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Aims and Scope of the Series

The field of oncology has undergone extraordinary change and progress over the
past several decades. Today, information is evolving at a rapid rate, with standards
of management far different than standards of care applied during the training of
most practicing oncologists. Oncology practitioners in all disciplines must remain
current to optimize patient care. Basic and translational science remain critical

in developing process improvements for patient care. The closer we understand
the mechanism, the more we can improve targeted therapies and apply them to
patient care. The pace of information is moving faster than at any previous time

in history, and all oncology disciplines must remain current to provide excellent
service to patients. The modern oncologist must be fluent in using big data and the
volume of information generated in clinical trials. As we move closer to personal-
ized patient care based on genomics and molecular biomarkers, the modern oncol-
ogist has to be nimble in assessing all available information and how this would be
applied to each patient, balanced by the clinical status and medical co-morbidities
of each patient. Targeted therapies can bring new and different sequelae, and
oncology teams need to remain fluent in managing the consequences of therapy
and primary management. In this book series, we will present how modern care
has progressed in multiple disease areas and how modern oncology teams need

to adapt in order to manage the cancer patients of today successfully. Surgery,
radiation therapy, and medical oncology are practiced today with the support of
exceptional modern technology, and in this series, we will review how these im-
provements are applied to each disease site to maintain excellence in patient care.
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Preface

Cancer immunotherapy has transformed medicine, revealing cancer as a complex
interplay between tumors, the immune system, and the surrounding environment.
This book presents a curated collection of chapters that cover both foundational
concepts and practical applications, guiding readers through the current landscape of
cancer immunotherapy.

Section 1 - Building the Foundations: Global Contexts, Molecular Keys, and Clinical
Insights introduces an overview of cancer immunotherapy. Chapter 1, Cancer
Immunotherapy in Sub-Saharan Africa: Current Landscape, Barriers, and Strategic
Directions, examines challenges and opportunities in diverse healthcare settings.
Chapter 2, HLA-Based Immunotherapy for Cancer, explains how HLA molecules guide
personalized treatments. Chapter 3, Predictive Biomarkers of Immunotherapy, demon-
strates how biomarkers aid in improving treatment decisions.

Section 2 — Navigating the Tumor Landscape: Immune Evasion and Interactions explores
how tumors interact with the immune system. Chapter 4, The Science of PD-1/PD-L1
Pathway in Gliomas: Far Beyond the Obvious, examines how gliomas evade immune
detection. Chapter 5, The Tumor Microenvironment: Immunological Intevactions and
Therapeutic Targeting, describes the cells and signals that influence tumor growth and
treatment response. Chapter 6, Immune Cells and Their Role in the Immunosuppressive
Tumor Microenvivonment of Head and Neck Cancer, focuses on the roles of immune
cells in head and neck cancers. Chapter 7, Role of Crosstalk between Microbiota and
Immune System in Cancer Immunotherapy, highlights how the microbiome and sys-
temic factors shape therapy outcomes.

Section 3 — Immunotherapy in Action: Strategies for Different Cancers presents applica-
tions across tumor types. Chapter 8, Immunology and Gliomas: Present and Future
Opportunities in Diagnostics and Therapy, reviews current and emerging glioma
therapies. Chapter 9, Immunotherapy in the Treatment of Melanoma, covers advances
in melanoma treatment and the role of biomarkers. Chapter 10, Liver Cancer Immune
Microenvironment and Immunotherapy, highlights immune checkpoints in liver cancer
and strategies to target them.

Section 4 — Shaping the Future: mRNA Vaccines and Oncolytic Therapies looks at emerg-
ing strategies. Chapter 11, Neoantigen mRNA Cancer Vaccines: How Deep Learning is
Advancing Design and Breaking Barriers, presents mRNA vaccines and computational
tools that improve their design.

Chapter 12, Oncolytic Virus Therapy: Advancements and Applications in Cancer Care,
describes viruses that selectively kill cancer cells and enhance immune responses.

Gratitude is expressed to all the authors for their contributions, sharing knowledge
and insights that made this book possible. Thanks are also extended to the editorial



team and assistants, whose dedication ensured smooth organization and refinement
of the collection.

It is hoped that this book serves as a practical and inspiring guide for researchers,
clinicians, and students, offering a clear view of current knowledge and future direc-
tions in cancer immunotherapy. Each chapter represents a step in the journey to better
understand and harness the immune system in the fight against cancer.

Thamiris Becker Scheffel

Brain Institute,

Pontifical Catholic University of Rio Grande do Sul,
Porto Alegre, Brazil
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Section 1

Building the Foundations:
Global Contexts, Molecular
Keys, and Clinical Insights







Chapter 1

Cancer Immunotherapy in
Sub-Saharan Africa: Current
Landscape, Barriers and Strategic
Directions

John Oluwafemi Teibo, Festus Adebayo Atiba,

Ayomide Oluwadarasimi Adebesin, Abolaji Samson Olaguniju,
Titilade Kehinde Ayandeyi Teibo, Ayodeji Mathias Adegoke,
Marwan Al-Hajeili and Gaber El-Saber Batiha

Abstract

Cancer is one of the leading causes of death worldwide and a major global public
health concern, especially in sub-Saharan Africa (SSA). Recent advances in the five
pillars of cancer treatment: surgery, radiation, chemotherapy, targeted therapies,
and immunotherapy have enhanced the treatment of cancers, with immunotherapy
leading as a frontier in the treatment of cancers. However, in SSA, there are limita-
tions to the application of this frontier treatment due to minimal or no representation
of Africans in most clinical trials involving cancer immunotherapy. To achieve desired
treatment successes in SSA, special attention needs to be paid to how these advances
can be applied in SSA settings. In this chapter, we examine major barriers to the
adoption of immunotherapy, such as high treatment costs, a lack of biomarker testing
and genomic sequencing, underrepresentation in clinical trials, and insufficient
healthcare infrastructure. We concluded with strategic proposals for overcoming
these constraints, including greater funding for cancer research in SSA, extension of
local clinical trials, capacity training, and policy reforms. Addressing these dispari-
ties is critical for ensuring equitable access to immunotherapy and improving cancer
outcomes throughout SSA.

Keywords: cancer immunotherapy, sub-Saharan Africa, cancer burden, oncology
access, healthcare equity, access disparities
1. Introduction

Cancer remains one of the leading causes of morbidity and mortality worldwide
[1]. According to the World Health Organisation (WHO), in 2020, cancer accounted

for 1in every 6 deaths, that is, about 10 million people, with breast and lung cancer
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causing about 40% of all such deaths (WHO, 2025) [2, 3]. This high rate of morbid-
ity and mortality has necessitated continual advancements in treatment procedures.
However, prevention of cancer remains an important part, as approximately 30 to
50% of cancers can currently be prevented by avoiding risk factors and through early
detection [3].

Over the years, cancer therapy has evolved from traditional and conventional
approaches like surgery, chemotherapy, and radiotherapy to more sophisticated,
targeted strategies like nanomedicine to precision-targeted therapy [4, 5]. However,
cancer immunotherapy remains one of the most advanced treatments for cancer
worldwide, but it is not yet widely adopted in sub-Saharan Africa (SSA). This is
particularly concerning because most approved immunotherapies are indicated
for advanced-stage cancers, which is precisely the stage at which most patients in
SSA are diagnosed, due to late presentation and diagnosis. However, patients from
SSA are largely underrepresented in major cancer immunotherapy clinical trials.
This lack of representation is rooted in the scarcity of genomic data specific to SSA
populations, which is essential to capture the unique genetic characteristics of these
patients [6, 7].

In this chapter, we present an overview of common traditional cancer treatments
currently available. We further explore cancer immunotherapy in SSA in detail, criti-
cally examining the factors contributing to its limited implementation and proposing
strategies to help the region advance and effectively integrate immunotherapy into
cancer care in SSA.

2. Common traditional cancer treatments
2.1 Surgery

Surgical intervention remains the primary approach for localised cancers like
breast cancer. Its aim is to remove malignant tissue entirely, although access is limited
in low-resource settings, affecting around 25% of patients globally [8, 9].

2.2 Chemotherapy

Chemotherapy uses cytotoxic drugs to eliminate rapidly dividing cells. While
effective, its non-selective nature often results in side effects such as immunosup-
pression, nausea, and infertility [10, 11]. Newer targeted delivery methods aim to
reduce toxicity.

2.3 Targeted therapy

Targeted therapies selectively act on cancer cells with minimal impact on normal
tissues. These include monoclonal antibodies (mAbs), polypeptides, and antibody-
drug conjugates, offering high efficacy and lower toxicity [12, 13].

2.4 Radiotherapy

Radiotherapy applies ionising radiation to destroy cancer cells’ DNA. Techniques
like Intensity-mediated radiation therapy (IMRT) enhance precision and minimise
harm to surrounding tissues [14].
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2.5 Nanotherapy

Nanoparticles (1-1000 nm) are employed as smart drug carriers to improve cancer
drug targeting and efficacy while reducing side effects [15].

2.6 Gene therapy

Gene therapy introduces or edits genetic material (e.g., CRISPR-Cas9) to
correct mutations linked to cancer. Though promising, it remains largely
experimental [16].
2.7 Photodynamic therapy (PDT)

PDT utilises light-activated compounds to generate reactive oxygen species that
target and destroy cancer cells. It is non-invasive and tissue-selective, though some
risk to healthy cells remains [17].

2.8 Proton therapy and boron neutron capture therapy (BNCT)

Proton therapy provides precision radiation with fewer side effects. BNCT uses
boron-10 and neutron beams to selectively kill cancer cells [18].

2.9 Electrochemotherapy and theranostics

Electrochemotherapy enhances drug uptake via electric pulses. Theranostics
combines diagnosis and therapy using radiolabelled compounds [19, 20].

2.10 Combinatorial ablation and immunotherapy

Ablation techniques paired with immunotherapy amplify immune responses,
showing promise for metastatic cancers like hepatocellular carcinoma [21].
3. Major cancer treatment approaches

Table 1 gives an overview of cancer treatment approaches and an explanation of
treatment components and mechanisms of action. These cancer treatment approaches

Cancer treatment approaches Definition

Gene Therapy The use of genes to fight cancer cells via apoptosis or suppression of cancer
cells or silencing of certain genes.

Immunotherapy Activation or suppression of body’s immune system to fight cancer cells.
Radiotherapy Use of a radioactive source to obliterate cancer cells.
Laser Therapy Use of laser beams at very narrow and extremely focused wavelength to

destroy neoplastic cells in a target area.

Targeted Therapy Targeted drugs can be roughly classified into two categories: small molecules
and macromolecules (e.g., mAbs, polypeptides, antibody-drug conjugates,
and nucleic acids)
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Cancer treatment approaches Definition

Photodynamic Therapy (PDT) PDT is treatment based on light-sensitive compounds activated by specific
wavelengths to destroy cancer cells.

Radiomics Radiomics is quantification of tumour properties obtained from the analysis
of medical images to treat cancer.

Pathomics Pathomics relies on generation and characterisation of high-resolution tissue
images to treat cancer.

Theranostics This form of cancer therapy utilises simultaneous imaging and therapy to
fight cancer.

Nanoparticles Introduction of nanoparticles (1-1000 nm in size) to fight tumour cells
within the body.

Extracellular Vesicles (EVs) Extracellular vesicles are used for drug delivery to fight cancer cells, for

example, exosomes (30-150 nm) and shed microvesicles (sMVs) about
50-1300 nm [22].

Hormone/Endocrine Therapy The use of hormones to treat cancer, for example, oestrogen receptor
modulators for breast cancer treatment.

Thermal Ablation Using heat via long exposure between 41 and 51°C to destroy cancer tissues.

Magnetic hyperthermia This technique exploits superparamagnetic or ferromagnetic
nanoparticles that can generate heat after stimulation with an alternating
magnetic field [4].

Table 1.
Overview of cancer treatment approaches.

are treatment strategies that need to be utilised also in SSA to fully combat cancer
within the region, to ensure adequate treatment and survival of cancer patients.

4. Cancer immunotherapy

Cancer immunotherapy is an innovative treatment that enhances the immune
system and suppresses tumour cell growth and metastasis, and has shown prolonged
therapeutic responses across several cancer types [23, 24]. Inmunotherapy often
consists of several forms: immune checkpoint inhibition, oncolytic virus therapy,
cancer vaccination, adoptive cellular immunotherapy (ACT), dendritic cell therapy,
cytokine treatment, and antibody-drug conjugate (ADC), which have shown promis-
ing results in treating various diseases. Immunotherapy can be used as a monotherapy
or combined with other treatment options, including chemotherapy for more effec-
tiveness [25].

Immunotherapy has been demonstrated to be successful in the treatment of
advanced tumours, including lung, prostate, and urothelial carcinoma [26, 27]. The
CheckMate 227 study revealed the long-term effectiveness of nivolumab and ipilim-
umab in advanced non-small cell lung cancer [28]. The new KEYNOTE-B61 study
confirmed Lenvatinib and pembrolizumab’s anticancer effect in advanced non-clear-
cell renal cell carcinoma, thereby promoting their usage as first-line treatments [29].
These results may contribute significantly to reducing cancer burden and mortality
in SSA, where the majority of cancer patients come with late-stage cancers, limiting
therapy choices and efficacy [30]. While efforts targeted at avoiding late-stage disease
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appearance are necessary, effective therapies for advanced cancer are also required to
lessen the region’s high cancer death rate.

5. Advances in cancer immunotherapy
5.1 Monoclonal antibodies (mAbs)

Monoclonal antibodies (mAbs) are artificial proteins used as immunotherapies
to cure and control some tumours [31]. There are currently four types of mAbs
produced: human, chimeric, humanised, and murine — most of which are utilised in
cancer immunotherapy. mAbs are the predominant form of immunotherapy utilised
in SSA, specifically aimed at targeting distinct cancer markers. In recent years, mAb
immunotherapy has been successfully used in clinical settings to treat and manage
a variety of malignancies [32]. Today, scientists have created mAbs that block the
signals that cause tumour development and invasion and target certain antigens in
cancer cells.

5.2 Immune checkpoint blockade (ICB)

ICB represents a novel monoclonal antibody category that targets T-cell regula-
tory pathways to amplify antitumor immune responses [33]. It has shown increased
survival rates for several cancers and the fight against tumours [34]. ICB enhances
the longevity of anticancer responses by augmenting the immune system’s antitumor
activity and is intended to rejuvenate antitumor immune responses by disrupting
coinhibitory signalling pathways and facilitating immune-mediated eradication of
malignant cells [35, 36]. The primary targets for immune checkpoint blockade (ICB)
are programmed cell death protein 1 (PD-1), cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), and programmed cell death ligand 1 (PD-L1) [37]. Humanised
monoclonal blocking antibodies directed against PD-L1 (atezolizumab, avelumab, and
durvalumab), PD-1 (nivolumab, pembrolizumab, and cemiplimab), or CTLA-4 (ipili-
mumab) have been used in over 50 types of cancer, with the greatest efficacy shown in
melanoma [38]. Interestingly, ipilimumab, an anti-CTLA-4 monoclonal antibody, was
found to improve overall survival (OS) and progression-free survival (PFS) in phase
IT and phase III clinical studies of advanced melanoma patients who had previously
received treatment [39], and it was the first immune checkpoint inhibitor approved by
the US Food and Drug Administration (FDA) for this condition in 2011. Nonetheless,
only a minority of patients have complete responses since their efficiency depends on
optimal antitumor T-cell functionality and tumour mutational load [40].

5.3 Cytokine therapy

Cytokines serve as key regulators of both innate and adaptive immunity, facilitat-
ing communication among immune cells over short distances. Cytokine therapy
for immune system activation in cancer patients represents a significant treatment
approach and remains a crucial element in contemporary clinical cancer research.
Interferon alpha (IFNa) and Peginterferon alpha 2b are authorised as adjuvant thera-
pies for individuals with fully resected stage III or IV high-risk melanoma, and serve
as first-line treatment for patients with metastatic renal cell carcinoma (mRCC),
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specifically alfa-2a and alfa-2b in conjunction with bevacizumab. They are used for
other various refractory malignancies. High-dose interleukin-2 (HDIL-2) is approved
for the treatment of metastatic renal cell carcinoma and melanoma; however, its
usage has declined due to the emergence of newer therapeutic agents [41, 42].

5.4 Adoptive cell therapies (ACT)

ACT includes using autologous immune cells, primarily T cells harvested from
patients, growing and genetically altering them, and then infusing them into the
patients to fight cancer or infections. ACT has gained attention due to the suc-
cess of chimeric antigen receptor (CAR) T-cell therapy in treating blood cancer
[43, 44]. CAR T-cell therapy, one of the primary ACT methods, has been suc-
cessful in the treatment of haematological tumours [43]. Other known treatment
approaches include TCR-engineered T-cell (TCR-T) therapy and tumour-infil-
trating lymphocyte (TIL) therapy [45]. To improve the efficacy of ACT in solid
tumours, gene modification strategies and the engineering of innate killer cells or
macrophages to express TCR-like CARs, NK cell receptors, CARs, or transgenic
TCRs have been employed [46].

