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- Chapter 1 |

Introduction



Cancer represents one of the most intricate diseases in medicine, driven not
only by the genetic alterations within tumor cells but by a dynamic interplay
with the surrounding microenvironment. The tumor microenvironment
(TME) is increasingly recognized as a decisive driver of antitumor immunity,
determining whether immune cells mediate tumor eradication or contribute to
immune escape. Advances in immuno-oncology have revealed that successful
therapy depends as much on reprogramming this ecosystem as on targeting
the tumor itself. Yet, the precise mechanisms by which spatial organization
and cellular composition within the TME shapes therapeutic response remains
incompletely understood. This thesis aims to deepen our understanding of
these interactions in HPV-induced tumors, leveraging cutting-edge spatial
profiling technologies to uncover how the immune landscape governs response
to immunotherapy and how it impacts patient survival, ultimately striving to
inform the rational design of more effective, personalized treatment strategies.

The tumor microenvironment

Composition of the tumor microenvironment

The TME is a complex ecosystem of cellular and molecular constituents
that collectively shape tumor behavior and influence therapeutic outcome.
In addition to malignant cells, it comprises diverse immune cell populations,
including lymphocytes (e.g. T cells, B cells) and myeloid cells (e.g. macrophages,
dendritic cells, neutrophils, mast cells), which together regulate immune
surveillance and evasion. Stromal elements, such as fibroblasts and endothelial
cells, provide structural integrity while promoting angiogenesis, invasion, and
immune modulation. The extracellular matrix (ECM), composed of proteins
such as collagen, laminin and fibronectin, acts as a dynamic scaffold that
modulates cellular behavior. Soluble factors, including cytokines, chemokines
and growth factors, orchestrate communication between tumor and stromal
compartments (Figure 1).
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Figure 1. Cellular composition of the tumor microenvironment.

Cell populations associated with effective tumor control are depicted in green, those that promote tumor
progression in red and cell types with context-dependent or dual functions are shown in black.
Image created with BioRender.

Beyond these individual cellular and molecular components, their reciprocal
spatial interactions play a crucial role in tumor dynamics. For example, the
proximity of immune cells to tumor cells determines the likelihood of an
effective anti-tumor response.! Similarly, fibroblast distribution and ECM
density can create physical barriers that hinder drug penetration or promote
immune exclusion by limiting lymphocyte infiltration.? Endothelial cells
positioned near tumor nests sustain angiogenesis and facilitate metastatic
dissemination.? Recent advances in high-resolution imaging have underscored
the importance of these spatial relationships. Elucidating these patterns is
essential for understanding tumor biology and for designing more effective
therapeutic strategies.

The hallmarks of cancer, as described by Hanahan and Weinberg?, provide a
conceptual framework for tumor biology, several of which are tightly linked to
the TME. Angiogenesis, for instance, is driven by endothelial cells responding
to pro-angiogenic cues, while metastasis depends on ECM remodeling
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by cancer-associated fibroblasts (CAFs). Immune evasion is mediated by
immunosuppressive populations such as regulatory T cells (Tregs) and tumor-
associated myeloid cells (TAMs), often perpetuated by chronic inflammation.
Moreover, metabolic reprogramming within the TME allows tumor adaptation
to hypoxia and nutrient deprivation. This underscores the TME's centrality in
cancer progression and elements therein as promising targets for therapeutic
innovation.

Factors shaping the TME

The etiology of a tumor profoundly influences the composition and function
of its TME. Tumors arising from carcinogen exposure, such as tobacco-induced
lung cancer or ultraviolet light-induced melanoma, typically exhibit a high
mutational burden resulting from cumulative DNA damage. This mutational
load enhances neoantigen generation and immunogenicity, thereby increasing
responsiveness to immunotherapy.®

Virus-driven cancers, such as HPV-induced oropharyngeal or genital cancers,
EBV-induced nasopharyngeal cancer or Merkel cell polyomavirus-induced
skin cancer, often exhibit unique TMEs influenced by viral oncoproteins. Viral
antigens enhance immune recognition and provide targets for T cell mediated
immunity, supporting immunotherapeutic approaches. Consequently, virus-
driven tumors frequently exhibit more inflamed immune profiles, with
abundant lymphocytic infiltrates that contribute to improved prognosis and
higher responsiveness to immunotherapy.®'°

Tumors developing in the context of chronic inflammation, such as
colorectal cancer associated with inflammatory bowel disease, arise within
an immunologically altered microenvironment. Persistent inflammation
recruits innate immune cells and promotes a pro-tumorigenic cytokine milieu
characterized by elevated IL-6, IL-10 and TGF- levels, which suppress adaptive
immunity.”

