Zhang T, Lu X, Wang R-Z. B7-H3 promotes metastasis, proliferation,
and epithelial-mesenchymal transition in lung adenocarcinoma. OncoTargets
and therapy. 2018;11:4693.

Lee Y-h, Martin-Orozco N, Zheng P, Li J, Zhang P, Tan H, et al. Inhibition of
the B7-H3 immune checkpoint limits tumor growth by enhancing cytotoxic
lymphocyte function. Cell research. 2017;27(8):1034-45.

Picarda E, Ohaegbulam KC, Zang X. Molecular Pathways: Targeting B7-H3
(CD276) for Human Cancer ImmunotherapyCancer Immunotherapies against
B7-H3. Clinical Cancer Research. 2016;22(14):3425-31.

Yonesaka K, Haratani K, Takamura S, Sakai H, Kato R, Takegawa N, et al. B7-
H3 Negatively Modulates CTL-Mediated Cancer ImmunityB7-H3 Negatively
Modulates Cancer Immunity. Clinical Cancer Research. 2018;24(11):2653-64.

As of February 15th, 2023, information on ongoing clinical studies was
acquired from the NIH database ClinicalTrials.gov (http://clinicaltrials.gov/).

74



Paper I-V

75









UNIVERSITY

Lund University
Faculty of Engineering
Department of Inmunotechnology

ISBN 978-91-8039-594-6

Printed by Media-Tryck, Lund 2023 /Z””/,// NORDIC SWAN ECOLABEL 3041 0903




	Tom sida