5.5 Chimeric antigen receptor (CAR)T-cell therapy

Chimeric antigen receptor (CAR) T-cell therapy involves genetically modifying a
patient’s T cells to recognise and attack cancer cells [47]. Initially successful in haema-
tological malignancies, solid tumours have not previously benefited from CART cells
owing to low lymphocyte infiltration, tumour heterogeneity, and an immunosuppres-
sive tumour microenvironment. However, recent studies have shown its efficacy in
solid tumours by targeting the microenvironment [48, 49]. A ground-breaking trial
reported that patients with advanced gastric or gastro-oesophageal junction cancers
treated with CAR T-cell therapy experienced a 40% increase in overall survival
compared to standard treatments [50]. As of 2024, the FDA has approved seven CAR
T-cell therapies (ISCT, 2024) [51].

5.6 Oncolytic virus (OV) therapy

Oncolytic viruses (OV) are viruses that can be engineered to trigger selective
cell death in cancer [52]. OVs have a simple mechanism of action: replication in
cancer cells to cause lysis and eventual immunogenic cell death. Some OVs, includ-
ing T-"VEC, which is based on oncolytic herpes simplex virus type 1 (0HSV-1), have
been approved for clinical use by the FDA, with others under preclinical evaluation
[53]. In 2015, the FDA approved T-VEC for the treatment of metastatic melanoma
[54]. Additionally, DELYTACT (oHSV-1 with G47A) was approved in 2021 for the
treatment of glioblastoma in Japan [55]. T-VEC has shown remarkable therapeutic
benefits for advanced melanoma patients and is presently approved for unresectable
metastatic melanoma treatment [56].

6. Status of SSA in cancer immunotherapy advances

Cancer prevalence is increasing in SSA, and it is often defined by early age
onset, aggressive illness, late-stage diagnosis, and poor survival [57]. SSA requires
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immediate intervention to address the escalating crisis of cancer incidence and mor-
tality. Data estimates indicate that, without prompt interventions, cancer mortality is
projected to rise significantly to approximately 1 million deaths annually by 2030. The
cancer challenge in SSA is significant and is expected to deteriorate swiftly without
appropriate interventions.

The fight against cancer in SSA is more urgent now than ever. Deaths due to cancer
in Africa are disproportionately greater than the corresponding mortality burden
in other regions, with 756,600 deaths and 1,180,000 incidences in 2022 (Bray et al.,
2024) [1, 58]. According to the International Agency for Research on Cancer (IARC),
693,487 Africans were estimated to die from cancer in 2018, with a projected rise to
1,429,812 deaths by 2040 — a staggering 106% increase in death rates between 2018
and 2040 [1, 59]. However, the incidence of cancer in SSA has doubled over the last
30 years, and without doubt, the numbers would double again in 20 years [60],
resulting in a doubling of cancer mortality across Africa [61].

The increasing cancer burden in SSA can be linked to poor attention to cancer
treatment within several healthcare systems in the region [61].

Immunotherapy has revolutionised cancer care worldwide and holds great prom-
ise for SSA, particularly due to its efficacy in treating advanced-stage cancers, which
represent the majority of cases in the region. However, there is no robust documenta-
tion of the utilisation of immunotherapy in SSA [62].

In a study by Olatunji et al. [63], there were 292 respondents from 28 SSA nations.
Of all responders, 46% said their clinics presently use cancer immunotherapy, and
29% said it is easily accessible. Out of the clinics that administered immunotherapy
(n = 133), 44% evaluated the expression of the PD-L1 biomarker before administer-
ing immunotherapy, while 12% used genomic sequencing to evaluate the tumour
mutational load biomarker. Among all respondents, 46% were aware of immunother-
apy. 11% said they had received sufficient training to administer it. Of them (n = 33),
52% reported receiving training on how to handle immune-related side effects
associated with administering immunotherapy. It was concluded that immunotherapy
training and use are minimal and inadequate for the growing cancer burden.

Therefore, cancer immunotherapy in SSA faces systemic challenges that hinder
its adoption and effectiveness, despite its potential to address advanced-stage cancers
prevalent in the region.

Key barriers summarised in Figure 1 include:

Financial burden and Limited Access to
limited health-care coverage immunotherapy drugs

Key Barriers to

Insufficient Cancer \ Patient Selection
Healthcare AT and Treatments
Infrastructure \ Immunotherapy in
Sub-Saharan Africa
Geographic and Regulatory Barriers
Figure 1.

Key barriers to cancer immunotherapy in sub-Saharan Africa.
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1. Limited Access to immunotherapy drugs: Despite the increasing rise in cancer
across SSA, studies reveal that immunotherapy use is limited in SSA clinics, and
even fewer, having adequate resources, trained staff, or easy access to immuno-
therapy drugs and diagnostic tools, largely due to insufficient infrastructure,
high drug costs, limited provider training, scarce biomarker testing, and urban-
rural disparities, all of which collectively restrict the safe and effective utilisation
of immunotherapy for the region’s growing cancer burden [60].

2. Insufficient Healthcare Infrastructure: Despite the promise of immunotherapy in
treating advanced cancers, its use in SSA remains extremely limited due to the
inadequacy of healthcare infrastructure [64].

3. Patient Selection and Treatments: As a result, late-stage cancer patients often
lack effective treatment options, contributing to rising cancer mortality and an
increasing overall cancer burden in the region. The study carried out by Olatunji
etal. [63] is one of the few studies on cancer immunotherapy on the continent,
revealing that only 44% of clinics test for PD-L1 expression, and 12% use genom-
ic sequencing to assess tumour mutational burden, which is critical for predicting
immunotherapy efficacy. So, at clinics where immunotherapy is practiced, the
limited use of these biomarkers means that patient selection is often inadequate,
likely reducing treatment effectiveness and safety while increasing the risk of
autoimmune side effects due to the inability to accurately predict which patients
will benefit from immunotherapy before administration [61, 65, 66].

4. Financial burden and limited healthcare coverage: Immunotherapy is an effective
treatment for advanced-stage malignancies in SSA clinics, but its wider usage is
hampered by high costs and limited healthcare coverage [67, 68]. There is a need
to promote access to immunotherapy drugs without a financial burden on cancer
patients and their families. Public health initiatives that increase cancer screening
and slow disease progression should be introduced. However, boosting therapies
effective against advanced cancer is equally critical in slowing the growing cancer-
related death rate in SSA [69, 70]. According to recent research, ultra-low dosages
of immunotherapy medications may improve survival rates for advanced cancer
patients in low- and middle-income nations [71]. Patients may also benefit from
immunotherapy clinical trials in SSA, which make the treatment more affordable.

5. Geographic and Regulatory Barriers: The majority of cancer centres in SSA are
in urban areas, leaving rural communities without access to advanced cancer
treatment. Additionally, the underrepresentation of Africans in global immu-
notherapy studies reduces the availability of region-specific data on therapeutic
effectiveness.

It is clear that there are significant hurdles, but despite the hurdles mentioned and
more, there is certainly an increase in awareness and efforts to improve cancer care,
including the adoption of immunotherapy in SSA.

7. Recommendations: The case for cancer immunotherapy in SSA

To improve and advance cancer treatment and immunotherapy in SSA, we
highlighted below some of the recommendations, most of which agree with the
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recommendations suggested by Obiozor et al. [72] on feasibility analysis of the
preparedness of Africans to access cellular gene therapy. Initial recommendations
from Olatunji et al., [63] are that expanded use of immunotherapy in SSA requires
improved access to immunotherapy medications, integration of immunotherapy
training into ongoing medical education, and enhanced availability and use of
biomarker testing to predict immunotherapy response.

Recommendations include:

1.Increased public awareness about the benefits of immunotherapy: Health educa-
tion on the role of immunotherapy for cancer care should be a top priority for
cancer clinics in SSA. This means that individuals are adequately informed of
immunotherapy as an improved treatment modality for cancer treatment.

2.Increased accessibility and affordability of cancer immunotherapeutic medica-
tions: Subsidies should be granted to cancer patients to increase the adoption of
immunotherapeutic medications for cancer treatment in SSA.

3. Training and Education for Clinicians: Clinicians in cancer clinics should be
trained on new advances in immunotherapy so that the catalogue of treatment
options can be updated in various cancer care clinics across SSA.

4. Addressing infrastructural gap: Infrastructural gap remains a big issue for most
healthcare advancements in SSA, leading to less adoption of treatment. Address-
ing this issue means that governments and other stakeholders invest in infra-
structure that is needed for cancer care within SSA. This includes specialised
buildings, laboratories, diagnostic centres, and other important infrastructure
used within cancer treatment.

5.Integration with the existing cancer control programme.
6. Cost-effective and Collaborative approaches.

7. Utilising predictive markers for pre-screening and implementing immunopro-
tective treatments to reduce expenses.

8. Bridging knowledge and research gaps, as we have previously discussed in detail.

9. Adequate funding for cancer research in SSA.

8. Conclusion

Cancer treatment has evolved significantly, progressing from traditional
approaches to highly specialised and personalised therapies. While surgery, chemo-
therapy, and radiotherapy remain cornerstones of cancer management, emerging
innovations—such as immunotherapy, targeted therapy, and nanotechnology—are
transforming the oncology landscape.

For SSA to fully benefit from cancer immunotherapies, several critical challenges
must be addressed, including limited clinical infrastructure, a shortage of trained
personnel, and barriers to access. It is imperative that the region not only adapt
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these advancements but also invest in developing homegrown immunotherapeutic
strategies. This will ensure that the growing population of cancer patients across the
continent can benefit equitably from these promising frontier therapies.
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Chapter 2

HLA-Based Immunotherapy for
Cancer

Lisa M. James

Abstract

Globally, cancer remains a major health concern and is a leading cause of death.
Recent advances in cancer immunotherapy, which is aimed at unleashing an indi-
vidual’s immune system to attack cancer, have proven instrumental for improving
outcomes in cancer patients, yet limitations of current approaches including resis-
tance, toxicity, and prohibitive costs have led to calls for the development of novel
immunotherapeutic strategies to target and eliminate cancer. Following an overview
of current cancer immunotherapies, this chapter shines a spotlight on the therapeutic
potential of novel interventions centered on human leukocyte antigens (HLA).

HLA plays a vital role in immune surveillance and in activating the immune system
response to cancer by binding and transporting peptides of cancer antigens to the
cell surface to stimulate immune system responses. Indeed, most cancer immuno-
therapies depend on HLA; yet, individual differences in HLA are often overlooked.
The effectiveness of HLA-dependent cancer immunotherapies is partially reliant on
tumor antigen peptide-HLA (pHLA) complexes with sufficient binding affinity and
immunogenicity to elicit immune system responses aimed at attacking cancer. Since
each individual carries a limited repertoire of HLA which determine the landscape of
peptides that can be bound and presented, individual variation in HLA takes center
stage in the fight against cancer. Strategies focused squarely on optimizing pHLA
matches are discussed and novel individually-tailored HLA-based immunotherapeu-
tic strategies are introduced.

Keywords: cancer, immunotherapy, human leukocyte antigen, binding,
immunogenicity

1. Introduction

Cancer is a major global health concern and among the leading causes of death
worldwide [1, 2]. In 2022, 20 million new cancer cases and nearly 10 million cancer
deaths were reported with lung and breast cancer leading the way for cancer-
related mortality in men and women, respectively [1]. In 2025, more than 2 million
new cancer cases are projected to occur in the United States alone [3] and more
than 35 million new cases are predicted worldwide in 2050 [1]. Although cancer
incidence remains high [4], relative survival has improved over the last several
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decades [5], particularly in high sociodemographic index countries [4]. Treatment
advances have significantly contributed to survival outcomes. Traditionally,
surgery, chemotherapy, and radiation were the typical standard of care; however,
the potential of immunotherapy, which harnesses an individual’s own immune
system to attack cancer cells, is increasingly recognized as an important tool for
cancer treatment, either alone or as an adjunct to standard treatment [6-8]. In
this chapter, we briefly review the role of the immune system in cancer, describe
current cancer immunotherapies, highlight the central role of human leukocyte
antigens (HLA) in the immune response to cancer and on treatment outcomes, and
discuss emerging frontiers with regard to novel HLA-based immunotherapeutic
strategies.

2. Fundamentals of the immune system

The human immune system plays a crucial role in fighting against cancer via
complex interactions between two primary facets referred to as innate immunity
and adaptive immunity. Broadly, these separate arms work in concert to protect
against invaders including cancer by recognizing and targeting non-self antigens
for elimination [9]. The innate immune system is the body's first line of defense
that provides a non-specific response that is activated quickly in response to any
foreign pathogen. Cells involved in innate immunity include macrophages, phago-
cytes, neutrophils, natural killer (NK) cells, and dendritic cells (DCs) which are
the interface between innate and adaptive immunity. In contrast, the adaptive
immune system is slower but provides specific defense against pathogens including
development of antibodies and immunological memory. Cells involved in adaptive
immunity include cytotoxic CD8 T cells, CD4+ helper T cells, and B cells. HLA, also
referred to as major histocompatibility complex (MHC), are a central component of
the adaptive immune response due to their vital role in presenting tumor antigens to
T cells to stimulate an immune response aimed at cancer elimination, as described
below (see Section 4).

Details about the roles and interplay of various components of the innate
and adaptive immune system in cancer are reviewed elsewhere [10, 11]. Briefly,
in immunocompetent individuals and in early stages of tumor development,
immunogenic cancer cells—that is, cells that are able to stimulate an immune
system response—are detected and eliminated via innate and adaptive immune
surveillance and responses [12, 13]. If successful, the individual remains cancer
free. However, if cancer cells remain, they may enter equilibrium, a state during
which cancer cells are present but further growth is immunologically restrained.
Equilibrium, which may be life-long, is strictly a function of adaptive immunity
[12]. Disruptions in equilibrium, due to cancer-induced immunosuppression,
inflammation, properties of the tumor microenvironment, or selection of less
immunogenic cancer cells promote escape and proliferation which ultimately
results in disease [10, 13]. During this phase, engagement of immune checkpoints
and recruitment of regulatory T cells (Tregs) suppress anti-tumor activity allow-
ing the cells to evade destruction by the immune system, thereby permitting
unchecked growth. The aim of immunotherapy is to modify the immune response
to promote tumor rejection and reduce tumor promotion, optimally returning
the patient to a state of elimination or equilibrium [14, 15]. T cells are at the very
center of cancer immunotherapy [16].
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3. Cancer immunotherapy

Advances in cancer immunotherapy have exploded in recent years; however,
evidence supporting the power of the immune system in cancer treatment dates back
to the 1800s when tumor shrinkage was documented in individuals intentionally
infected with various bacteria [17]. Perhaps most well-known among immunotherapy
pioneers is William B. Coley who is widely considered one of the fathers of immuno-
therapy. In the late 1800s Coley injected patients with a mixture of live and attenuated
bacteria known as “Coley’s toxin” in order to promote strong, anti-tumor immune
responses against bone sarcomas, an intervention which resulted in durable remission
for many patients [17]. Despite remarkable success, immunotherapy fell out of favor
in the wake of the development of radiation and chemotherapy which, along with
surgery, became the standard of care. Now, more than a century after Coley’ initial
immunotherapy interventions, there has been a resurgence of interest in the promise
of caner immunotherapy, buoyed by enhanced understanding of the immune system’s
role in surveillance and elimination of cancer cells. This groundswell has led to the
development of several immunotherapeutic strategies that share a goal of unleash-
ing the immune system to attack cancer cells, albeit via different mechanisms. The
primary types of immunotherapy are briefly reviewed below.

3.1 Monoclonal antibodies (mAbs)

Antibodies, also known as immunoglobulins, are naturally occurring proteins
produced by B cells that bind with and neutralize specific antigens. Monoclonal anti-
bodies (mAbs) are antibodies that have been manufactured in a lab to bind a specific
antigen for various therapeutic applications [18]. Over the last several decades, the
use of mAbs has exploded with nearly half of all therapeutic antibodies approved
for use in the United States or European Union used for cancer treatment (Antibody
society) [19]. Several mechanisms of action detailed elsewhere [20, 21] are associated
with therapeutic mAbs. They include blocking ligands to prevent signals that promote
tumor growth and binding with tumor antigens, triggering (1) antibody-dependent
cell cytotoxicity via NK cells, (2) antibody-dependent cell phagocytosis, (3) apoptosis
directly, or (4) complement dependent cytoxicity. Still, others bind with antigens on
antigen-presenting cells, acting as an agonist to increase a patient’s T-cell immune
response or bind with multiple targets allowing activation of more immune cells to
enhance cancer elimination. Finally, others bind with immune checkpoints, a method
that has been so influential in cancer treatment that it is covered separately (Section
3.2). Numerous mAbs targeting several different antigens are used clinically in the
treatment of cancer [8, 20]. Among them are mAbs targeting CD20, a protein that is
abundantly expressed on cancerous B cells in individuals with hematological cancers
such as lymphoma or leukemia [22] and mAbs targeting human epidermal growth
factor receptor 2 (HER2), which is overexpressed in 20-25% of breast cancers [23]
and is found in several other tumor types (e.g., stomach, endometrium, esophagus,
etc.) [21]. Treatment with mAbs targeting CD20 and HER2 have been shown to sig-
nificantly improve survival [22, 24] as have several mAbs targeting other antigens [18,
20]. Nonetheless, significant side effects including tumor lysis syndrome and cyto-
kine release syndrome (CRS) are associated with mAb infusion [18]. Furthermore,
innate and/or acquired resistance to mAbs is a major clinical issue resulting in refrac-
tory disease in a majority of patients [18, 20]. For a review on mechanisms, therapeu-
tic applications, and limitations of mAbs on cancer and beyond, see [18].
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3.2 Immune checkpoint inhibitors (ICIs)

A specific class of mAbs that has shown particular promise involves the blockade
of immune checkpoints. Immune checkpoints are proteins on the surface of primarily
T-cells that play an important role in regulating immune responses, both stimulating
the immune system and inhibiting excessive immune responses that could contribute to
autoimmunity. Cancer cells take advantage of inhibitory immune checkpoints by binding
with them, suppressing the ability of the T cell to destroy the tumor. Of the numerous
checkpoint pairs that have been discovered, the most well-studied are cytotoxic T lym-
phocyte-associated antigen-4 (CTLA-4)/B7 ligand and programmed cell death protein 1
(PD1)/PD-L1 ligand [25]. ICIs block checkpoint proteins from biding with their partner
protein, thereby allowing T cells to destroy tumor cells. Antibodies such as CTLA-4
inhibitors, PD-1 inhibitors, and PD-L1 inhibitors are now widely used as 1st line or 2nd
line of treatment for several types of cancer including melanoma, non-small-cell lung
cancer, renal cell carcinoma, and bladder cancer, among others [7, 26] with thousands
of clinical trials underway [27], many of which are evaluating new pathways and next-
generation ICIs [28]. The response rate of single-agent ICI varies tremendously with high
(50-80%) response in melanoma to virtually non-existent response for pancreatic cancer
[7]. Furthermore, numerous immune-related adverse effects (IrAEs) involving multiple
organ systems are associated with ICI [29, 30]. A recent review found that 40% of ICI
patients experience IrAEs and roughly 20% experience high grade adverse events [31],
some of which (e.g., myocarditis) are associated with up to 50% mortality [32]. IrAEs are
even higher for combination ICI [31]. Corticosteroids or other immunosuppressants are
often administered to reduce toxicity of ICIs [33], albeit with unclear consequences with
regard to cancer outcomes [7]. In light of variable effectiveness and potential toxicity
of ICI, there have been calls for innovative treatments with less toxic and more durable
effects for cancer treatment [34].