The oncogenic pathways activated within tumor cells further shape the immune
TME. Aberrant WNT/B-catenin signaling, for instance, suppresses dendritic
cell (DC) recruitment and promotes an immune-excluded phenotype. Tumors
with active WNT signaling, including colorectal cancer and melanoma, often
resist immune checkpoint blockade (ICB) owing to this immune-suppressive
milieu.'? '3 Similarly, constitutive activation of the MAPK pathway induces
VEGF and other immunosuppressive cytokines, reducing T cell infiltration and



impairing immune recognition.™ Loss of p53 function can result in unchecked
tumor growth and immunosuppression through pathways that enhance TGF-3
signaling, which recruits Tregs and MDSCs and creates a tumor-promoting
environment.'” Likewise, PTEN loss, frequently observed in prostate and breast
cancers, enhances PI3K/Akt signaling, leading to diminished T cell infiltration
and poor responsiveness to |CB."

Lastly, the anatomical site of a tumor significantly influences its immune
landscape due to the distinct immunological characteristics of each tissue.”
This aligns with the classical “seed and soil” theory, in which the tumor cells
represent the “seed” and the tissue the “soil”. Increasing evidence indicates
that it is often the “soil” rather than the intrinsic properties of the tumor
“seed” that determines outcome: tumors of identical origin can display very
different immune profiles and therapeutic outcomes depending on their
anatomical location.” For example, liver metastases often exhibit a highly
immunosuppressive TME, with increased recruitment of Tregs and MDSCs, as
well as the expression of immunosuppressive cytokines like IL-10 and TGF-3.
This immunosuppressive environment is likely due to the liver’s intrinsic
tolerogenic properties, which facilitate tolerance to foreign antigens but also
hinder effective anti-tumor immunity.” Similarly, lung and bone metastases
exhibit distinct immune contexts that reflect the primary immune functions of
these tissues. Lung metastases may show variable immune infiltration, often
influenced by ongoing inflammatory responses in the lung, whereas bone
metastases tend to involve immunosuppressive interactions with osteoclasts
and other bone-resident cells, limiting effective immune responses.?® These
site-specific differences carry significant clinical implications, as metastases in
more immunosuppressive organs tend to respond poorly to immunotherapy,
underscoring the need for strategies that either modulate the local TME or
enhance systemic immune activation."” %!

Impact of the TME on clinical outcome

The TME is a major determinant of clinical outcome in cancer. High infiltration
by cytotoxic CD8* T cells consistently correlates with improved survival across
tumor types. These T cells directly recognize and kill tumor cells, and their
abundance reflects a pre-existing anti-tumor immune response.??23 High
intratumoral expression of IFN-y further enhances anti-tumor activity by
upregulating MHC molecules and promoting a pro-inflammatory milieu.?*
In addition, macrophage polarization towards the classically activated M1
phenotype correlates with favorable prognosis; these macrophages secrete



IL-12 and TNF-q, stimulate T cell recruitment and suppress tumor growth, in
contrast to immunosuppressive M2-like macrophages.? Conversely, increased
numbers of immunosuppressive cell populations, such as Tregs and MDSCs,
promote an immunosuppressive TME that favors tumor progression and are
associated with poor prognosis in many cancer types.2%’

The stromal component of the TME also plays a vital role in prognosis. CAFs
are key stromal components that secrete ECM molecules such as collagen and
laminin, along with cytokines that promote tumor growth and invasion. High
CAF density is linked to adverse outcomes, as CAFs drive desmoplasia and
generate physical barriers that impede immune infiltration and drug delivery,
particularly in pancreatic cancer and breast cancer.®

The immune TME is also important in modulating the response to conventional
cancer therapies, such as chemotherapy and radiotherapy. Chemotherapy,
while primarily targeting rapidly proliferating tumor cells, also exerts profound
immunomodulatory effects on the TME, which can either enhance or impede
therapeutic efficacy. Anthracyclines, such as doxorubicin, induce immunogenic
cell death, characterized by the secretion of danger-associated molecular
patterns (DAMPs), which promotes DC recruitment, activation and efficient
cross-presentation of tumor antigens. This robust priming of tumor-specific
CD8+ and CD4+ T cells fosters durable anti-tumor immunity.?® In contrast,
cyclophosphamide and cisplatin mainly induce conventional apoptosis,
releasing limited tumor antigens and DAMPs. Moreover, chemotherapy can
deplete critical immune populations through bone marrow suppression,
including T cells and dendritic cells, thereby reducing overall immune
surveillance.?

Similarly, radiotherapy exerts potent immunomodulatory effects that extend
beyond its direct cytotoxicity. lonizing radiation induces DNA damage and
immunogenic tumor cell death, enhancing DC recruitment and priming of T
cells.®" Concurrently, radiotherapy reshapes the TME by modulating cytokine
secretion and immune cell infiltration, while the tumor vasculature (regulated
by stromal and endothelial cells) controls immune cell access to tumor nests,
influencing both local immune surveillance and overall therapeutic efficacy.®



Immunotherapy

Immunotherapeutic strategies offer the potential for more precise and
effective targeting with fewer side effects compared to the above mentioned
conventional treatment strategies.