3.3 Adoptive T cell therapy

Adoptive T cell therapy involves collecting and manipulating a patient’s T cells to more
effectively recognize and kill cancer cells. Two primary strategies, reviewed elsewhere [8,
35], include infusion of tumor-infiltrating lymphocytes (TILs) obtained from a resected
tumor and grown in large quantities ex vivo or infusion of T cells that are genetically
engineered to express either a synthetic chimeric antigen receptor (CAR) that recognizes
cell-surface tumor antigens or a T-cell receptor (TCR-T) that recognizes intracellular
tumor antigens. Several CAR-T cell therapies are approved for hematological cancers
although they are very costly [36, 37] and several challenges limit their efficacy includ-
ing poor CAR-T cell persistence and cancer cell resistance resulting from antigen loss or
modulation [38]. Furthermore, adverse effects are common with 50-95% of patients on
CAR-T cell treatments experience cytokine release storm and other adverse effects [35],
and up to 50% requiring critical care, vasopressors, or ventilation [6]. Comparatively,
TCR-T has a better safety profile due to its MHC restriction [8, 39] and has demonstrated
varying degrees of success with synovial sarcoma, melanoma, and human papilloma
virus (HPV)-associated cancers [35]; however, severe neurologic toxicities are fairly
common and cross-reactivity of TCR-T with normal tissues is a concern [40]. TIL therapy,
which relies on a patients natural T cells, is safer than synthetic CAR-T or TCR-T therapies
and has an advantage of the ability to recognize and target several tumor associated
antigens (TAAs) compared to the limited number of TAAs targeted by CAR-T or TCR-T
[8]. In 2024, the Food and Drug Administration (FDA) approved the first TIL, lifileucel
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(Amtagvi), for the treatment of melanoma and has granted Breakthrough Therapy
Designation for TILs in treating advanced cervical cancer. Though promising, production
of TILs takes several weeks and is costly; consequently, TILs are typically recommended
as a second line of therapy or as adjunctive to ICI which is much more readily available
and cost-effective [41].

3.4 Vaccines

Cancer vaccines broadly fall into two categories, preventive and therapeutic.
Primary preventive vaccines are aimed at preventing the development of cancer,
typically by arming the immune system to fight infection with viruses that have been
linked to cancer such as HPV and hepatitis B. They are akin to traditional vaccines in
which the immune system is primed to attack future occurrence of a given antigen.
Preventive vaccines for non-viral cancer antigens including proto-onocogenes are
being developed as are vaccines for secondary and tertiary prevention, as reviewed
elsewhere [42]. Here, the focus is on therapeutic vaccines. A number of therapeutic
vaccines have been developed and are extensively discussed in several recent reviews
[43-48]. Briefly, therapeutic cancer vaccines target tumor specific antigens (TSAs)
which are uniquely found on tumor cells (e.g., viral antigens, neoantigens) [49-51]
or TAAs which may be preferentially found or overexpressed in tumors but may also
be present in other cells (e.g., HER2, cancer germline antigens/cancer testis antigens
[CTAs]). Furthermore, the antigens may be shared, i.e., common across many indi-
viduals with the same type of cancer, or personalized. Most research on therapeutic
cancer vaccines to date has focused on shared antigen vaccines although technological
advances in sequencing and bioinformatics have led to increased emphasis on the
development of personalized vaccines [52].

In addition to the type of antigen targeted, therapeutic cancer vaccines can be
distinguished by vaccine platform including cell-based, viral- or bacteria-based,
peptide-based, and nucleic acid-based vaccines. Cell-based vaccines include the use
of (1) attenuated or lysed tumor cells or (2) antigen presenting cells (APCs)—typi-
cally DCs pulsed with tumor antigens—to stimulate T cells responses aimed at tumor
elimination. Sipuleucel-T (Provenge), a DC-based vaccine used to treat prostate
cancer in the only cell-based vaccine that has been approved by the FDA [53] although
numerous cell-based vaccines are under investigation [46]. In addition to preventive
virus-based vaccines mentioned previously, therapeutic virus-based cancer vaccines
include use of viruses (e.g., adenoviruses, herpes viruses) modified to carry tumor
proteins, which when injected into the tumor, selectively replicates within the tumor,
prompting cell lysis and activation of the adaptive immune system to develop anti-
tumor immunity. Talimogene laherparepvec (T-VEC, Imlygic) which includes herpes
simplex virus-1 (HSV-1), is approved for the treatment of advanced melanoma [54].
Viruses can also be used as vectors to deliver antigen-encoding instructions into host
cells, prompting protective immune responses, a tactic utilized in recent adenovirus-
based s vaccine formulations [55]. Although not as widely used, bacteria-based vac-
cines are promising as a cancer immunotherapy. Bacille Calmette-Guerin (BCG) has
been widely utilized for decades to treat noninvasive bladder cancer and several other
bacteria-based therapeutic vaccines are in development [56]. Peptide-based vaccines
present protein fragments, or subunits, of cancer antigen epitopes (TAAs or TSAs) to
APCs. Those peptides bind with MHC molecules and are presented to T cells which
recognize the peptides as foreign, thereby stimulating immune responses aimed at
their eradication. Synthetic long peptides (11-30 amino acids) have shown particular
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promise as they are internalized and processed by APCs to permit binding by both
Class I and Class-II HLA molecules, triggering both CD8+ and CD4+ T cell responses
[57]. Numerous antigens have been targeted and tested for peptide-based cancer
vaccines with minimal adverse effects albeit modest efficacy with regard to survival
[8, 57]. Identification of optimal antigens as well as use of adjuvants and nanopar-
ticles aimed at enhancing the immune response are active areas of investigation in the
numerous peptide-based cancer vaccine clinical trials underway [8, 46, 57]. Finally,
nucleic acid-based vaccines deliver genetic instructions for the production of cancer
antigens that, once manufactured, load onto HLA-T and -II molecules, stimulating
CD8+ and CD4+ T cells to kill cancer cells and produce antitumor immunity. Detailed
information on the attributes and mechanisms of nucleic acid-based vaccines for
cancer can be found in a thorough recent review [58]. Nucleic-acid based vaccines
encode for specific antigens and can encode multiple antigens that can be personal-
ized. They are also safe and are relatively cost-effective, proving to be a revolutionary
addition to cancer immunotherapy, either alone or in combination with other treat-
ments. Although none have been approved for use in cancer to date, dozens are under
investigation in clinical trials for several types of cancer including Phase III clinical
trials for cervical cancer, melanoma, and colorectal cancer [58, 59]. A critical factor
in the effectiveness of nucleic acid-based vaccines is the selection of antigens that are
immunogenic. Indeed, a limitation of this approach thus far has been weak and/or
lack of sustained immunogenicity [60]. Tremendous ongoing effort is dedicated to
optimizing nucleic acid-based cancer vaccines to unleash their potential in eradicat-
ing cancer including identification of antigens that are able to bind with lymphocytes
(i.e., T cells and B cells) to stimulate a sufficient immune response to attack and
eliminate cancer without triggering autoimmune reactions [46, 58].

3.5 Immunotherapy challenges

There is no doubt that recent advances in cancer immunotherapy have reshaped the
treatment landscape and improved survival and quality of life for cancer patients [6].
Indeed, >50% 5-year survival has been documented in patients with metastatic melanoma
treated with combined ICI [61], a remarkable feat for a condition with historically low
survival. Nonetheless, several challenges exist. Depending on the type of immunotherapy,
challenges include toxicity and IrAEs that have been associated with significant morbid-
ity and mortality, immune tolerance, primary or secondary (acquired) resistance to
immunotherapy, pre-existing immunity, and time-consuming and/or costly manufactur-
ing [7, 8]. To overcome these challenges, ongoing research is aimed at manipulating the
tumor microenvironment, identifying patient and cancer markers that predict treatment
response and/or resistance, optimizing combination immunotherapy strategies, and
leveraging immunology, bioinformatics, and sequencing to identify optimal antigens
to generate a just-right immune response. The existing challenges have led to calls for
treatments tailored to unique host-cancer pairings [7] and innovative antigen-specific
strategies that are less toxic and exploit T-cell memory to improve sustained immuno-
therapeutic effects [34]. HLA- centric strategies may be just what is needed.

4. HLA: The basics

HLA are cell-surface glycoproteins that play a critical role in human immune
surveillance and response. They are also commonly known as MHC given their role in
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determining compatibility or rejection in organ or tissue transplants [62]. Their pri-
mary function is to present antigens to lymphocytes in order to identify and facilitate
immune system activation against foreign and malignant invaders [63]. There are two
main classes of HLA—Class I and Class II—that are involved in antigen presentation
to T cells. Detailed descriptions of the complex pathways can be found elsewhere
[64]; a brief overview is provided here.

HLA ClassI (HLA-A, HLA-B, and HLA-C), which are expressed on the surface
of all nucleated cells including tumors, present small (8-10 amino acid residues)
endogenous antigen peptides to cytotoxic CD8+ T cells to signal cell destruction.
Specifically, an endogenous antigen is proteolyzed into peptide fragments that are
transferred from the cytoplasm to the endoplasmic reticulum with the aid of trans-
porter protein, TAP. Class I molecules synthesized in the endoplasmic reticulum then
bind with high affinity antigen peptides forming a pHLA complex that is exported
through the Golgi apparatus to the cell surface. When cytotoxic CD8+ T cell receptors
recognize non-self antigen peptides, they facilitate cell death via release of cytotoxic
substances and stimulation of apoptosis.

HLA Class II (HLA-DR, HLA-DQ, HLA-DP), which are expressed on professional
APCs including macrophages, B cells, and DCs, present larger (15-22 amino acid resi-
dues) exogenous antigens to CD4+ helper T cells to stimulate production of antibodies
and immunological memory. In the case of HLA Class II, exogenous (i.e., extracellu-
lar) antigens are endocytosed or phagocytosed by APCs and, similar to HLA Class-I,
are cleaved by proteases into peptide fragments that are transferred to a specialized
endosomal antigen loading compartment. HLA Class II molecules are synthesized in
the endoplasmic reticulum along with an invariant chain that stabilizes the molecule,
prohibits binding endogenous peptides, and facilitates export to the antigen load-
ing compartment where the invariant chain is replaced with a high-affinity antigen
peptide, forming a pHLA complex. The pHLA complex is transported via the Golgi
apparatus to the cell surface for presentation to CD4+ helper T cells which stimulates
antigen-specific B-cell mediated antibody production. The antibodies neutralize the
antigen and/or stimulate other immune system processes aimed at elimination of the
target antigen. Some B cells may be differentiated into memory B cells which help
provide durable immune system responses in the event of future exposure to a given
antigen, the very mechanism that underlies prophylactic vaccination. Some APCs
such as DCs are also able to cross-present internalized exogenous antigens to HLA
Class I molecules in which case cytotoxic CD8+ T cells and helper CD4+ T cells are
activated.

The HLA region is the most highly polymorphic in the human genome [65] with
over 40,000 HLA alleles already identified and new sequencing techniques (e.g., next
generation sequencing, third generation sequencing) contributing to the identifica-
tion of more novel alleles [66, 67]. This extreme polymorphism at the population level
helps protect against diverse pathogens. Each individual, however, carries only 12
classical HLA alleles including 2 from each Class I gene (HLA-A, HLA-B, and HLA-C)
and 2 from each Class II gene (HLA-DR, HLA-DQ, HLA-DP), that code for the HLA
molecules each individual possesses. Most of the variability across HLA polymor-
phisms is located in the binding groove [68] which is composed of two alpha domains
in the case of HLA Class I and an alpha and beta chain in HLA Class II. The properties
of the binding groove (e.g., amino acid sequence, structure) determine which anti-
gens can bind with sufficient affinity to promote an immune response. High binding
affinity is necessary to promote an immune response [69]. A single amino acid substi-
tution alters the binding groove [70-72] and thus the repertoire of peptides that can
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be bind with HLA for presentation to T cells [73]. Thus, a given individual’s immune
response, whether it be to bacterial or viral infections or to cancer, is determined by

a combination of their HLA composition and the pool of antigen peptides to which
their HLA molecules can bind. A single pMHC complex triggers T cell activation [74].
Thus, the immune system is designed to readily act against invaders including cancer;
the success, however, rests on high affinity antigen peptide-HLA binding as a starting
point for immunogenic and antigenic responses. This point has significant implica-
tions for cancer immunotherapy as discussed below.

4.1 HLA and cancer

The importance of HLA in the course of cancer cannot be overstated. Under
optimal conditions, tumor antigens are recognized and eliminated by the immune
system, prohibiting their further proliferation. If, however, cancer cells escape
immune surveillance, tolerance to the cancer antigens can develop permitting
unchecked growth. This transition from tumor antigen elimination to escape is
commonly referred to as cancer immunoediting [12]. Viewing cancer immunoediting
through the lens of HLA, tumor antigens that bind with high affinity to HLA mol-
ecules forming an immunogenic pHLA complex are most likely to elicit destruction of
cancer cells, promoting survival. On the other hand, antigens with weak affinity and
those with low immunogenicity and/or low antigenicity are prone to escape, contrib-
uting to morbidity and mortality [12, 75]. One well-established mechanism through
which cancer cells escape the immune system is through downregulation of HLA [76].
Thus, HLA binding of tumor antigens plays a critical role in cancer prevention, and
when blocked by poor binding, weak immunogenicity/antigenicity, or downregula-
tion, influences cancer progression. Cancer immunotherapies are largely aimed at
restoring functional immune system responses in which tumor antigen presentation
leads to T-cell mediated immune system activation and elimination of cancer cells. To
highlight the critical role of HLA in cancer, consider the following:

1.HLA variation influences the course of cancer. The extremely polymorphic na-
ture of HLA is reflected in allelic variation in HLA-related cancer risk or protec-
tion [77-80], response to immunotherapy [81-85], occurrence of IrAEs [76], and
metastasis [86].

2.Downregulation of HLA is a common feature in cancer. Downregulation of

HLA, loss of HLA, or loss of heterogeneity of HLA is a common feature of can-
cer immune escape that permits cancer proliferation [86-88]. Depending of the
type of cancer, up to 87.9% of cancer cases exhibit abnormalities in HLA/MHC
antigen processing machinery [89], some of which are reversible [90]. In addi-
tion to antigen processing dysfunction, loss of HLA heterogeneity has also been
linked to worse outcomes albeit with some mixed findings [76]. Generally, HLA
heterozygosity coupled with high tumor mutational burden are associated with
favorable outcomes [77, 83]. Indeed, a diverse pool of HLA and tumor antigens
increases the probability of pHLA binding with high affinity and sufficient im-
munogenicity/antigenicity to stimulate an immune response [91, 92].

3. Interventions aimed at upregulating HLA enhance the effectiveness of T cell
immunotherapies for cancer. Various approaches for recovering HLA have been
investigated including modulating HLA transcriptional regulators and correct-
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ing HLA signaling and trafficking abnormalities [90, 93, 94]. Such interventions
have been shown to enhance T cell-mediated immunity and improve the clinical
course of the disease [93].

4. Most cancer immunotherapies are HLA-cell dependent. Most cancer immunothera-
pies including ICIs, adoptive cell therapies such as TILs and TCR-Ts, and cancer
vaccines are aimed at unleashing T-cells to enhance an individual’s immune response
aimed at tumor elimination. HLA binding with tumor antigens is a prerequisite for
presentation of tumor antigens to T cells. Although newer HLA-independent thera-
pies (e.g., CAR-T, CAR-NK) are gaining traction, many commonly utilized cancer
immunotherapies are at their very core HLA-dependent [95].

4.2 pHLA: The cancer immunotherapy linchpin

This central role of HLA in cancer risk and progression shines a spotlight on the poten-
tial for HLA-centric immunotherapies for cancer. On one hand, the relevance of HLA for
tumor antigen presentation is well established and, as noted above, recovery of HLA to
facilitate antigen presentation is an important immunotherapy tool [90, 93]. However,
the mere presence or recovery of HLA may not be sufficient to stimulate an immune
system response aimed at cancer elimination, particularly in the case of antigen peptides
with weak affinity and/or low immunogenicity/antigenicity to a given HLA molecule. To
mount an effective immune response, it is first necessary for tumor antigen peptides to
bind with high-affinity to an HLA molecule, forming a peptide-HLA (pHLA) complex.
That pHLA complex is then presented to T cells, stimulating an immune response if the
complex is sufficiently immunogenic/antigenic. Thus, for each individual, it is the com-
bination of HLA molecules and tumor antigens that is the critical factor in an individual’s
immune response to cancer, rendering the pHLA complex as an immunotherapy linchpin.
Since HLA is extremely diverse and in light of variation in tumor antigens (e.g., shared
TAAs, TSAs including person-specific neoantigens), the potential pHLA complex com-
binations are vast and highly individualized. Recognition of the vital role of high affinity/
highly immunogenic and individualized pHLA complexes for cancer immunotherapy has
several implications:

1. Treatment aimed at HLA recovery will be ineffective if the individual’s HLA do
not match their tumor antigens (i.e., pHLA with high affinity, high immunoge-
nicity/antigenicity).

2. HLA-dependent immunotherapy, which includes almost all current immunotherapy
approaches, will be of limited benefit in the absence of an HLA-antigen match.

3.Individual variation in HLA and in cancer antigens results in individual differ-
ences in (a) ability to bind tumor antigen peptides (pMHC) for presentation to T
cells, (b) pMHC complex immunogenicity, and (c) pMHC complex antigenicity.
Thus, current off-the-shelf, one-size-fits-all approaches will have mixed effects
depending on an individual’s HLA-antigen composition.

4.3 Novel HLA-centric strategies to enhance immunotherapies

To maximize the effectiveness of cancer immunotherapies, novel strate-
gies based on HLA-antigen matching will be required. To that end, approaches
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combining immunogenetic (i.e., HLA) and tumor sequencing, bioinformatics,
and immunology take center stage. Indeed, several bioinformatics-based clinical
vaccine trials are recently completed or underway [96] subsequent to promising
findings of influential studies demonstrating benefit of personalized vaccines for
cancer [97-99]. Innovative approaches that can be implemented quickly and cost-
effectively are needed to enhance cancer immunotherapy effectiveness and extend
patient survival.

Here, we present several novel HLA-based approaches to cancer immuno-
therapy (Figure 1). One approach is to provide to a patient the blueprint for HLA
that will bind with high affinity and immunogenicity to tumor antigens [100].
Since each individual possesses a limited repertoire of HLA alleles, and thus HLA
molecules, the likelihood of an individual possessing HLA that that can bind and
present tumor antigens to T cells is limited. However, patient-specific antigens
can be identified from a tumor and bioinformatics approaches (e.g., INeoEpp
[101], NetMHCpan [102]) can be used to determine in silico HLA that are likely
to bind with high affinity and sufficient immunogenicity to stimulate an immune
response aimed at eliminating the cancer. The “matching” HLA can be synthe-
sized and delivered via vaccination. We [103] recently used an in silico approach
to characterize binding affinity and immunogenicity of 2462 HLA Class I alleles
to all linear nonamer (9-mer) epitopes of 11 known melanoma antigens. We
identified nine HLA Class I alleles that were omnipotent against all 11 antigens,
making those HLA ideal candidates for vaccine delivery. Alternatively, HLA-based
vaccines could provide HLA that is incompatible with an individual’s HLA compo-
sition directly into a tumor [100]. That strategy may lead to rejection of the tumor
along the lines of HLA’ role in tissue rejection [62].

An alternative HLA-centric cancer immunotherapy approach is to give to a
patient antigen peptides that are predicted to bind with high affinity to the HLA
an individual possesses and that are highly immunogenic. Peptide-based vaccines
which can target TSAs or TAAs are among the most common cancer immuno-
therapy approaches [39, 57]. Neoantigen-based TSA approaches have increased
exponentially and, in combination with ICI and other immunotherapies, have
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Schematic figure highlighting the central role of HLA in cancer elimination, relevance for standard

immunotherapies, and summary of novel HLA-based cancer immunotherapy strategies.

28



HLA-Based Immunotherapy for Cancer
DOI: http://dx.doi.org/10.5772/intechopen.1011836

shown promising albeit variable results and are very costly and time-consuming
[104]. In contrast, immunotherapies that are based on TAAs are inexpensive

and cost-effective since they involve antigens that are often shared across many
individuals and are expressed in a wide variety of cancers with the same type of
cancer. Among TAAs, cancer germline antigens (also referred to as cancer testis
antigens [CTAs]) represent ideal targets for immunotherapy since they are highly
immunogenic and are highly expressed in tumors but not in most normal tissues
[105, 106]. We have characterized binding affinity and immunogenicity of 6 CTAs
with >2000 HLA Class I molecules [103]; as such, specific CTA peptides that
match an individual’s HLA composition could feasibly be delivered via vaccina-
tion. In the absence of a HLA-CTA match, both the HLA blueprint and relevant
antigen peptides could be administered via vaccination.

It is worth pointing out that in order to effectively characterize high affinity/
high immunogenicity HLA-antigen matches at least 2-field (4-digit) high-resolution
HLA typing will be necessary since very small (even single amino acid) differences
alter the binding groove and thus the antigens that can bind, influencing disease
susceptibility/protection [70, 71]. For example, HLA-DRB1*13:01 and DRB1*13:02
differ by a single amino acid substitution, a seemingly minor difference albeit with
major implications for disease susceptibility and outcomes [70, 71, 107]. Thus,
sequencing of HLA at the gene (e.g., HLA-DRB1) or allele (HLA-DRB1*13) level will
be insufficient for accurately characterizing HLA-antigen affinity, immunogenic-
ity, and antigenicity. Indeed, a single HLA class I point mutation in the HLA class
I binding groove has been shown to dramatically enhance cytotoxic T lymphocyte
immunotherapy in mice [108]. Furthermore, HLA supertypes [109] and reliance on
imputation are replete with their own limitations, discussed elsewhere [110, 111], that
are likely to lead to inaccuracies with regard to HLA-antigen matching and limited
reproducibility. For instance, the B44 supertype has been associated with favorable
ICI outcomes in patients with melanoma [83]; however, immunogenicities of vari-
ous HLA alleles within the B44 supertype with cancer antigens are heterogeneous
[112]. Conversely, the B62 supertype has been associated with poor ICI outcomes for
melanoma although the effects have been inconsistent across cohorts [83]. Finally,
favorable and detrimental HLA effects on ICI for melanoma have not been replicated
in other cancers [81, 113]. Taken together, these considerations point to personalized
immunotherapy based on both an individual’s HLA composition and tumor antigens
as crucial for effective immunotherapy, either alone or as an adjunctive to existing
immunotherapies such as ICI.

5. Conclusions

Cancer remains a leading cause of death despite tremendous advances in
treatment including the re-emergence and improvement of immunotherapy.
Furthermore, many current immunotherapies are associated with a potential for
serious adverse effects, are extremely costly, and/or benefit a limited number
of patients. Thus, there remains a need for novel cost-effective strategies that
maximize enduring benefits across a multitude of cancer patients. Shifting the
focus of cancer immunotherapy to individual variation in HLA opens the door to
tailored interventions aimed at targeting cancer via pHLA matching. HLA-centric
immunotherapies are a new frontier with the potential to transform the landscape
of cancer treatment.
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Abstract

Precision cancer treatment greatly benefits from the use of biomarkers. A predic-
tive biomarker is a marker that indicates the likely response to treatment, in terms
of tumor regression or patient survival. Improvements in cancer-related morbidity
and mortality for certain malignancies have resulted from advancements in screen-
ing, diagnosis, systemic medicines, surgical interventions, and supportive care, with
the finding of cancer-specific biomarkers serving a significant contributory role.
Cancer biomarkers are often classified into two categories: predictive biomarkers,
which reflect the illness’s response to various treatments, and prognostic markers,
which predict specific disease outcomes. This chapter emphasizes the significance
of predictive biomarkers—such as tumor mutational burden (TMB), neutrophil-
to-lymphocyte ratio (NLR), programmed death-ligand 1 (PD-L1), mismatch repair
(MMR) and microsatellite instability (MSI) status, and tumor-infiltrating lympho-
cytes (TILs)—in directing precision oncology therapies.

Keywords: immunotherapy, predictive biomarkers, prognostic biomarkers,
tumor mutational burden (TMB), neutrophil-to-lymphocyte ratio (NLR),
programmed death-ligand 1 (PD-L1), mismatch repair (MMR),
microsatellite instability (MSI), tumor-infiltrating lymphocytes (TILs)

1. Introduction

Since the introduction of ipilimumab in 2011, immunotherapy has drastically
revolutionized the landscape of cancer treatment, earning the title of best clinical can-
cer progress by the American Society of Clinical Oncology (ASCO) in 2016 [1]. James
P. Allison and Tasuku Honjo’s key contributions to immune checkpoint blockade were
recognized with the 2018 Nobel Prize in Physiology or Medicine, laying the ground-
work for medicines targeting the PD-1, PD-L1, and CTLA-4 pathways [2]. Inmune
checkpoint inhibitors (ICIs) have recently received FDA clearance for a number of
difficult-to-treat malignancies, including non-small cell lung cancer (NSCLC), renal
cell carcinoma (RCC), and melanoma [3-5]. Unlike typical cytotoxic or targeted
therapy, ICIs can produce long-lasting responses, which are occasionally sustained
even after discontinuation [3]. However, monotherapy benefits only a subset of
patients, with objective responses in fewer than 50%, and combination regimens,
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while more effective, come with increased immune-related toxicities and financial
burden [6]. As a result, there is an urgent need for predictive biomarkers to optimize
treatment decisions and identify patients most likely to benefit. Biomarkers such as
tumor mutational burden (TMB), programmed death-ligand 1 (PD-L1) expression,
mismatch repair deficiency (AIMMR)/microsatellite instability (MSI), neutrophil-
to-lymphocyte ratio (NLR), and tumor-infiltrating lymphocytes (TILs) have shown
promise in stratifying responses and improving outcomes in immuno-oncology [7-9].

2. Immunotherapy and biomarkers

Biomarkers are objectively measurable indicators of biological or pathogenic
processes, or responses to therapeutic interventions. In the context of oncology, bio-
markers are critical tools for disease diagnosis, prognosis, and predicting therapeutic
response. Cancer biomarkers encompass a wide range of molecular features, includ-
ing alterations in gene expression (such as microRNAs), epigenetic modifications,
chromosomal translocations, gene amplifications, copy number variations, single
nucleotide polymorphisms (SNPs), and small insertions or deletions [10]. The ideal
biomarker should be highly specific to the pathological state and absent or minimally
expressed in normal physiological conditions.

Predictive biomarkers, in particular, can predict treatment effectiveness by
identifying patient subpopulations that will benefit from a certain therapy method.
In contrast, prognostic biomarkers give information regarding disease development
regardless of therapy. The discovery of cancer-specific biomarkers has transformed
oncological practice by allowing for early identification, risk stratification, and
personalized treatment methods, eventually contributing to better clinical outcomes
and lower cancer mortality [11].

In the context of cancer immunotherapy, several predictive biomarkers have shown
clinical utility. These include the NLR, TMB, PD-L1 expression, dMMR/MSI, POLE
mutations, and the presence of “hot tumors”, characterized by an inflamed tumor
microenvironment rich in immune cell infiltration [7]. These biomarkers guide
therapeutic decisions, particularly in selecting patients ICIs, which target pathways
such as PD-1/PD-L1 and CTLA-4.

While predictive biomarkers focus on treatment response, prognostic biomarkers
remain relevant regardless of the therapy administered. For instance, in HER2-
positive metastatic breast cancer, the PIK3CA gene mutation has been associated
with unfavorable prognosis. The CLEOPATRA trial demonstrated that first-line
therapy with a combination of trastuzumab, pertuzumab, and docetaxel significantly
increased progression-free survival (PFS) compared to placebo, demonstrating the
value of biomarker-guided therapy regimens [12].

Immunotherapy has transformed treatment paradigms for a wide range of cancers,
autoimmune disorders, and infectious illnesses by boosting the body’s own immune
surveillance mechanisms. It works by activating adaptive and innate immune system
components such as T cells, dendritic cells, and natural killer (NK) cells, which recognize
and remove cancerous cells. Immune checkpoint inhibitors have produced long-term
responses in numerous malignancies, although their effectiveness is confined to a sub-
group of patients [2]. Furthermore, therapy is frequently accompanied by immune-related
adverse events (irAEs), which can range from minor autoimmune signs to fatal toxicities
[13]. This heterogeneity in response and safety profiles emphasizes the need of solid
predictive biomarkers in optimizing patient selection and reducing unnecessary exposure.
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The development of reliable biomarkers remains a complex challenge due
to the dynamic and heterogeneous nature of the tumor microenvironment (TME).
The mechanisms of action of various immunotherapeutic agents are not fully
elucidated, and their targets are often inducible and temporally regulated, further
complicating the biomarker discovery process [14]. The TME comprises a network
of immune cells—including NK cells, eosinophils, neutrophils, dendritic cells,
macrophages, T and B lymphocytes—and non-immune components such as fibro-
blasts, endothelial cells, adipocytes, and extracellular matrix. These constituents
engage in complex, bidirectional interactions that modulate tumor progression
and therapeutic resistance [15].

Moreover, spatial and metabolic heterogeneity within tumors leads to the forma-
tion of microniches—localized areas with distinct oxygenation, nutrient availability,
and cellular composition. These niches create immunosuppressive zones that foster
the evolution of therapy-resistant clones and contribute to immune evasion. The phe-
nomenon of immunoediting, encompassing the stages of elimination, equilibrium, and
escape, exerts selection pressure on tumor cells, allowing the emergence of variants
that can survive immune attack [16]. Overcoming these barriers through a deeper
understanding of immune-tumor interactions and the development of integrated bio-
marker panels is essential to fully realize the potential of precision immunotherapy.

3. Types of predictive biomarkers
3.1 Tumor mutational burden- (TMB)

Tumor Mutational Burden (TMB) has emerged as a key predictive biomarker for
immunotherapy, particularly ICIs. It quantifies the number of somatic mutations
per megabase (mut/Mb) of the tumor genome and reflects the likelihood of a tumor
generating neoantigens capable of eliciting an immune response. These neoantigens,
presented via major histocompatibility complexes (MHCs), enhance tumor immuno-
genicity, thereby increasing responsiveness to ICls such as PD-1 or PD-L1 inhibitors
[17]. Among various tumor types, lung cancers—especially those related to tobacco
exposure—exhibit the highest TMB levels, with smokers showing a median TMB of
10.5 mut/Mb compared to 0.6 mut/Mb in non-smokers [18]. The clinical significance
of TMB was highlighted in the CheckMate 026 trial, where patients with advanced
non-small cell lung cancer (NSCLC) and high TMB had a higher overall response
rate (47% vs. 28%) and longer progression-free survival (9.7 vs. 5.8 months) when
treated with nivolumab compared to chemotherapy, highlighting its potential to guide
first-line immunotherapy decisions [19]. In a 40-year-old patient with metastatic
squamous NSCLC and PD-L1 expression <1%, next-generation sequencing identified
TMB >10 mut/Mb. Pembrolizumab monotherapy was started, and after 6 months,
the patient had a radiologic response that exceeded partial improvement, demonstrat-
ing the therapeutic value of TMB in patient selection.

3.1.1 Clinical scenario

After two courses of chemotherapy, a 40-year-old man with metastatic NSCLC
(squamous histology) and low PD-L1 expression had disease progression. The
next-generation sequencing (NGS) research indicated a high TMB (TMB > 10 mut/
Mb). Based on these findings, the patient was started on pembrolizumab 200 mg IV
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every 3 weeks as monotherapy. After 6 months of therapy, the patient showed clinical
improvements, with radiologic evidence of a response larger than partial improve-
ment, supporting TMB’s therapeutic value as a biomarker.

3.2 Neutrophil to lymphocyte ratio - (NLR)

The neutrophil-to-lymphocyte ratio (NLR) is a simple and affordable biomarker
generated from regular complete blood counts that represents the balance of the
immune system’s innate and adaptive arms. Neutrophils, as part of the innate immune
response, play an important role in inflammation and host defense via mechanisms
such as chemotaxis, phagocytosis, reactive oxygen species (ROS) production, and
inflammatory mediator secretion, whereas lymphocytes, key components of the
adaptive immune response, are required for anti-tumor immunity and immune
surveillance [20, 21]. An increased NLR, which indicates a relative increase in neu-
trophils or a reduction in lymphocytes, has been linked to poor outcomes in a range
of conditions, most notably cancer and critical care. A high NLR in cancer patients
is thought to be a measure of systemic inflammation and immune suppression,
both of which promote tumor growth and associated with poor OS and PFS across a
variety of tumor types, including lung, colorectal, breast, and gastric cancers [22].
Furthermore, in the context of immunotherapy, especially in patients receiving
PD-1/PD-L1 inhibitors, a higher NLR has been associated to worse response rates and
poorer survival outcomes, highlighting the tumor’s immunosuppressive environment
[23]. Beyond oncology, NLR is increasingly being employed as a prognostic marker in
sepsis and critical disease. A meta-analysis of septic patients found that greater NLR
was substantially linked with an increased mortality risk (hazard ratio 1.75) [24]. A
prospective ICU research found that septic patients had a mean NLR of 9.53 + 2.31,
whereas those with septic shock had an even higher NLR (10.31 + 2.32). NLR’s predic-
tive usefulness for severe sepsis was validated by sensitivity (47%), specificity (78%),
and an area under the curve (AUC) of 0.631 (p < 0.05). Additionally, presepsin levels
and Sequential Organ Failure Assessment (SOFA) scores associated strongly with
NLR values (r = 0.65) [25]. These results highlight NLR’s wide clinical utility as a non-
specific but strong biomarker for risk stratification, disease severity, and treatment
decision-making across several pathological states.