The cancer-immunity cycle and immunotherapy

The cancer-immunity cycle provides a framework for understanding how
the immune system interacts with tumors and offers a rational basis for the
development of various immunotherapeutic strategies. This cycle describes
how tumor antigens are released, captured by dendritic cells and presented
to T cells in draining lymph nodes, leading to the priming of tumor-specific
effector T cells. These T cells then traffic to and infiltrate the tumor, recognize
malignant cells through peptide-MHC complexes and induce their destruction,
which in turn releases additional antigens and perpetuates the cycle. However,
tumors can often evade immune surveillance by manipulating this cancer-
immunity cycle at multiple points.

Immunotherapies differ in their mode of action yet share the common
goal of enhancing tumor-specific immune responses. Immune checkpoint
blockade (ICB), such as antibodies targeting PD-1 or PD-L1, functions by
releasing inhibitory brakes on the immune system, particularly on T cells.
This reactivation enables immune recognition and elimination of tumor cells
that exploit checkpoint signaling for immune escape. Adoptive cell therapies,
including chimeric antigen receptor T cell therapy (CAR-T) and tumor-infiltrating
lymphocyte (TIL) transfer, aim to amplify or engineer patients’ own T cells for
direct tumor targeting. These approaches have shown remarkable efficacy,
particularly CAR-T therapy in hematologic malignancies® and TIL therapy in
melanoma34. Cancer vaccines represent another major strategy, designed to
activate the immune system against specific tumor antigens. These vaccines can
either stimulate a systemic immune response or bolster pre-existing immune
activity within the TME, improving tumor recognition and destruction. Oncolytic
viruses, which selectively infect and lyse cancer cells while simultaneously
inducing immune responses, add another layer of therapeutic intervention by
directly disrupting the tumor and activating anti-tumor immunity. This therapy
is often used in combination with other approaches to boostimmune priming.
Collectively, immunotherapeutic interventions act on distinct phases of the
cancer-immunity cycle, aiming to overcome immune suppression, amplify
tumor-specific responses and achieve durable tumor control.



Impact of the TME on immunotherapy response

The composition of the TME is a key determinant of response to immunotherapy.
Tumors with an immunologically “hot” TME, characterized by high infiltration of
effector immune populations such as CD8* T cells, CD4* helper T cells, dendritic
cells, NK cells and M1-like macrophages, along with high IFN-y signaling
and low abundance of immunosuppressive subsets such as Tregs, M2-like
macrophages and CAFs, are generally more responsive to immunotherapy. This
responsiveness largely reflects the presence of pre-existing, tumor-infiltrating,
activated T cells. ICB can then reinvigorate these T cells, allowing them to target
tumor cells more effectively.*®¢ Moreover, hot tumors, such as melanoma and
lung cancer, often exhibit high tumor mutational burden (TMB) and abundant
neoantigens, promoting immune infiltration and sensitivity to ICB.>%”

In contrast, “cold” tumors display immune excluded or immune-desert
phenotypes, lacking pre-existing immune activation and thus demonstrating
limited responsiveness to ICB. Efforts to convert cold tumors to hot ones
through combination therapies, such as the use of oncolytic viruses3?, CXCR4
inhibitors3?, or anti-angiogenic agents?*, are being explored to enhance the
efficacy of immunotherapy. A comprehensive understanding of the TME
composition and dynamics is essential for optimizing treatment selection,
predicting patient outcomes and developing novel therapeutic strategies.

HPV-induced tumors

Etiology of HPV-induced tumors

This thesis focuses on the immunotherapy of HPV-induced tumors. Therefore,
we have studied multiple tumor types that are predominantly caused by HPV.
These (pre)cancers originate from three different anatomical sites: the vulva, the
cervix and the head and neck region (Figure 2). These tumors share overlapping
mechanisms of pathogenesis: HPV-driven transformation, mutations in tumor
suppressor gene TP53, or driven by other oncogenic mutations. Cervical cancer
is HPV-driven in approximately 99% of cases, vulvar cancer in 20%* and head
and neck cancers (HNC), particularly oropharyngeal cancer, in 70-80% of cases*2.
Interestingly, cancers of the vulva and the cervix have a defined premalignant
precursor lesion, respectively vulvar and cervical high-grade squamous
intraepithelial lesion (HSIL), whereas no equivalent precursor lesion has been
clearly identified in HNC. Most HPV infections are transient, with >90% cleared
within two years through coordinated innate and adaptive immune responses.*
Persistent infection, however, may lead to (pre)cancer development.
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Figure 2. Overview of the HPV-induced tumors studied in this thesis.

High-risk human papillomavirus (hrHPV) is the etiologic driver of cervical high-grade squamous
intraepithelial lesion (cHSIL), vulvar high-grade squamous intraepithelial lesion (vHSIL), and the majority
of vulvar squamous cell carcinomas (VSCC) and oropharyngeal squamous cell carcinomas (OPSCC). Image
created with BioRender.