3.3 Programmed death-ligand 1 (PD-L1)

Programmed death-ligand 1 (PD-L1) is a transmembrane protein found on tumor
cells and other immune cells. It regulates immunological checkpoints by attaching to
its receptor, programmed cell death protein 1 (PD-1), which is largely expressed on
activated T cells. The PD-1/PD-L1 axis is a physiological mechanism that maintains
peripheral tolerance and prevents autoimmune responses; however, many cancers
exploit this pathway by overexpressing PD-L1 to suppress T-cell activation, induce
T-cell exhaustion, and avoid immune-mediated destruction within the tumor
microenvironment [26, 27]. The introduction of immune checkpoint inhibition,
especially monoclonal antibodies targeting PD-1 or PD-L1, has dramatically altered
the landscape of cancer treatment. Pembrolizumab, nivolumab, and cemiplimab—
PD-1 inhibitors—as well as PD-L1 inhibitors like atezolizumab, durvalumab, and
avelumab—have acquired regulatory clearance for a variety of cancers, includ-
ing melanoma, NSCLC, renal cell carcinoma, and urothelial carcinoma [28, 29].
Nivolumab, a human IgG4 monoclonal antibody, was originally authorized by the
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FDA in December 2014 for the treatment of unresectable or metastatic melanoma
and then extended to include metastatic NSCLC in March 2015 [30]. The therapeutic
value of PD-L1 expression as a predictive biomarker has been particularly evident in
NSCLC, where the tumor percentage score (TPS), which quantifies PD-L1 expression
in tumor cells, is used to stratify patients for immunotherapy eligibility. Higher PD-L1
expression (TPS >50%) has been linked to improved results after PD-1/PD-L1 block-
ing, although responses may still occur at lower expression levels.

3.3.1 Clinical scenario

A 50-year-old man who is a smoker with metastatic lung cancer without identifi-
able driver mutations had a PD-L1 TPS of 60%. The patient underwent first-line
immunotherapy with atezolizumab 1200 mg IV every 3 weeks and had an OS benefit
of more than 2 years, demonstrating the therapeutic importance of PD-L1asa
biomarker for treatment selection in immuno-oncology.

3.4 Mismatch repair (dMMR) and microsatellite instability (MSI)

Mismatch repair deficit (dMMR) and microsatellite instability (MSI) are well-
established predictors of ICI therapeutic response. The mismatch repair mechanism
helps to preserve genomic integrity by fixing base-pair mismatches during DNA rep-
lication. Defects in this process, caused by the inactivation or loss of function of genes
including MLH1, MSH2, MSHS6, and PMS2, result in the accumulation of replication
mistakes, especially in short, repeating DNA sequences called microsatellites. This
accumulation produces a hypermutated phenotype known as MSI [31].

MSI status may be determined using immunohistochemistry (IHC), which
measures the expression of mismatch repair proteins, or molecular methods such
as polymerase chain reaction (PCR) and next-generation sequencing (NGS), which
directly analyze microsatellite loci [32]. MSI-high (MSI-H) or dMMR status occurs
in around 15% of colorectal malignancies (CRC), and it is most typically related with
Lynch syndrome or spontaneous MLH1 promoter methylation [33]. These tumors
often have increased TILs and a high neoantigen burden, making them more sensitive
to immune checkpoint inhibition.

MSI-H/dMMR'’s therapeutic significance as a predictive biomarker for immu-
notherapy was initially proven in the KEYNOTE-028 phase I research, in which
pembrolizumab, a PD-1 inhibitor, induced persistent responses across a range of
MSI-H solid tumors [34]. These results were confirmed in the KEYNOTE-016 phase
II study, which compared the outcomes of patients with mismatch repair-proficient
(pMMR) /microsatellite stable (MSS) metastatic CRC to those with dMMR/MSI-H
tumors. The pMMR/MSS cohort showed no objective responses (ORR 0%), while
the dAMMR/MSI-H group exhibited an ORR of 50% and a disease control rate (DCR)
of 89%. Furthermore, the dMMR/MSI-H group did not achieve median PFS or OS,
suggesting a long-term benefit. In comparison, the pMMR/MSS group had a median
PFS of 2.4 months and an OS of 6 months [35]. These results identified dMMR/
MSI-H as an important biomarker for patient selection in immunotherapy, especially
in metastatic CRC.

These results highlight the value of MSI-H/dMMR testing in everyday clinical
practice, especially in CRC, where it not only identifies patients who are suitable for
immunotherapy but also gives essential prognostic information.
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3.4.1 Case scenario

A 50-year-old patient with right-sided metastatic colon cancer and synchronous
liver metastases underwent biomarker profiling. Molecular tests confirmed RAS
wild-type status and no BRAF mutations. IHC analysis revealed a mismatch repair-
deficient phenotype owing to the absence of MSH2 and MSH6 expression. Given the
verified dMMR/MSI-H status, the patient began combination immunotherapy with
nivolumab and ipilimumab every 3 weeks for 6 cycles, followed by 1 year of main-
tenance nivolumab monotherapy. The patient had a significant radiologic response,
with full clearance of liver metastases and a prolonged partial response at the main
tumor location.

3.5 Tumor-infiltrating lymphocytes (TILs)

Tumor-infiltrating lymphocytes (TILs) are immune cells that move into the tumor
microenvironment (TME) as part of the host’s adaptive immunological response.
They include CD4" helper T cells, CD8" cytotoxic T cells, and Tregs. These lympho-
cytes, which are either inside the tumor core (intratumoral TILs) or in the surround-
ing stroma (stromal TILs), are thought to be a proxy for the tumor’s immunogenicity.
Their presence indicates a continuous anti-tumor immune response and has been
repeatedly linked to better clinical outcomes in a variety of malignancies, including
melanoma, breast cancer, ovarian cancer, and NSCLC [36]. High TIL levels are often
linked with a better prognosis and longer life, particularly in “immune-hot” tumors
that react better to ICIs targeting the PD-1 or PD-L1 pathways. In the context of
neoadjuvant chemotherapy (NAC) for breast cancer, especially triple-negative and
HER2-positive subtypes, TILs have emerged as a good predictor of pathological com-
plete response (pCR). Denkert et al. found that increasing TIL density was substan-
tially linked with higher pCR rates, regardless of molecular subtype, supporting their

Biomarker Mechanism Clinical implication PubMed
reference
Tumor mutational Somatic mutation load increases Predicts response to Chanetal. [17]
burden (TMB) neoantigen presentation immune checkpoint
inhibitors (ICIs)

Neutrophil-to- Represents the equilibrium Prognostic and predictive Templeton
lymphocyte ratio (NLR) between innate (neutrophil) and marker for outcomes and etal. [22]

adaptive (lymphocyte) immunity.  treatment response
Programmed death- Expression of immunological Guides anti-PD-1/PD-L1 Garon etal.
ligand 1 (PD-L1) checkpoint ligands on tumor and therapy selection [28]

immune cells
Mismatch repair Deficiency in DNA repair resultsin  Predicts benefit from ICls, Leetal. [34]
deficiency (AMMR)/ hypermutation. especially in colorectal and
microsatellite instability other cancers
(MSI)
Tumor-infiltrating Extent of immune cell infiltration Correlates with survival Denkert et al.

lymphocytes (TILs)

in the tumor microenvironment

benefit and response to
immunotherapy

[

Table 1.

Overview of predictive biomarkers and their clinical implications.
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potential as a predictive biomarker for chemotherapeutic response [9]. Furthermore,
TILs are being studied as both a biomarker for immunotherapy response and a pos-
sible cellular treatment method, notably in melanoma and other highly immunogenic
tumors.

3.5.1 Clinical scenario

A 40-year-old woman was diagnosed with stage IV cutaneous melanoma, with
metastases to the lungs and liver. Histopathological examination of the main tumor
demonstrated a substantial infiltration of lymphocytes inside the tumor parenchyma
and surrounding stroma, indicative of a TIL-high phenotype. Molecular profiling
revealed no actionable driver mutations, and PD-L1 expression was moderate. Given
the elevated TIL density, indicative of a pre-existing anti-tumor immune response,
the patient started treatment with pembrolizumab 100 mg, delivered intravenously
every 3 weeks. Following a year of medication, the patient exhibited enduring clinical
stability, with imaging revealing a decrease in metastatic lesion size and an absence of
disease progression (Table1).

4, Conclusion

Predictive biomarkers are crucial in enhancing immunotherapy by identifying
individuals who are most likely to benefit and facilitating personalized treatment
approaches. Despite considerable advancements, the absence of standardized diag-
nostic methodologies and the diversity across tumor types remain obstacles. Progress
in molecular diagnostics, together with continuous clinical validation, will be
essential in optimizing biomarker use and improving the accuracy, effectiveness, and
cost-efficiency of cancer immunotherapy.

5. Future directions

In the last 10 years, immunotherapy has transformed the treatment paradigm in
oncology, providing sustained responses in several solid and haematologic cancers
with immune checkpoint inhibitors and combination approaches. Notwithstanding
these gains, the clinical advantage is confined to a specific fraction of patients,
highlighting the pressing want for validated predictive biomarkers to inform
therapy selection, forecast therapeutic response, and mitigate avoidable toxicity and
expenses. Established biomarkers such as PD-L1, TMB, and MSI-H/dMMR exhibit
clinical utility; however, emerging markers—including tumor microbiome com-
ponents, circulating exosomal PD-L1, soluble immune checkpoints, T-cell receptor
(TCR) clonality, and gene expression profiles such as the interferon-gamma (IFN-vy)
signature—demonstrate potential in preliminary studies.

Nevertheless, the majority of these new biomarkers are deficient in extensive
validation and standardization. Future initiatives must focus on prospective,
biomarker-enhanced randomized clinical trials to demonstrate repeatability, identify
clinically significant cutoff thresholds, and guarantee cross-platform consistency.
Furthermore, using composite biomarker panels that amalgamate genomic, pro-
teomic, and immunologic data may improve prognostic accuracy compared to
single-marker methodologies. Artificial intelligence and machine learning techniques
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has the capability to enhance biomarker-driven models via the analysis of intricate
multi-omic datasets.

Integrating biomarker discovery as a fundamental aim in clinical trial design,
especially in early-phase studies, is crucial for the advancement of precision immuno-
oncology. Ultimately, implementing these findings into standard practice would
need extensive coordination among doctors, pathologists, regulatory agencies, and
industry stakeholders to synchronize assay development and regulatory clearance. By
resolving these deficiencies, further research may enhance the applicability of immu-
notherapy, customizing it for a wider and more heterogeneous patient demographic.
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Abstract

Gliomas are extremely aggressive and challenging to treat, with their resistance
often linked to the pronounced immunosuppression within the tumor microenvi-
ronment. Influenced by hypoxia, cytokines, and oncogenic signaling, tumor cells
exhibit aberrant expression of programmed cell death ligand-1 (PD-L1), positioning
the PD-1/PD-L1 pathway as a pivotal mechanism among immune checkpoints in
promoting immune evasion. Despite significant progress in immunotherapy for other
cancers, approaches targeting the PD-1/PD-L1 axis continue to face substantial bar-
riers in gliomas. Resistance to immune checkpoint inhibitors has become a frequent
clinical challenge, underscoring the urgent need for a deeper understanding of glioma
immunobiology. Notably, beyond its extracellular immune-regulatory role, PD-L1
also exerts intracellular signaling functions in the cytosol and nucleus of cancer cells,
contributing to stress response regulation and tumor survival. Given the diverse
mechanisms driving tumor initiation and progression, this chapter aims to unravel
the multifaceted roles of the PD-1/PD-L1 pathway and the PD-L1 expression, with a
particular focus on its direct effects on glioma cells.

Keywords: immunosuppression, programmed cell death ligand-1 (PD-L1),
glioblastoma, immunotherapy, intracellular PD-L1

1. Introduction

The scenery of the immune checkpoints in gliomas reads like a paradox within
cancer immunology, a story of high hopes met by persistent complexity. From the
moment PD-1/PD-L1 emerged as a pivotal immune checkpoint, the scientific com-
munity anticipated a revolution: a way to overcome the immunosuppression that
gliomas impose within the brain. However, gliomas consistently evade therapeutic
approaches.

Gliomas remain among the most aggressive and therapeutically challenging
brain tumors, characterized by their highly immunosuppressive tumor microen-
vironment (TME) and remarkable resistance to conventional and novel therapies
[1, 2]. The programmed cell death protein 1 (PD-1) and its ligand PD-L1 axis
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have emerged as critical immune checkpoints mediating tumor immune evasion
across various cancers [3, 4]. However, unlike in melanoma or non-small cell lung
cancer, immune checkpoint inhibitors targeting PD-1/PD-L1 have demonstrated
limited efficacy in gliomas [5, 6].

This discrepancy underscores the complex immunobiology of gliomas, where
factors such as hypoxia, oncogenic signaling pathways, and a highly suppressive
microenvironment drive aberrant PD-L1 expression and contribute to immune escape
[7]. Notably, emerging evidence reveals that PD-LT’s role spreads beyond its canoni-
cal extracellular immune-regulatory function. Intracellular PD-L1 localizes to the
cytoplasm and nucleus, modulating tumor-intrinsic signaling pathways involved in
stress response, cell survival, and therapy resistance [8, 9].

This chapter aims to unravel the complex biology of the PD-1/PD-L1 axis in
gliomas, integrating classical immunological concepts with emerging insights into
tumor-intrinsic roles, thereby guiding future research and clinical strategies beyond
the obvious.

2. The glioma microenvironment: A haven for immune evasion

The tumor microenvironment in gliomas is formed by a heterogeneous composi-
tion of cell types such as astrocytes and stromal cells, endothelial cells, associated
fibroblasts, glioma stem cells, and a complex range of infiltrating immune cells [10].

Three main microenvironments have been described in GBM: the peri-
vascular niche, the invasive front, and the hypoxic-necrotic core (Figure 1).

®

Dendritic cell

Microglia

Astrocyte

Perivascular niche

Hypoxic-necrotic niche

Figure 1.

Tumor niches in gliomas. (A) Perivascular niche, providing vascular support and cellular protection; (B) invasive
niche, where tumor cells migrate and infiltrate surrounding tissue; (C) hypoxic-necrotic niche, characterized by
adaptation and resistance in low-oxygen, necrotic vegions. This figure was created with BioRender.com.
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Each microenvironment acts as a unique modulator, activating a series of cellular
pathways, which in turn serve as key components in the dynamism of the TME. The
perivascular niche is composed of both neoplastic and non-neoplastic cells, includ-
ing endothelial cells, immune cells, reactive astrocytes, neural progenitor cells, and
tumor stem cells [11, 12].

Astrocytes are the main components of the brain stroma and have been strongly
linked to the malignant phenotype of gliomas, playing important roles in chemo-
therapy resistance [13, 14]. Under physiological conditions, astrocytes are dynamic
in performing their functions, mainly involved in the rigidity and structure of the
blood-brain barrier (BBB), modulating synaptic activity, and in brain injury repair
through astrogliosis [14]. Astrogliosis is characterized by aberrant astrocyte prolifera-
tion, an increase in the number of intermediate filaments, and cellular hypertrophy.
It can occur in response to gliomagenesis, as tumor development causes damage and
invasion of the adjacent tissue. In this process, while the goal is tissue repair and
reconstruction, under the influence of GBM cells, reactive astrocytes may support
tumor growth and make tumor cells resistant to therapy [15]. According to Chen
etal., co-culture of GBM cells with astrocytes significantly decreased chemotherapy-
induced apoptosis [16].

The perivascular niche created by GBM also results in changes in endothelial cells,
which exhibit higher expression of adhesion molecules and loosening of cell junc-
tions, making the BBB more permeable. This change in brain permeability facilitates
leukocyte extravasation and immune infiltration of the tumor mass [17].

Particularly, the arising significance of immune infiltrate and its products in the
process of tumor malignancy has been demonstrated. The immunobiology of gliomas
involves a complex interplay between tumor cells and the immune microenvironment
and has been directly linked to the processes of survival, proliferation, and tumor
migration [10, 18]. Innate immune cells (macrophages, mast cells, neutrophils, den-
dritic cells, myeloid-derived suppressor cells (MDSCs), and natural killer cells) and
adaptive immune cells (T and B lymphocytes) directly interact with neoplastic cells,
shaping tumor behavior. It is important to emphasize that immune cells can either
support or hinder therapeutic efficacy, and their levels of activation and location
within the TME can also vary [17, 19].

Tumor associated macrophages (TAMs) and microglia are the dominant immune
populations in GBMs, comprising about 30-40% of the cells in the tumor microen-
vironment [17, 20]. Both cell types play immune roles that includes migration to the
injury site, phagocytosis, antigen presentation, and release of cytokines and chemo-
kines [21]. Within the tumor, under the influence of hypoxia and chemokines, both
macrophages and microglia can polarize into distinct phenotypes: M1 phenotype indi-
cates inflammatory and anti-tumor macrophages, while M2 phenotype is associated
with the tumor (TAMs), having anti-inflammatory and pro-tumoral characteristics,
and have been linked to neovascularization formation and, consequently, to tumor
migration and invasion potentials [21, 22]. However, macrophages and microglia are
mononuclear cells characterized by considerable plasticity, and the classical notion
that macrophages are polarized and present a few differentiated states in TME has
been questioned by single cell analysis [23, 24]. Evidence suggests that antitumoral
and pro-tumoral phenotypes are the opposite ends of a continuum spectrum with
diverse cell states co-existing in a graded scale of phenotypes [24, 25]. In glioma
samples, macrophage population found in the TME have mixed expression of both M1
and M2 markers in the same cells [26], highlighting a dynamic behavior of these cells
over time and course of disease progression.
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Diffuse gliomas are so named due to their high capacity to invade the surround-
ing tissue. Although primary brain tumors generally do not metastasize, malignant
gliomas are characterized by significant invasion of adjacent brain tissue, leading to
the death of parenchymal cells and causing tissue toxicity [27, 28]. The cells of the
invasive niche of GBM can infiltrate individually, migrate along blood vessels, or
spread through the invasive edge, which represents a critical third niche of the glioma
microenvironment [29]. The perivascular space, the interstitial spaces of the paren-
chyma, and the invasive edge contain a dense composition of extracellular matrix
molecules, primarily produced by astrocytes and oligodendrocytes [30]. Astrocytes,
microglia, and endothelial cells also express proteases that promote extracellular
matrix remodeling while simultaneously regulating the release of growth factors and
chemokines, facilitating tumor invasion [31].

Pseudopalisading necrosis and microvascular hyperplasia are hallmark histopatho-
logical features of GBM [32]. This strongly supports the functional involvement of
the hypoxic-necrotic niche in tumor progression and aggressiveness [11]. Studies have
identified hypoxia as a crucial regulator of survival pathways and immune evasion in
GBM cells [33-35].

The necrotic area at the center of the hypoxic-necrotic niche releases pro-
inflammatory signals capable of reshaping the immune response within the tumor
microenvironment. In pseudopalisading regions, hypoxia-inducible factors (HIFs)
are upregulated and drive the expression of mediators such as vascular endothelial
growth factor (VEGF) and interleukin-8 (IL-8), which are involved in various aspects
of cellular homeostasis, including survival, invasion, and angiogenesis [35-38].

Overall, the glioma microenvironment is highly immunosuppressive, with a strong
tendency to promote tumor growth [20].

2.1 Unmasking immunosuppression in gliomas

The close relationship between inflammation and cancer was first proposed by
Rudolf Virchow when the prevalence of leukocytes in tumors was observed. Since
then, the connection between tumors and the immune system has been implicated in
cancer prevention and treatment. Currently, one of the main therapeutic challenges
in GBM is blocking the tumor-related mechanisms of immunosuppression (Figure 2)
[39-41].

Specifically, GBM exhibits a complex relationship among immune surveillance,
immunosuppression, and gliomagenesis.

Indeed, GBM is considered an immunologically “cold” tumor (Figure 3). The
brain has always been described as an organ with a low immune response, due to
the presence of the highly selective BBB, as well as the low expression of the major
histocompatibility complex (MHC) [42]. Furthermore, studies show that patients
with GBM present decreased levels of circulating T lymphocytes, which makes them
more susceptible to viral infections and impairs their tumor cytotoxic potential [43].
Overall, the conditions of the TME determine the balance between pro-tumor inflam-
mation and anti-tumor responses, and in the case of GBM, several anti-inflammatory
mechanisms are implicated in recurrence and poor prognosis [44].

The TME exhibits various cellular communication pathways. These include direct
cellular interactions through membrane receptors and their ligands; the release of
soluble factors such as cytokines, chemokines, and metabolites; and extracellular
vesicles (EVs), which can carry numerous bioactive molecules responsible for altering
the expression of tumor-promoting and suppressing genes in receptor cells [45] .

56



The Science of PD-1/PD-L1 Pathway in Gliomas: Far beyond the Obvious
DOI: http://dx.doi.org/10.5772/intechopen.1011981

Recruitment of
- ~ suppressive immune cells

Dysfunctional T cells CD4+ Tregs

cogeTeell | PHES

+ Cytotoxicity
4 Exhaustion , CD39

PD-1

LAG-3
TIGIT
TIM-3
1 CTLA-4 1
% PD-L1 £
f B
Polarization of Macrophages/Microglia
g “M2-like”
Glioma- ’
Associated & /
Macrophage/ :
Microglia A7) By 5
(GAMSs) LB -6, TNFa [N
CDB0, CD86, CD40 :
L A
Secretion of immune- ! Gliofiia Steri
suppressive molecules Cell (GSC)
CCL2, IL-B; IL-6,
VEGF, GM-CSF, G-

CSF, TGF-B, IL-10
Neuron

Figure 2.
Immunosuppressive GBM microenvironment. This figure was reproduced from BioRender.com.

One of the main effects of cellular signaling within the TME is the recruitment of
immune cells. The immune infiltrate in the tumor is primarily composed of lympho-
cytes, macrophages, and microglia [44]. These cells present an immunosuppressive
phenotype induced by GBM cells, capable of modulating the production of growth
factors, angiogenic signals, and those inducing tumor migration [39, 46, 47].

Chemokines are generally important in regulating responses mediated by CD4+
and CD8+ T lymphocytes. M1 macrophages typically produce Thl-type responses,
whereas M2 macrophages, which prevail in the TME, initiate Th2-type responses
[48]. These responses are linked to the different cytokine profiles released by T
lymphocyte subtypes. Thl cytokines (pro-inflammatory), such as interferon-y (IFN-
v), IL-2, IL-12, and tumor necrosis factor-alpha (TNF-a), promote cell-mediated
immune responses and therefore have potential anti-tumor effects. In contrast, Th2
cytokines (immunosuppressive), such as IL-4, IL-5, IL-6, IL-9, IL-10, and IL-13,
stimulate humoral immune responses and negatively regulate specific immune
responses. Th3 cytokines, such as TGF-f, are also strongly immunosuppressive [43].

Multiple cell types can secrete TGF-p, which is elevated in the serum of
patients with GBM and has been implicated as one of the main factors inducing
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“Cold” and “Hot” tumors. “Cold” tumors exhibit poor T cell infiltration and low inflammation; “Hot” tumors ave
immunologically active, with robust immune cell infiltration, high inflammation, and potential responsiveness to
immunotherapy. This figure was reproduced from BioRender.com.

regulatory T lymphocytes (Tregs) [49, 50]. Tregs are a subset of CD4+ T cells that
express the transcription factor Foxp3. Indeed, it is well established that TGF-p
signaling in the presence of IL-2 can induce Foxp3 expression in naive T cells [51,
52]. Furthermore, Francisco et al. [53] demonstrated that PD-L1 could also induce
Tregs in vitro. According to the authors, PD-L1 increased Foxp3 expression and
immunosuppressive capacity in Tregs. Additionally, it was reported that PD-L1
could convert naive CD4+ cells into Tregs through simultaneous negative regula-
tion of Akt/mTOR/ERK and positive regulation of PTEN. Therefore, the PD-1/
PD-L1 immune checkpoint axis also appears to play a crucial role in the develop-
ment and function of Tregs [53].

Tregs are divided into two groups based on their origin: natural or peripherally
induced. As the name suggests, natural Tregs (nTregs) develop in the thymus and
are mitotically quiescent under basal conditions, requiring antigenic stimulation to
perform their functions in maintaining peripheral tolerance. Alternatively, peripher-
ally induced Tregs (iTregs) arise when co-exposed to antigen-presenting cells (APCs)
and high levels of TGF-p or T cell receptor stimulation [54]. It is important to note
that natural Tregs are prevalent in brain tumors [55].

Tregs exhibit immunosuppressive abilities through several mechanisms.
Specifically, (a) Tregs consume IL-2 from the TME to suppress the activation and
proliferation of effector T cells; (b) express CTLA-4, reducing the stimulatory signal
from APCs to CD4+ and CD8+ T cells; (c) secrete Th2 and Th3 cytokines, impairing
the anti-tumor effects mediated by innate immunity; (d) hydrolyze the immune-
stimulatory molecule ATP and activate the adenosine pathway, contributing to a
potent immunosuppressive environment; and finally, (e) induce direct death of T
cells or APCs by producing granzymes and perforin [56, 57].

The increased presence of Tregs in the TME and the negative regulation of effector
T cells are associated with poor prognosis in several cancer types [57]. The implication
of these cells in glioma aggressiveness has also been suggested by the positive correla-
tion between their clonal levels and tumor malignancy grade [55, 58].
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Additionally, the interaction between the immune system and tumor stem cells
has been demonstrated. In vitro studies have shown that these cells can suppress
cytotoxic responses, induce and modulate macrophage functions, and secrete factors
such as IL-10 and TGF-, strongly suggesting an important role of tumor stem cells in
maintaining an immunosuppressive microenvironment at the tumor site [59].

3. The PD-1/PD-L1 pathway: Canonical functions

The PD-1/PD-L1 pathway is essential in regulating the immune system, influenc-
ing both tumor progression and immune response. The transmembrane receptor
PD-1 (CD279), encoded by the PDCD1 gene, belongs to the CD28 family of immuno-
globulins. Its expression is induced in activated T and B lymphocytes, natural killer
cells, dendritic cells, and monocytes [4]. The protein structure includes an extracellu-
lar domain, a transmembrane region, and a cytoplasmic tail. Activation of PD-1 leads
to the phosphorylation of tyrosine residues within the cytoplasmic tail at high-affinity
sites for SH2-domain-containing phosphatases (SHP-2 and SHP-1), resulting in
increased PTEN activity and attenuation of the PI3K and Akt pathways [60].

PD-1 is commonly activated by its ligand PD-L1 (B7-H1; CD274), which is
constitutively expressed in myeloid cells and can be induced in B lymphocytes
and parenchymal cells following exposure to pro-inflammatory stimuli, or by
PD-L2 (B7-DC; CD273), which has a more restricted expression pattern [61, 62].
Physiologically, the PD-1/PD-L1 pathway plays a critical role in controlling pro-
longed inflammatory responses, often preventing autoimmunity and maintaining
immune homeostasis [63].

Under the influence of hypoxia, cytokines, and oncogenes, PD-L1 and PD-L2
are aberrantly expressed by tumor cells, making the PD-1/PD-L1 axis one of the key
mechanisms responsible for tumor immune evasion [64, 65]. It has been demon-
strated that PD-L1/PD-L2 expressed on tumor cells binds to PD-1 on T lymphocytes,
playing a critical role in tumor initiation and progression. This interaction induces
exhaustion of effector T lymphocytes, neutralizing antitumor signaling and promot-
ing Treg activation [66-68].

In this context, PD-L1 expression is regulated through multiple mechanisms,
including genetic alterations, dysregulated oncogenic signaling pathways, post-tran-
scriptional and post-translational modifications, influences from the TME, cytotoxic
therapies, and immune activation. PD-L1 expression could be activated by pro-
inflammatory signals. IFNy triggers the JAK-STAT pathway, leading to the activation
of the interferon-responsible factor 1 (IRF1), which then binds to the PD-L1 promoter
[69]. TNFa and IFNy also activate the NF-«xB pathway, further increasing PD-L1
expression. These mechanisms explain why PD-L1 is highly expressed in inflamed
tissues and immune-infiltrated tumors (“hot” tumors) [70]. However, regulation
varies depending on the cell type and conditions. In GBM cells, PD-L1 expression has
been associated with tumor invasiveness and aggressiveness [7, 71-74]. Studies have
highlighted heterogeneity in PD-L1 expression, with higher levels observed at the
invasive edge compared to the tumor core. This localization facilitates glioma mobility
along adjacent tissue [75].

Oncogenic pathways play a crucial role in promoting PD-L1 expression, extending
beyond their contribution to cancer progression. Certain oncogenic transcription
factors, such as MYC, HIF-1x, and HIF-2aq, directly regulate PD-L1 transcription
by binding to its promoter. Additionally, activating mutations in KRAS, BRAF, and
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EGFR drive PD-L1 expression through the MEK-ERK pathway, in conjunction with
STAT1 activation [76]. Studies have also shown that PD-L1 expression in gliomas is
regulated by STAT3 [77].

Many cancer cells constitutively express high levels of PD-L1 due to onco-
genic pathways such as Ras, Akt-mTOR, EGFR, MEK-ERK, and MAPK p38 [62].
This helps tumors to resist immune attacks in inflammatory environments.
Additionally, oncogenic PTEN mutations have been shown to upregulate PD-L1
expression in gliomas [77].

Other factors, such as hypoxia and epigenetic changes, also influence PD-L1
expression [78]. For instance, certain microRNAs (miR-513 and miR-152) reduce
PD-L1 translation, while some cancer cells modify the 3'UTR of PD-L1 mRNA to keep
its expression high [79-81].

PD-L1 stability is regulated by its interactions with membrane proteins such as
CMTM6 and CMTM4, which prevent its degradation and enhance its expression on
the cell surface [82, 83]. CMTMS, a type 3 transmembrane protein, associates with
PD-L1 on the plasma membrane and within recycling endosomes. By inhibiting
PD-L1 ubiquitination and degradation, it extends PD-L1’s half-life, reinforcing its
function in immune regulation [82].

Notably, Tregs have emerged as critical targets in cancer therapy, as they express
both PD-1 and PD-L1 [55]. The inhibitory activity of Tregs on effector T lymphocytes
typically occurs through cell-to-cell contact, partially mediated by CTLA-4 or PD-1/
PD-L1 interactions [63]. Bedke et al. demonstrated a significant increase in the immu-
nosuppressive activity of CD4 + Foxp3+ T lymphocytes mediated by the upregulation
of PD-1 expression after contact with endothelial cells during blood extravasation
into the inflamed tissue [84]. Additionally, in vitro studies have shown that the PD-1/
PD-L1 pathway may reduce T cell adhesion capacity and impair immune synapse
formation [85].

In addition to these regulatory mechanisms, the Hippo pathway plays a key
role in cancer development and progression, mainly through the dysregulation of
its transducers, TAZ and YAP. These proteins regulate PD-L1 expression in tumor
cells, influencing immune-related genes involved in inflammasome formation, and
complement activation [86].

Thus, immune checkpoint inhibition, particularly targeting the PD-1/PD-L1 axis,
has emerged as a promising strategy in cancer therapy (Figure 4). Pharmacological
blockade can restore the number of effector T lymphocytes and promote cytotoxic
immunity against chemotherapy-resistant tumors. Furthermore, this therapy can
stimulate the production of pro-inflammatory cytokines, reestablishing anti-tumor
immunity [87]. The efficacy of PD-1/PD-L1 blockade in tumor eradication has
been extensively investigated. In recent years, immunotherapy has demonstrated
significant clinical benefits in the treatment of various cancer types, offering durable
responses and reduced toxicity compared to chemotherapy [88].

Nivolumab was the first I[gG4 monoclonal antibody targeting the PD-1 receptor to
show clinically relevant activity in unresectable or metastatic melanoma, advanced or
metastatic non-small cell lung carcinoma, and metastatic renal cell carcinoma [89, 90].

Clinical phase studies are being conducted to evaluate the efficacy of these mono-
clonal antibodies in the treatment of gliomas [91]. Although highly effective, anti-
PD1/PD-L1 therapies have not shown significant benefits for many GBM patients,
resulting in little to no effect on overall survival rates compared to existing therapies
[91, 92]. Therefore, new studies involving combination therapies may be promising
strategies to enhance the response to immunotherapy [93].
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Figure 4.

Immune checkpoint inhibition on tumor cells. Anti-PD-1/PD-L1 antibodies can vestove the effector T lymphocytes
immunity and promote cytotoxicity against chemotherapy-vesistant tumors. This figure was reproduced from
BioRender.com.

Interestingly, PD-L1 has been observed to undergo internalization from the cell
surface within 30 minutes at 37°C after treatment with anti-PD-L1 antibodies. This
process leads to the cessation of downstream signaling events, including mTOR and
Akt activity, as well as the expression of glycolytic enzymes [94]. Such findings fur-
ther underscore the relevance of PD-L1 as an intracellular signaling molecule beyond
its well-established immune functions.

4. Intracellular PD-L1: The hidden functions beyond immunity

The direct immune role of PD-L1 has been extensively studied; however, its
subcellular and extracellular signaling network within cancer cells remains largely
unexplored.

PD-L1is a type I transmembrane glycoprotein belonging to the immunoglobulin
(Ig) family. The protein structure of PD-L1 includes an extracellular domain com-
posed of a signal peptide, an Ig-like V-type domain and two Ig-like C-type, a trans-
membrane region, and a cytoplasmic tail (Figure 5) [95].