HPV is a DNA virus that infects basal epithelial cells of stratified squamous
epithelium, including the anogenital (cervix, vagina, vulva, penis, anus)
and oropharyngeal (tonsils, base of tongue, soft palate, pharynx) regions.
It comprises both high- and low-risk genotypes, with HPV16 and HPV18
accounting for over 70% of HPV-associated cancers.** Its oncogenicity arises
from the expression of the viral oncoproteins E6 and E7. E6 promotes ubiquitin-
mediated degradation of p53, thereby disabling p53-dependent apoptosis in
DNA-damaged cells.*> E7 binds and induces degradation of the retinoblastoma
protein, promoting unchecked cell-cycle progression.*® Together, these
mechanisms induce genomic instability and malignant transformation.#’ Since
E6 and E7 are expressed in all dysplastic cells, they constitute ideal tumor-
specific targets for immunotherapy.
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HPV-induced (pre)malignancies offer a uniquely powerful model for studying
tumor-immune interactions. Because these tumors are driven by a shared
and well-defined oncogenic program (primarily the viral oncoproteins E6
and E7) they exhibit far less genomic and etiological heterogeneity than
most solid cancers. This molecular homogeneity minimizes confounding
variables and creates a “natural experiment” in which inter-patient differences
in immune responses are more likely to reflect variation in host immunity
or microenvironmental dynamics, rather than underlying oncogenetics.
Furthermore, persistent expression of viral antigens provides a controlled
framework to examine chronic antigen stimulation and local immune
adaptation, processes central to many cancers.*® Additionally, HPV-driven
disease spans a well-defined continuum from high-grade intraepithelial lesions
to invasive cancer, enabling a rare opportunity to longitudinally study how
the TME evolves during malignant progression. As such, HPV-induced tumors
serve as a unique platform to understand generalizable principles of tumor
immunology and therapeutic response.

Despite their shared viral origin, HPV-induced tumors differ across anatomical
sites' due to distinct epithelial contexts, immune environments and clinical
behaviors. The next sections summarize the key biological and clinical features
of the major HPV-induced (pre)cancers addressed in this thesis.

CHSIL

Cervical high-grade squamous intraepithelial lesion (cHSIL), previously termed
cervical intraepithelial neoplasia grades 2/3 (CIN2/3), is a premalignant lesion
caused by persistent high-risk HPV (hrHPV) infection. The global incidence of
cHSIL is increasing, especially among younger women.* Without treatment, up
to 50% of cHSIL lesions progress to cervical cancer.>°5' Standard management
of cHSIL involves surgical excision, typically via large loop excision of the
transformation zone (LLETZ) or conization, achieving clearance in approximately
90% of cases.>? Nevertheless, recurrence occurs in ~15% of patients within
five years.>3 LLETZ is associated with an increased risk of preterm delivery
in subsequent pregnancies, reflecting a 50-70% higher incidence of cervical
insufficiency, particularly in women who undergo repeated procedures.>

Cervical cancer

Cervical cancer remains the fourth most common cancer type among
women worldwide.>®> Given that 99% of cervical cancers are hrHPV-induced, it
represents a largely preventable disease, prompting the WHO's Global Cervical



Cancer Elimination Initiative, centered on screening and prophylactic HPV
vaccination. For early-stage cervical cancer (FIGO stage I-11A), radical surgical
interventions yield excellent outcomes, with >90% cure rates.>® Hysterectomy,
however, leads to infertility, making fertility-preserving strategies importantin
younger patients. In locally advanced disease (stage |IB and beyond), cisplatin-
based chemoradiation remains the standard of care, achieving five-year
survival rates of 66-80%, but at the cost of gastrointestinal and genitourinary
toxicities.>® Recurrent or metastatic disease carries a poor prognosis, with
median survival below 12 months despite systemic chemotherapy.>’

VHSIL

Vulvar high-grade squamous intraepithelial lesion (vHSIL), formerly termed
usual vulvar intraepithelial neoplasia (uVIN), is a premalignant lesion
predominantly caused by HPV16. This pleiomorphic dermatosis can cause
itching or painful burning sensations. If untreated, approximately 3% of vHSIL
cases progress to cancer. Current vHSIL management relies on surgical excision
or laser ablation, which achieve lesion clearance in ~80% of patients, but
have recurrence rates approaching 30%, especially in immunocompromised
individuals. Imiquimod is a first-line nonsurgical option, yielding response
rates of about 60%.°® Currently there are no biomarkers to predict treatment
success.

Vulvar cancer

Vulvar squamous cell carcinoma (VSCC) is the most common pathological
subtype of vulvar cancer. VSCC can arise through three distinct molecular
pathways: classical TP53 mutations (66% of cases, poorest survival), other
somatic mutations such as NOTCHT or HRAS (15% of cases, intermediate
survival) and persistent hrHPV infection (19% of cases, best prognosis).>°6°
For early-stage VSCC (FIGO I-Il), wide local excision or vulvectomy provides
local control in 70-90% of cases depending on disease extent.®’ Advanced
(FIGO 1lI-1V) or recurrent VSCC often requires adjuvant chemoradiation, but
recurrences remain frequent. In chemoradiation, radiotherapy induces double-
strand DNA breaks in rapidly dividing cells (mostly cancer cells). Chemotherapy
(cisplatin) acts as a radiosensitizer by forming DNA adducts and crosslinks
that distort the DNA helix, which amplifies radiation-induced DNA lesions
and slows their repair, thereby increasing the likelihood of cancer cell death.5?
The significant morbidity of these treatments, including chronic genital and
urinary complications, underscores the urgency for more effective, less morbid
alternatives.



Head and neck cancer

Head and neck cancer (HNC) represents the sixth most common cancer
type worldwide, with squamous cell carcinoma comprising 90% of cases.®?
HNC arises from two major etiologic pathways: exposure to carcinogens,
such as tobacco and alcohol, leading to oncogenic mutations (e.g. in TP53)
or persistent hrHPV infection.®* Currently, 60% of HNC cases are HPV-driven,
and this proportion continues to rise.*? Clinically, patients with HPV-positive
HNC exhibit improved survival and reduced recurrence following standard
treatments compared with HPV-negative cases.® In early-stage HNC, surgery or
radiotherapy achieves approximately 75% five-year survival.®® Locally advanced
disease is typically managed with chemoradiation, achieving five-year survival
rates of 60-70% but causing significant treatment-related morbidity, including
mucositis and dysphagia.®’ In recurrent or metastatic HNC, systemic therapies
such as cisplatin or cetuximab (an epidermal growth factor receptor inhibitor)
provide limited benefit, with response rates near 15% and median survival
below 10 months.%®

Immunotherapy in HPV-induced tumors

Given the strong immunogenic potential of HPV-induced lesions and the central
role of viral antigens in driving tumor biology, numerous immunotherapeutic
approaches have been explored to boost antitumor immunity. These include
local immune stimulants, vaccines designed to prevent or eliminate HPV-
infected cells and checkpoint blockade that reinvigorates T cells.

Imigquimod is a topical immune modulator used in dermatology for its
immunostimulatory properties. It is approved for the treatment of basal cell
carcinoma, actinic keratosis (precursor of squamous cell carcinoma of the skin),
as well as for the treatment of external genital warts (condylomas) caused
by low-risk HPV. Imiquimod is a toll-like receptor 7 (TLR7) agonist. TLR7 is
expressed on dendritic cells and macrophages, stimulating these cells to
release pro-inflammatory cytokines such as IFN-a and IL-12.%° This cascade
triggers local immune activation, recruiting and activating both innate and
adaptive immune cells to eradicate dysplastic cells. Clinical studies have
reported regression of VHSIL and cHSIL in approximately 60% of patients.”®”
Nevertheless, inflammatory side effects such as erythema and ulceration
limit patient adherence and nearly half of treated patients fail to respond,
suggesting that local immune activation alone may be insufficient in these
cases.



Prophylactic HPV vaccines (e.g. Gardasil or Cervarix) are based on virus-like
particles composed of the HPV L1 capsid protein. These virus-like particles are
taken up by antigen-presenting cells as extracellular antigens and therefore
processed via the MHC class Il pathway, inducing robust CD4+ helper T cell
responses that support B cells to produce neutralizing antibodies, which
block viral entry into basal epithelial cells. The capsid antigens of prophylactic
vaccines are not expressed by infected cells anymore, and therefore these
vaccines cannot clear established HPV infections.”? In contrast, therapeutic
HPV vaccines target viral oncoproteins such as E6 and E7, which are expressed
within infected or transformed cells. Intracellular expression of these antigens
enables processing via the MHC class | pathway, eliciting CD8* cytotoxic T cell
responses, while cross-presentation and professional antigen-presenting
cells allow MHC class Il presentation to also activate CD4* helper T cells. This
coordinated cellular immunity is critical for recognizing and eliminating HPV-
expressing cells.”? The therapeutic DNA vaccine VGX-3100 targets E6 and
E7, and achieved a 50% response rate in cHSIL patients, with complete viral
clearance in a subset of responders.’”? Another therapeutic vaccine, ISA101,
composed of synthetic long peptides derived from E6 and E7, has induced
strong T cell responses but demonstrated limited clinical efficacy in established
cancers, with response rates around 30%.7* This limited efficacy is likely due
to the immunosuppressive TME in advanced cancers, where Tregs, MDSCs
and cytokines such as TGF- inhibit cytotoxic T cell activity.”> Ongoing efforts
therefore focus on combination therapies integrating vaccines with ICB or
agents that remodel the TME.