PD-L1 is synthesized in the endoplasmic reticulum (ER) and modified
in the Golgi complex (Figure 5). From there, it can follow different paths: remain
in the cytoplasm (cPD-L1), translocate to the nucleus (nPD-L1), be secreted into
the extracellular space (sPD-L1), or be transported to the cell membrane (mPD-
L1) [96-98]. The cytoplasmic and nuclear forms, collectively termed intracellular
PD-L1, exhibit functions distinct from its classical immune checkpoint role at the
membrane [96]. Membrane-bound PD-L1 can also be internalized via endocy-
tosis, leading to the release of PD-L1-containing exosomes (exoPD-L1), or form
microvesicles through direct membrane budding (mvPD-L1) [98]. In short, PD-L1
exists in a highly dynamic state. Understanding subcellular and extracellular roles
of PD-L1 might shed light on the resistance to anti-PD1/PDL1 therapy and repre-
sent an opportunity for targeted therapies that disrupt PD-L1’s functions beyond
its interaction with PD-1.

Non-canonical forms of PD-L1, mainly cPD-L1, nPD-L1, and exoPD-L1, are func-
tionally distinct and play critical roles in regulating tumor cell proliferation, modulat-
ing immune responses, orchestrating the DNA damage response, and influencing
gene expression [99-103].
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Figures.

Subcellular and extracellular dynamic state of PD-L1. PD-L1 is synthesized in the endoplasmic reticulum,
modified in the Golgi complex, and exists as intracellular [cytoplasmic (cPD-L1), nuclear (nPD-L1)],
membrane-bound (mPD-L1), or extracellular forms: soluble (sPD-L1), exosomal (exoPD-L1), and microvesicle-
associated (mvPD-L1). This figure was created with BioRender.com.

Interestingly, a study revealed that cells expressing PD-L1 lacking a functional
intracellular domain lost their ability to inactivate T cells. Even when T cells expressed
a signal-null PD-1, cancer cells still exhibited resistance to cytotoxicity, further
reinforcing the notion that PD-L1 on cancer cells plays a direct role in mediating
resistance to T cell-induced death [9].

The PD-L1 signalosome has been linked to cell survival, stress responses, and
resistance to pro-apoptotic signals. Emerging evidence indicates that PD-L1 influ-
ences tumor progression through metabolic modulation, particularly in glucose
metabolism. Antibodies targeting CTLA-4, PD-1, or PD-L1 have been shown to
restore glucose levels within the TME in a murine sarcoma model, suggesting that
these immune checkpoint inhibitors regulate cancer cell metabolism. mPD-L1
blockade in cancer cells, mediated by antibodies, can inhibit the Akt/mTOR signal-
ing pathway, leading to a reduction in the translation of mRNAs encoding glycolytic
enzymes [104].

Further supporting this metabolic role, a transcriptomic analysis of PD-L1-
silenced ovarian and melanoma cells identified differentially regulated genes associ-
ated with mTOR signaling and autophagy [105]. In the absence of PD-1 engagement,
mTOR and stress-associated kinases likely form a stable macromolecular complex
with PD-L1. Some of these kinases are physically associated with the RMLDVEKC or
DTSSK motifs, either directly or via adaptor proteins, further supporting PD-L1’s role
in intracellular signaling [9]. In a GBM model, upregulated PD-L1 at the invasive front
binds to Akt’s non-PH domain, promoting its translocation to the plasma membrane
and full activation. This suppresses autophagy and enhances F-actin formation,
facilitating GBM invasion under starvation stress [106]. Additionally, the loss of
PTEN, a tumor suppressor and negative regulator of PI3K, strongly enhances PD-L1
expression by activating the PI3K-Akt-mTOR axis [107].
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The relationship between PD-L1 and stemness has been established. In breast
cancer, the absence of PD-L1 inhibits Akt and p-S6 phosphorylation, disrupting the
PI3K/Akt/mTOR pathway and preventing Oct-4A phosphorylation. This indicates
that PD-L1 regulates Oct-4A function through this pathway [108].

Furthermore, studies have demonstrated that high neuronal PD-L1 expression
near tumor cells may serve as an immune-independent anti-tumoral mechanism.
Neuronal PD-L1 induces caspase-dependent apoptosis of glioma cells [109].
Additionally, cancer cells expressing PD-L1 mediated T cell apoptosis in vitro, inde-
pendently of PD-1 engagement [110]. This suggests that PD-L1 plays a role beyond its
classical function of negative signaling to T cells via PD-1.

4.1 Nuclear PD-L1 (nPD-L1)

When localized in the nucleus, PD-L1 exhibits functions distinct from its well-
known role as an immune checkpoint at the plasma membrane. Emerging research
has demonstrated that nPD-L1 contributes to tumor-intrinsic processes, promoting
cancer progression and therapy resistance [111, 112]. Although initially considered
an artifact of immunofluorescence microscopy [113], it is now increasingly evident
that PD-L1 translocation to the nucleus is a regulated, cell-controlled process. At
the plasma membrane, PD-L1 is typically present in an acetylated form, and it
was traditionally believed that nPD-L1 originated through the endocytosis of this
membrane-bound PD-L1. Histone deacetylase 2 (HDAC2) and the acetyltransferase
p300 interact with PD-L1 at both the cell surface and within the cytosol, mediating its
deacetylation and acetylation, respectively [100]. Deacetylated mPD-L1 subsequently
interacts with Huntingtin Interacting Protein 1-related Protein (HIP1R), triggering its
endocytosis [114]. Once internalized, this non-acetylated form of PD-L1 is trafficked
along the cytoskeleton and interacts with vimentin, facilitating its subsequent nuclear
import via the importin-o/p pathway [100, 114]. Additionally, PD-L1 can translocate
to the nucleus through its interaction with Karyopherin 1 (KPNB1), a major nuclear
transport receptor responsible for shuttling proteins from the cytoplasm into the
nucleus (Figure 6) [99]. However, the precise molecular mechanisms underlying the
interaction between PD-L1 and KPNB1 remain to be fully elucidated.

Alternatively, nPD-L1 may originate through post-translational modifications
occurring in the ER and/or Golgi apparatus, as suggested by evidence indicating that
PD-L1 subcellular localization is primarily determined by its glycosylation or degly-
cosylation status [96]. A hyper-N-glycosylated form of nPD-L1 has been identified
in breast and colon cancer cells; this form is significantly larger than PD-L1 proteins
found in the cytosol or at the plasma membrane [115]. In such cases, following trans-
lation, PD-L1 undergoes extensive glycosylation and is subsequently shuttled directly
into the nucleus through interactions with glycan-binding proteins [115].

Moreover, PD-L1 localization, whether retained at the plasma membrane or
translocated to subcellular compartments, is influenced by the specific positioning
of its glycosylation sites [116, 117]. For instance, treatment with metformin induces
aberrant PD-L1 glycosylation, leading to its sequestration in the ER, where it accumu-
lates and is ultimately degraded via the ER-associated protein degradation (ERAD)
pathway [117]. Conversely, glycosylation at the N219 residue is critical for PD-L1
membrane localization, while deglycosylation at this site facilitates its redistribution
to the cytoplasm and nucleus [118].

In cancer cells, the nuclear import of PD-L1 is induced by various stressors, includ-
ing hypoxia, the absence of epidermal growth factor (EGF), and treatment with
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Figure 6.
PD-L1 is translocated to the nucleus where it interacts with transcription factors and chromatin-modifying
complexes to vegulate gene expression. This figure was created with BioRender.com.

radiation or chemotherapeutic agents [98, 114, 117, 119, 120]. Under hypoxic condi-
tions, phosphorylated STAT3 (p-STAT3) physically interacts with PD-L1, facilitating
its nuclear translocation via the importin a/p pathway [114]. Conversely, the presence
of EGF promotes PD-L1 retention at the plasma membrane. Upon binding to EGFR,
EGF stimulates the phosphorylation of the acetyltransferase p300 through the PI3K/
Akt signaling pathway, enhancing PD-L1 acetylation and thereby preventing its
nuclear translocation [119].

Chemotherapy-induced nuclear translocation of PD-L1 has been observed follow-
ing treatment with various chemotherapeutic agents, including mitotic inhibitors,
antibiotics, topoisomerase I and II inhibitors, antimetabolites, and alkylating agents
[98]. For example, doxorubicin reduces mPD-L1 levels while increasing nPD-L1, an
effect mediated by the phosphorylation of nuclear Akt. Notably, doxorubicin-induced
nPD-L1 accumulation has also been detected in heart tissues, indicating that nPD-

L1 translocation is not tissue-specific [120]. Radiation further promotes nPD-L1
import by enhancing its interaction with NGLY1, a de-N-glycosylating enzyme. This
interaction leads to PD-L1 deglycosylation, followed by its nuclear translocation via
CMTM6-mediated transport [118].

Once translocated to the nucleus, PD-L1 can directly or indirectly interact with
transcription factors and chromatin-modifying complexes to regulate gene expres-
sion (Figure 6). PD-L1 possesses specific binding motifs and canonical DNA-binding
motifs of various transcription factors, including RelA (p65), STAT3, c-Jun, and
IFN-regulatory factor (IRF) proteins [100, 114]. Among other functions, these tran-
scription factors regulate gene expressions involved in immune-response pathways
to modulate pro-inflammatory and anti-tumor immune response, specifically PD-L1
itself, PD-L2, V-domain immunoglobulin suppressor of T cell activation (VISTA), and
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B7 homolog 3 (B7-H3) genes. In this context, nPD-L1 amplifies the activation of vari-
ous immune-response pathways, establishing a positive feedback loop that further
elevates PD-L1 expression and promotes immune evasion [100].

nPD-L1 also interacts with the transcription factor Spl (Specificity protein 1) and
regulates the synthesis of Gas6 mRNA to promote Gas6 secretion. Gasb6 is a ligand for
receptor tyrosine kinases and activates the MerTK signaling pathway in the cell itself
and in neighboring cells [99]. Activation of MerTK by its ligands triggers down-
stream signaling pathways—specially ERK, Akt and NF-«B signaling—that promote
cell proliferation, metastasis, and immune suppression within the TME [121-124].
Elevated MerTK expression is associated with higher poor prognosis, worse overall
and disease-free survival, and disease progression in patients with GBM, [125],
gastric cancer [126], colorectal cancer, [127] or melanoma [128].

The human Gasdermin (GSDM) protein family, comprising GSDMA, GSDMB,
GSDMC, GSDMD, and GSDME, is the pivot of pyroptosis and shares a similar activa-
tion mechanism through cleavage by inflammation-activated caspases [129, 130].
Nuclear translocation of PD-L1 enhances the transcription of GSDMC and induces
the switch from apoptosis to pyroptosis in cancer cells causing inflammation and
tumor necrosis [114]. Another study shows that the transcription factor Spl directly
interacts with the GSDME promoter and promotes GSDME transcription, leading
to pyroptosis after chemotherapy [129]. However, whether this process depends on
nPD-L1 translocation remains an open question.

Besides gene expression regulation, nPD-L1 is also involved in the regulation of
other tumor-intrinsic processes like DNA doublestrand-break (DSB) repair [111, 118].
Intracellular PD-L1 regulates the DNA damage response through multiple mecha-
nisms, including binding to and stabilizing the mRNAs of DNA repair genes as well as
serving as a key driver of DNA DSB repair via both the Non-Homologous End Joining
(NHE]) and Homologous Recombination (HR) pathways [111, 118]. NHE] is initi-
ated by the binding of a Ku protein heterodimer to DSBs, which serves as a platform
for recruiting downstream repair factors [131]. nPD-L1 directly interacts with the
core domains of Ku proteins, enhancing their binding to double-stranded DNA. This
interaction also promotes the recruitment of additional NHE] components, such as
DNA-PKcs and XRCC4, thereby accelerating NHEJ-mediated repair and contributing
to radio-resistance in human lung cancer cells [118]. In contrast, another study dem-
onstrated that PD-L1 also facilitates HR by interacting with BARD1, thereby regulat-
ing BRCA1 nuclear localization [111]. Although the nuclear translocation of PD-L1
was not directly assessed, genetic depletion of PD-L1 reduced BRCA1 nuclear foci
and impaired HR, as evidenced by decreased phosphorylation of RPA32 and ATR/
Chkl—key markers of HR activity. Furthermore, PD-L1 depletion sensitized BRCA1-
wildtype tumors to PARP inhibitors both in vitro and in vivo [111], which selectively
kill tumors defective in homologous recombination DNA repair [132].

4.2 Cytoplasmic PD-L1 (cPD-L1)

cPD-L1 is a multifunctional hub that integrates pro-survival signaling, metabolic
regulation, and autophagy, contributing to tumor progression and therapy resistance,
independently of its role in immune evasion [96].

A key function of cPD-L1 is its capacity to shield tumor cells from the cytotoxic
effects induced by chemotherapy and radiotherapy. cPD-L1 can bind to mRNAs like
NBS1 and BRCA1, preventing their degradation and reducing cell death caused by
DNA damage [133]. Additionally, cPD-L1 maintains activation of the cGAS-STING

65



Cancer Immunotherapy — Cellular Mechanisms, Therapeutic Advances and Emerging Frontiers

pathway and low levels of IFN-p, which induce the expression of the interferon-
related gene signature (IRGS)—a set of genes linked to cell survival and therapy
resistance—leading to drug resistance [134].

Besides the role in evading cytotoxic effects of chemo and radiotherapy, it has been
demonstrated cPD-L1 also regulates inflammatory pathways like COX-2 and STAT3,
which support tumor growth. Studies show that anti-inflammatory drugs like resve-
ratrol can reduce cPD-L1 levels in tumor cells, inhibiting their proliferation. cPD-L1
expression is controlled by STAT3 and COX-2 nuclear translocation, promoting tumor
growth [135-137]. However, the exact molecular mechanisms behind cPD-L1’s role in
proliferation still need clarification.

Moreover, cPD-L1 has been implicated in the modulation of metabolic and
autophagy-related pathways. It promotes basal activation of mMTORC1 and alters
mTORC2-Akt signaling in a context-dependent manner, which can impact the
efficacy of mTOR inhibitors and autophagy modulators, positioning cPD-L1 as a
potential biomarker for response to these therapies [105].

In gliomas, where hyperactivation of PI3K/Akt/mTOR signaling and resistance to
standard therapies are hallmarks of disease, the role of cPD-L1 becomes particularly
relevant. Its capacity to reinforce survival pathways may partially explain the limited
efficacy of immune checkpoint blockade. Furthermore, emerging data suggest that
glioma cells also utilize cPD-L1 to modulate their response to metabolic stress and
DNA damage, contributing to treatment resistance in an immunologically “cold”
microenvironment [138].

4.3 Extracellular space (sPD-L1)

Tumor cells and immune cells can release different forms of soluble PD-L1 (sPD-
L1), including proteolytically cleaved fragments, secreted monomeric or dimeric
splice variants, and PD-L1 associated with EVs such as microvesicles and exosomes
(evPD-L1 and exoPD-L1). These soluble isoforms are detectable in serum or plasma
samples and are gaining recognition as potential non-invasive biomarkers since levels
of sPD-Llmay carry prognostic value. Elevated concentrations of circulating sPD-L1
prior to the initiation of immune checkpoint blockade have been correlated with
reduced overall survival (OS) and progression-free survival (PFS) in solid cancers
[139], suggesting an association with poorer clinical prognosis in cancer patients. In
the same way, elevated plasma sPD-L1 levels in myelodysplastic syndrome patients are
associated with disease progression and poorer OS [140]. On the other hand, changes
in sPD-L1 levels during PD-1 inhibitor treatment do not significantly influence the
prognosis of advanced NSCLC patients [141], suggesting that a continuous moni-
toring of sPD-L1 may not offer significant advantages compared to pre-treatment
measurements.

exoPD-L1 shares the same membrane topology as mPD-L1, displaying its extra-
cellular domain on the exosome’ surface. In the same way, exoPD-L1 interacts with
PD-1, and this binding can be blocked by antibodies that target PD-L1 [142].

It was demonstrated that GBM-derived EVs suppress T cell activation via PD-L1
in a subtype- and context-dependent manner. While PD-L1 high EVs directly inhibit
T cells through PD1 binding, PD-L1 low EVs require IFN-y to upregulate PD-L1 and
exert similar effects. This inhibition is only partially reversed by PD1 blockade,
implying the involvement of additional immunosuppressive mechanisms. exoPD-L1
binds PD1 in vitro and localizes to lymphocytes in vivo, underscoring its functional
role. PD-L1 expression is enriched in mesenchymal GBM and IFN-y-responsive
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niches, and circulating exoPD-L1 correlates with tumor volume, supporting its
potential as a non-invasive biomarker [143].

Interestingly, Zheng et al. showed that continuous low-dose TMZ stimulation
promotes the generation of tumor stem cells, which interact with GBM cells to
enhance TMZ resistance through the secretion of exoPD-L1, leading to activation of
the AMPK/ULK1 pathway and induction of protective autophagy [144].

5. Conclusion

While PD-L1 has long been considered as a key immune checkpoint ligand operat-
ing at the tumor—-immune interface, growing evidence reveals that its role extends far
beyond PD-1 binding at the cell surface. The discovery of intracellular and extracel-
lular PD-L1 variants, including cPD-L1, nPD-L1, exoPD-L1, and others, has shown a
complex signaling landscape within cancer cells. These non-canonical forms contrib-
ute to tumor progression by modulating cell survival, metabolism, immune evasion,
DNA repair, invasion, and even stemness, independently of T cell interaction.

Such multifunctionality challenges the current paradigm of immune checkpoint
blockade and may help explain resistance mechanisms to anti-PD-1/PD-L1 thera-
pies. By acting through the PI3K-Akt-mTOR pathway, interacting with intracellular
kinases, or influencing transcriptional programs, PD-L1 emerges not only as a
checkpoint but also as a signaling hub within tumor cells.