Immune checkpoint blockade (ICB) have transformed the treatment
landscape across multiple cancer types, but response rates in HPV-associated
malignancies remain variable. These agents target inhibitory immune
checkpoints, including PD-1 and CTLA-4, expressed on T cells, whose ligands
are frequently upregulated on tumor cells and antigen-presenting cells
(APCs), thereby suppressing T cell activation. By blocking these pathways, ICB
reinvigorates antitumor T cell activity.

Pembrolizumab (a PD-1 inhibitor) has been approved for PD-L1-positive
recurrent or metastatic cervical cancer, following trials demonstrating durable
responses in approximately 14% of patients.”® The modest efficacy highlights
the need for biomarker-guided patient selection and combinatorial strategies.
Anti-angiogenic agents such as bevacizumab, targeting vascular endothelial
growth factor (VEGF), have further improved survival in advanced cervical



cancer. When combined with chemotherapy, bevacizumab increases both
overall survival and response rates, with reported response rates of 48%,
versus 36% with chemotherapy alone.”” VEGF-targeted therapies may also
synergize with immunotherapy by enhancing immune cell infiltration into
tumors and mitigating VEGF's immunosuppressive influence in the TME.

For advanced or recurrent VSCC, ICB is under clinical evaluation as an alternative
to cytotoxic therapies. Early data show overall response rates around 10%, with
median overall survival of six months.”® Current trials are testing neoadjuvant
pembrolizumab to expand treatment options in this setting.”®

In recurrent or metastatic HNC, nivolumab (a PD-1 inhibitor) demonstrates an
overall response rate of 13% in HPV-positive tumors, with durable remissions in
a subset of patients.” Perioperative (neoadjuvant plus adjuvant) pembrolizumab
combined with surgery and radiotherapy significantly improves three-year
event-free survival (58% versus 46%) in resectable locally advanced HNC.8% In
addition to ICB, therapeutic HPV vaccines are under evaluation as adjuncts
to enhance immune responses in HPV-positive HNC, with early trials showing
promising results.?’

Despite the promise of immunotherapy, a notable subset of patients does
not respond to current immunotherapeutic approaches. Importantly, a
substantial proportion of ICB-nonresponsive patients do harbor neoantigen-
specific T cells, indicating that antitumor immunity is present but not effectively
engaged by current therapies.®? Combination approaches of ICB with radiation
or chemotherapy are under investigation to enhance therapeutic efficacy.??
Previous attempts to identify reliable biomarkers for predicting response to
immunotherapy, such as PD-L1 expression, tumor mutational burden and the
presence of specific tumor-infiltrating lymphocyte subsets have shown limited
clinical usability.®* Thus, while immunotherapy represents a major step forward
in the treatment of cancers, significant challenges remain. The heterogeneity in
clinical responses highlights the need for a more comprehensive understanding
of the TME and its role in mediating therapeutic efficacy. Identifying predictive
biomarkers for patient stratification and developing rational combination
strategies are critical steps toward improving response rates and avoiding
overtreatment.

Based on prior research linking the TME with survival and immunotherapy
response in various cancers, we questioned whether distinct TME features



also contribute to therapeutic outcomes in HPV-induced tumors. Because HPV-
induced tumors share the same oncogenic driver, anatomical site and etiological
background, they allow precise interrogation of how TME composition shapes
immunotherapy response and clinical outcome. Thus, insights gained from
studying HPV-induced tumors are broadly informative, revealing principles
of TME interactions that may guide treatment strategies across other, more
heterogeneous cancer types.

The TME in HPV-induced tumors

The TME of HPV-driven lesions is shaped by a complex interplay of immune
and stromal components that influences disease progression and therapeutic
response. Immune profiling of cHSIL and cervical cancer has revealed that
elevated Treg densities suppress antitumor immunity and correlate with poor
prognosis.®> M2 macrophages contribute to immune suppression by secreting
pro-angiogenic and immunoregulatory cytokines, creating a microenvironment
favorable for tumor progression.®8 MDSCs, recruited through tumor-derived
inflammatory cues, inhibit T cell activity via IL-10 and TGF- secretion and
are associated with advanced disease.®® NK cells in cervical cancer display
reduced cytotoxicity and altered receptor expression (e.g. decreased NKG2D),
further promoting immune evasion.®® Moreover, most cervical cancers have
an immunosuppressive cytokine environment, with elevated levels of TGF-j3,
IL-10 and VEGF, promoting Treg and MDSC expansion while inhibiting CD8*
T cell functionality. Concurrently, chronic inflammation driven by cytokines
such as IL-6 and TNF-a can support tumor progression by maintaining a pro-
tumorigenic environment.8*

The immune landscape of vHSIL and VSCC has been limitedly explored, as most
prior analyses relied on single-marker immunohistochemistry. Available data
indicate an increase in CD14* macrophages during progression from vHSIL to
VSCC, with M2-like macrophages exceeding M1-like populations. High densities
of stromal CD14* macrophages correlate positively with intraepithelial Tregs
and negatively with activated CD8* T cells, predictive for reduced recurrence-
free survival.?® Conversely, dense stromal infiltration by activated CD8*TIM3*
and CD3*NKG2A" T cells associates with absence of recurrence and improved
outcomes. Interestingly, in VSCC, high T cell infiltration does not consistently
predict survival, potentially reflecting functional exhaustion or anergy of TILs.”!

In HNC, HPV-positive HNC exhibits a more inflamed TME than HPV-negative
HNC, characterized by abundant CD8* and CD4* T cell infiltration and higher



immune activation, correlating with improved survival.??°3 The presence of
HPV-specific TILs predicts excellent survival.?? Conversely, HPV-negative HNC,
typically associated with tobacco and alcohol use, displays a less inflamed,
immunosuppressive TME with reduced lymphocyte infiltration and limited
responsiveness to immunotherapy.®*

Together, these findings highlight that HPV-driven tumors encompass a
spectrum of immune microenvironments, ranging from highly inflamed to
profoundly immunosuppressive, with significant implications for prognosis
and therapy response. Understanding these TME differences is essential
for developing more effective immunotherapeutic strategies and thereby
improving patient outcomes.

New techniques to high-dimensionally chart the in situ TME

Previous in-depth studies of the TME have relied primarily on single-cell
analyses of patient-derived materials, such as flow cytometry and single-
cell RNA sequencing. These methods have provided key insights into the
diversity of cell types and functional cell states within the TME. Nevertheless,
a growing body of evidence indicates that the spatial context plays a critical
role in shaping clinical outcome.??23 At the start of this PhD, the emergence
of high-dimensional spatial profiling technologies enabled detailed in situ
characterization of the cellular and structural organization of the TME. These
techniques reveal interactions between tumor cells, immune cells and stromal
components that cannot be captured by fluorescence-activated cell sorting
(FACS) or bulk RNA sequencing, which lack the spatial dimension (Figure 3).
Moreover, they provide a more integrated and comprehensive understanding
of the TME than traditional single-marker or low-plex immunohistochemical
approaches.
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Bulk techniques Single-cell techniques Spatial techniques
.

Figure 3. Schematic overview of the techniques to chart the TME.

Bulk techniques generate averaged molecular signatures of the TME. Single-cell technologies disentangle
the phenotypic heterogeneity of individual cell types. Spatial techniques localize these cell types within
their native tissue architecture, preserving positional context and spatial interactions. Image created
with BioRender.

Furthermore, methods such as flow cytometry and RNA sequencing often
require fresh tissue, which limits their use for analyzing archival formalin-
fixed paraffin-embedded (FFPE) samples. In contrast, technologies including
multispectral immunofluorescence (mIF), imaging mass cytometry (IMC)
and single-cell spatial transcriptomics enable high-resolution TME analysis
directly in FFPE tissue. These approaches facilitate the exploration of archived
clinical trial samples, irrespective of size, and allow the discovery of previously
unknown cell populations.?®> The spatial information provided by these
methods is essential for understanding how the spatial architecture of the
TME influences tumor biology, immune evasion and therapeutic response,
particularly for immunotherapy, where the proximity and localization of
immune cells relative to tumor cells can determine treatment efficacy.*® Each
technique, however, has specific inherent limitations that must be considered.
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Multispectral immunofluorescence

At the onset of this PhD, multispectral immunofluorescence (mIF) represented
one of the most advanced in situ imaging methods available for multiplexed
tissue analysis. Today, mIF is a cornerstone technology for studying the spatial
organization of immune cells and tumor cells within the TME. Using antibodies
conjugated to spectrally distinct fluorophores, mIF enables the simultaneous
detection of multiple markers on a single FFPE tissue section. Through spectral
unmixing, up to seven fluorescent signals can be quantified, allowing detailed
visualization of immune-tumor cell interactions at subcellular resolution (0.5-
1um per pixel).?® Although highly effective for high-resolution spatial mapping,
the limited number of markers that can be analyzed per panel constrains its
use in studies requiring broader phenotypic coverage. Furthermore, mlIF is a
medium-throughput technique, which can restrict its application in large-scale
or discovery-driven studies where high multiplexing is advantageous.

Imaging mass cytometry

Imaging mass cytometry (IMC) extends spatial proteomic profiling by allowing
simultaneous detection of up to 50 markers. In IMC, antibodies are conjugated
to heavy-metal isotopes, and tissue is ablated using a laser, ionizing the tags
for quantification by mass spectrometry.’” This eliminates the spectral overlap
inherent to fluorescence-based systems, enabling highly multiplexed spatial
analyses. However, IMC's resolution is lower than that of mIF and its throughput
is limited by long acquisition times. The integration of spatial data with mass
spectrometry-based quantification also requires sophisticated computational
workflows for data normalization, visualization and interpretation. Despite
these challenges, IMC remains a powerful tool for comprehensive, hypothesis-
generating studies of the TME, capable of revealing complex multicellular
interactions and signaling networks.%®

Single-cell spatial transcriptomics

Single-cell spatial transcriptomics represents the next generation of TME
profiling by enabling spatially resolved transcriptomic mapping of thousands of
genes in situ. This approach captures transcriptional heterogeneity within the
tissue architecture and links gene expression patterns to specific spatial niches.
Platforms such as Visium (10x Genomics), Xenium (10x Genomics) and CosMx
(NanoString) preserve spatial integrity while detecting RNA transcripts directly
in FFPE tissue sections, generating high-resolution expression maps. While
this technology provides an unprecedented view of cellular states, it remains
limited by lower throughput and the imperfect correlation between mRNA and



protein expression, which complicates the interpretation of functional immune
phenotypes.”® Moreover, cellular functions influenced by post-translational
modifications or protein-protein interactions require complementary
proteomic approaches to achieve a more complete understanding of the
underlying biology.

Thesis outline

The immune TME plays a critical role in determining patient survival and
response to immunotherapy across multiple cancer types, yet it has not
been comprehensively investigated in HPV-induced (pre)cancers. The aim
of this thesis is to provide an in-depth characterization of the TME in HPV-
driven lesions, extending beyond what was previously feasible, and to relate
these findings to clinical outcomes. At the onset of this PhD, available
immunotherapeutic strategies elicited clinical responses in only a subset of
HPV-associated precancer patients, with no reliable predictive biomarkers.
In addition, the impact of the TME on survival in HPV-associated HNC and
VSCC was largely unexplored. Addressing these gaps is essential to determine
whether, and which types of, immunotherapies should be developed for this
patient population. These two overarching questions therefore form the
foundation of this thesis.

Part I: immunotherapy and TME of HPV-induced precancer

In part | we explored the impact of the TME on response to immunotherapy
in HPV-associated precancers. In chapter 2 we give an overview of what was
known about the immune microenvironment of vulvar (pre)cancer at the time
this PhD was started. Previously, it was reported that the clinical response to
immunotherapeutic vaccination was related to the strength of the systemic
T cell response, yet there was too much overlap between responders and
non-responders for it to be the sole determinant.’® Therefore, in chapter 3
we investigated whether the pre-existing TME of vHSIL was associated with
clinical response to immunotherapeutic vaccination. Not only did we show
that there were differences in immune infiltration between non-responders
and responders, but our study of post-vaccination samples also revealed that
therapeutic vaccination did not convert an immunological cold lesion into hot.
The outcomes of this study led to two new studies. The first of these explored
whether the TME composition is also important for response to imiquimod
immunotherapy. Therefore, we studied pre-imiquimod vHSIL samples of



responders and non-responders to imiquimod in chapter 4. This revealed
that a pre-existing hot TME was required for responses to both imiquimod
and therapeutic vaccination, with imiquimod responses being predominantly
driven by high infiltration by inflammatory myeloid cells, and vaccination
responses being mainly associated with high infiltration by pro-inflammatory
T cells. Since these types of immunological analyses were heavily steered
to certain known cell types, we applied single-cell spatial transcriptomics
to study the TME of therapeutically vaccinated vHSIL patients in chapter 5.
This more holistic approach to study the TME revealed that responders had
a pre-existing type 1 immune contexture and a distinct spatial ecosystem
of well-organized immune cells, in contrast to non- and partial-responders.
Finally, in chapter 6 we analyzed whether the findings that were made in
VvHSIL regarding the predictive capacity of the TME for response to imiquimod
could be extrapolated to cHSIL, and further developed this into a predictive
biomarker that is currently prospectively tested.

Part lI: survival and TME of HPV-induced cancer patients

In part Il we investigated the impact of the TME on survival in VSCC and HNC
patients. We for the first time explored the composition and impact of the
myeloid landscape of VSCC in chapter 7. Here, we found that high monocyte
infiltration in the TME forms an independent positive prognostic biomarker for
survival in these patients. In addition, we applied combined IMC, single-cell and
bulk transcriptomics for an in-depth analyses of the TME in HNC in chapter 8.
Alike our findings in VHSIL, the presence of specific spatial ecosystems were
important for survival. In particular, the presence of intratumoral tumor-
specific T cells was associated with the presence of intra-epithelial immune
microaggregates, comprising CD4* and CD8" T cells as well as dendritic cells,
and these were associated with excellent survival.

The main findings of this thesis are summarized in chapter 9 (in English)
and chapter 10 (in Dutch), accompanied by a forward-looking outlook that
highlights key clinical implications and identifies promising avenues for future
research.
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