A deeper understanding of these intracellular and vesicle-associated PD-L1 opens
new avenues for therapeutic intervention. Targeting PD-L1’s intracellular signalosome
or its trafficking apparatus could enhance current immunotherapies or offer alterna-
tives in tumors refractory to surface PD-L1 blockade. Thus, PD-L1 could be a critical
effector, actively orchestrating tumor cell survival from within.
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Abstract

A fundamental concern among oncologists is related to the identification of how
the tumor microenvironment (TME) influences the outcome of a patient. TME
influences all processes linked with tumors: tumor growth, evolution, progression,
metastasis, and, finally, treatment response. By targeting different elements of TME,
we, as scientists, can control the tumoral landscape. There are four elements within
TME: different types of cells, such as tumor endothelial cells and cancer-associated fibro-
blasts; soluble factors such as chemokines and cytokines; growth factors; and their reciprocal
interactions. This allows us to develop novel therapeutic strategies that alter only the
cancerous cell or the supporting ones, avoiding the healthy tissues. In this chapter,
the focus will be on TME’s components and their role inside the tumoral space and on
how we can manipulate them to reach our therapeutic goals.

Keywords: cancer, tumor microenvironment, cellular element, reciprocal interactions,
targeted therapy, immunotherapy, immune checkpoint inhibitors

1. Introduction

Tumor formation represents a dynamic and multifactorial process, governed
predominantly by genetic and epigenetic alterations within malignant cells and by
the structural and functional remodeling of the tumor microenvironment (TME) [1].
TME refers to the cellular and extracellular environment in which tumors exist [2].
The cellular part is represented by cancerous cells and tumor stromal cells (fibro-
blasts, endothelial cells, and immune cells). The extracellular part comprises blood
vessels, collagen molecules, fibronectin, hyaluronan, and laminin, among others [1].

The essence of TME is represented by tumor cells. Notably, tumor cells were
first described by Thomas Ashworth in 1869, who observed cells in the bloodstream
resembling those from the primary tumor and suggested their role in cancer dis-
semination. This type of cell has the ability to control the entire spectrum of func-
tions, both cellular and noncellular parts. This happens through complex signaling
networks to use the nonmalignant cells to their benefit [1]. It is well known that the
nonmalignant cells play a pro-tumorigenic role in all phases of cancer development,
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progression, and metastasis [3]. All the interactions present in the TME are controlled
by a vast bidirectional network (cancer cell-normal cell and vice versa) made up of
growth factors, chemokines, cytokines, matrix remodeling enzymes, inflammatory
mediators, and novel and Exiting mechanisms (circulating tumor cells, exosomes,
cell-free DNA, apoptotic bodies) [1].

1.1 Tumor endothelial cells

The endothelium represents a complex network of endothelial cells (ECs) that
form the inner layer of the blood and lymphatic vessels. This layer is crucial for leuko-
cytes’ trafficking between the vessel and the tissue. Also, it is involved in most of the
major pathological conditions, from diabetes, cardiovascular disease, and high blood
pressure to cancer [4]. Normally, the endothelium has several functions, irrespective
of its origin: regulates the passage of oxygen, nutrients, and solutes from vessels to
different tissues; regulates the blood flow by maintaining a nonthrombogenic surface;
and controls the passage of leukocytes in and out of the tissue [4].

Tumors have different mechanisms of disrupting the normal vascular flow of the
organism: neoplastic angiogenesis or vasculogenesis, vessel co-option, and intussus-
ception [5]. Vasculogenesis is the process by which new blood vessels are formed from
progenitors or stem cells during embryonic development. In contrast, angiogenesis
involves the generation of new blood vessels from preexisting vessels. It plays a crucial
role in both physiological processes, such as tissue repair, and pathological condi-
tions, including tumor progression. While vasculogenesis is fundamental in the early
stages of vascular development, angiogenesis is an adaptive response to factors such as
hypoxia and inflammation, facilitating the expansion of the vasculature in response
to changing tissue demands [4].

Moreover, angiogenesis and vasculogenesis are two processes that depend on
circulating signals from chemokines and growth factors, mainly vascular endothelial
growth factors (VEGEs). Depending on the presence of VEGE, different elements
evolve. For example, VEGF-B is responsible for hematopoiesis and arteriogenesis,
while VEGF-A sustains angiogenesis [5].

Vascular co-option represents the process by which the tumor cells surround
the host vessel and incorporate it within the tumor mass. This process occurs in
highly vascularized tissues, such as the brain, lungs, and liver. There is a consensus,
explained by Ronca and his team [6], that underlines the fact that the process of co-
option is more likely to appear in highly vascularized tissue, which is not included in
the highly angiogenic tissue category. Because of that, these cancerous tissues will not
respond to anti-angiogenic therapies [5].

Finally, intussusceptive angiogenesis is an alternative mechanism for forming new
vessels. During this process, tissue pillars are formed from the capillary wall and extend
into the lumen, splitting the vessel on the long axis—the blood flow remains intact [7].

One of the most important cells of TME is the EC. This type of cell plays a role in
the angiogenesis process, tumor development, metastasis, and drug resistance [4]. In
cancer, the ECs make up the inner layer of the vessels that feed the tumor. Tumoral
endothelial cells (TECs) have some characteristics that need to be underlined in order
to better understand their role: they maintain their ontological endothelial origin, are
not immortal, and become morphologically and phenotypically dysregulated at the
molecular and cellular level, becoming like the tumor itself [5].

In order for TECs to abnormally create vessels inside the TME, they need to be
stimulated by a series of factors besides VEGF, such as chemokines. The TME-derived
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chemokines can induce vascular permeability and tumor cell extravasation, which
leads to tumor cell colonization in a distant area [8]. Also, they can promote recruit-
ment, migration, and proliferation of endothelial cells. These molecules can be
targeted, and the new-vessel-formation stimuli can be stopped [8]. There are four
chemokine categories: cysteine-cysteine chemokines/cysteine-X-cysteine chemo-
kines/cysteine chemokines/cysteine-X-X-X-cysteine chemokines (CC/CXC/XC and
CX;C). Chemokines’ receptors can be used as novel targets for antineoplastic thera-
pies. For example, CXCR7 (ACKR3) is upregulated in various types of cancer, includ-
ing lung, prostate, pancreatic, and brain. The presence of this receptor on the tumor
cell can provide a real advantage that promotes metastasis. Another well-known
receptor, CXCR4, is highly present in hepatocellular carcinoma (HCC). Its inhibi-
tion can lead to reduced VEGF secretion, which leads to reduced neovascularization
and growth at the tumor level. CCR2 enables vascular permeability and tumor cell
extravasation in colon carcinoma in mice models [8].

Pericytes can be found linked with TECs within the TME. Pericytes are mul-
tifunctional cells that surround the surface of ECs. These cells are involved in the
remodeling of the basement membrane during angiogenesis and tumorigenesis [1].
Also, they exhibit immune functions—attracting leukocytes to exit the blood flow,
regulating lymphocyte activation, and eliciting phagocytic activity [9]. Due to their
role in the vessels’ formation process, they have been proposed as targets for new
anti-angiogenic therapies. However, studies have yet to reach a positive consensus in
this regard [1].

In conclusion, TECs play a crucial role in sustaining tumor vascularization, con-
tributing to cancer development and further progression. Targeting signaling path-
ways, such as VEGFs and chemokine receptors expressed on their surface, represents
a promising therapeutic approach, potentially disrupting tumor angiogenesis and
limiting disease advancement. There are several advantages in targeting TECs to slow
down tumor growth. First, TECs are accessible to therapeutic agents present in the
circulation. Second, TECs are not immortal, so there is a minimal probability for them
to develop drug resistance compared to cancerous cells. Third, Aird proposed that the
inhibition of a single TEC could impair the function of at least 100 neighboring TECs
[10]. Further work and commitment are needed in order to develop novel drugs that
suppress TECs’ function inside TME.

1.2 Circulating tumor cells

The progression of cancer from its primary site to a secondary one is a complex
process, and also the leading cause of cancer-related deaths. The principal factor
behind this process is the circulating tumor cell. A circulating tumor cell (CTC)
detaches itself from the primary tumor site and spreads through the bloodstream to
colonize other tissues and organs [11].

The initial mention of this cell was made in 1869 by Ashworth, who divided these
cells into three main categories: epithelial, mesenchymal, and hybrid. Even though
most of the CTCs are destroyed by the immune system, a small percentage of CTCs
can evade immune clearance, leading to tumor recurrence or metastasis. However, the
successful establishment of a metastatic site requires overcoming several obstacles [11]:

1. Adhesion: surrounding cells and ECM of the primary tumor are both strongly
adhered to one another. CTCs must overcome these adhesion forces to enter the
blood/lymphatic system.
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2.Invasion: CTCs must be able to invade the surrounding tissues so they can reach
the vessel and further disseminate.

3. Shear stress: once entered into the bloodstream or lymphatic system, CTCs are
subjected to shear stress. This can lead to mechanical damage to the cells and
their apoptosis.

4.Immune system surveillance: CTCs need to be able to avoid being detected by the
immune system in order to survive and form secondary tumor sites.

Being directly detached from the primary lesions, these cells precisely represent
the tumor. By doing so, they are able to transmit the information needed for their
detection, as well as for tumor diagnosis, follow-up, and treatment [1]. Thus, they
represent vital tools for prognosis and diagnosis. CTCs can be found in a wide range
of cancers using a comprehensive biomarkers agenda (epithelial, mesenchymal, stem-
ness, and specific markers—including immune checkpoints). The most important
aspect of CTCs is the presence of CD274 and CD47 on the CTC’s surface. By using
dual blockade of CD274 (PD-L1/B7-H1) and CD47 with monoclonal antibodies, we
can block both the “no find me” and “don’t eat me” signals [12].

There are also studies regarding other dual blockades based on CTCs” markers: epi-
thelial cell adhesion molecule (EpCAM) and human epidermal growth factor receptor
2 (HER2). Dong et al. [13] reported that this blockade, which is based on a dual double-
stranded aptamer ring conjugate, can bind two distinct biomarkers simultaneously and
induce the apoptosis of the presenting cell, thus inhibiting tumor progression.

Because of their importance in the diagnosis and prognostic steps, there is an
intense need for creating the perfect method of detection. There are methods based
on the cell morphology, especially diameter, and immunological status—by using
immunomagnetic, real-time PCR (a highly sensitive method), cytometry-based
methods, and microscopic methods—next generation of liquid biopsy [14]. Liquid
biopsy represents the new and existing method of detection due to its rapidity and
noninvasiveness in the tissue-obtaining process.

1.3 Extracellular matrix

Extracellular matrix (ECM) is a key component of the TME. It represents the scaf-
fold of all tissues and organs through the production of macromolecules. The most
important macromolecules are glycoproteins, glycosaminoglycans (such as hyaluronic
acid), proteoglycans (such as heparan sulfate), collagens, laminins, and enzymes [1].
Their purpose is to support the biomechanical activities and functions in the body [2].
It is important to keep in mind that ECM is an active component of the TME, being
composed of active tissue elements that influence cell adhesion, proliferation, com-
munication, and cancer cell migration by altering their physical properties, composi-
tion, and topography [15].

The ECM is, in fact, the fundamental requirement for creating an adherable
environment that supports cell survival and proliferation [16]. We can describe it
from three main perspectives: molecular, structural, and functional.

From a molecular point of view, the ECM encompasses structural proteins, such as
collagen and elastin; adhesion proteins, such as fibronectin and laminin; glycosami-
noglycans; and proteoglycans [16]. In terms of structure, ECM contains the basement
membrane and interstitial connective tissue matrix [16].
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Finally, from a functional perspective, the ECM sustains cell proliferation and
differentiation by maintaining tissue homeostasis [17]. Another important function
of the ECM is represented by the possibility to influence drug delivery—it acts like a
barrier by increasing/decreasing its stiffness and by facilitating metastasis by forming
a permissive/vestrictive gate for various soluble factors/CTCs/exosomes detached from the
primary tumoral site [18].

For a better understanding of the ECM’s complexity, there is a new concept
designed by Naba and colleagues—the matrisome [19]. This developing technique was
screening core ECM elements through bioinformatic approaches and describing the
proteins related to ECM but not included in the ECM’ core components. As a sum-
mary of their research objective, they aimed to divide the genetic components of the
ECM into core matrisome genes and matrisome-associated genes, which either interact
with or remodel the ECM. The core matrisome genes include glycoproteins, collagens,
and proteoglycans, while matrisome-associated genes incorporate EMC-related
proteins, different ECM regulators, and various soluble factors [20].

Collagen is the main component of the ECM. It is commonly seen in all tumor
tissues and is accountable for the ECM stiffness [21]. Collagen alterations have been
reported in various types of cancer. For example: COL6A3 and COL12A1 genes are
mutated in breast cancer; COL7A1 and COL11A1 are mutated in stomach cancer, while
COL3A1 is highly mutated in liver cancer [20]. Another core matrisome gene dysregu-
lated within TME is represented by the glycoprotein family. Some of them are upregu-
lated in cancer—laminin in pancreatic cancer [22]; others are downregulated—tenascin
family member (TNXB)—in breast, lung, and pancreatic cancer [23]. Matrisome-
associated genes are represented by ECM-affiliated proteins—proteins of the annexin
and galectin family, secreted factors—filaggrin (FLG) S10 family (overexpressed in
pancreatic and colon cancer), and ECM regulators—lysyl oxidase family [21].

Attention is drawn toward the possibility of creating new biomarkers—both for
diagnosis and prognosis—based on ECM components. There are several studies that
revealed various groups of matrisome genes that exhibit nearly perfect accuracy for
diagnosing lung cancer—for example: 29 matrisome genes or 28 matrisome gene
groups used for detecting non-small cell lung cancer (NSCLC) [21].

Collagen has demonstrated considerable potential as a prognostic factor across
multiple cancers. In ovarian cancer, elevated expression of COL5A2 is linked with
decreased progression-free survival (PFS), while in stomach cancer, it is associated
with improved overall survival (OS) [21]. Also, there is incipient research that shows
promising results regarding the connection between matrisome genes and therapy
success. For example, the overexpression of COL3A1, COL10A1, and COL11A1 in
ovarian cancer is associated with chemotherapy resistance, while the presence of
mutated COL5A2 in stomach cancer is linked with improved response to pembroli-
zumab [21].

1.4 Other elements of tumor microenvironment

Besides CTCs, ECM, and TECs, the TME has numerous components. These
components will be further discussed in this section of the chapter.

1.4.1 Cancer-associated fibroblasts (CAFs)

CAFs constitute key components of the TME, serving as the principal source
of ECM production. Beyond their structural role, CAFs actively contribute to
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tumorigenesis by inhibiting apoptosis and facilitating cancer cell survival, prolifera-
tion, and migratory capacity. CAFs also play a part during angiogenesis by producing
fibroblast growth factor 2 (FGF2) and vascular endothelial growth factor (VEGFA) in
different types of cancers [24].

1.4.2 Circulating free-DNA (cfDNA)

¢fDNA develops from both living and necrotic cells [25]. It consists of short
(<200 bp) double-stranded DNA fragments obtained at very low concentrations [1].
During cancerous conditions, cfDNA emerges not only from cancer cells but also
from TME components and nonmalignant cells. Cancerous conditions are frequently
characterized by elevated levels of circulating cell-free DNA (cfDNA)—hence why it
can offer diagnostic evidence. What is impressive about cfDNA is that it can indicate
genetic and epigenetic information about a derived tumor, with noninvasive means
merely from the plasma and serum of the patient [1]. This practice can eliminate the
need for invasive biopsy. Since it contains this form of information, ¢fDNA is currently
considered a highly important tool for the personalization of oncologic treatment as
well as for predicting the course of the disease through its quantitative measurement.

1.4.3 Extracellular vesicles (EV)

Extracellular vesicles, encompassing both exosomes and apoptotic bodies, play a
fundamental role in the dynamic crosstalk within the TME. Exosomes are small vesicles
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Figure 1.

Visual representation of TME and its elements. Abbreviations: myeloid-derived suppressor cell (MDSC); antigen
presenting cell (APC); cancer-associated fibroblast (CAF); extracellular matrix (ECM); immune checkpoint
inhibitor (1CI).
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(30-150 nm) originating from the endosomal pathway. Apoptotic bodies, larger ves-
icles (500-2000 nm), are released during the final stages of apoptosis [26]. Together,
they act as vehicles for intercellular communication. They also transport a wide array
of biomolecules—proteins, lipids, mRNAs, microRNAs, and even DNA fragments [1].
This can profoundly influence the phenotype and function of recipient cells.

In the TME, tumor-derived EV5s are instrumental in promoting immune evasion,
supporting angiogenesis, inducing therapy resistance, and facilitating metastasis
by modulating the behavior of immune cells (e.g., T cells, macrophages, dendritic
cells), fibroblasts, and endothelial cells. Notably, EVs can suppress cytotoxic immune
responses or promote immunosuppressive phenotypes (such as M2-like macro-
phages), thereby diminishing the efficacy of immunotherapies [27]. Given these
multifaceted roles, EVs not only reflect the molecular landscape of the tumor but also
represent promising targets for therapeutic intervention and biomarkers for predict-
ing response to immunotherapy and targeted therapy strategies (Figure 1) [28].

2. The therapeutic approaches based on tumor microenvironment
components

Cancer is not a solitary disease. Instead, it represents a complex production—
tumor cells and non-tumor cells. The non-tumor cells play an important role in
supporting the development of the tumor cells. These components are represented by
the immune cells, fibroblasts, endothelial cells, and adipocytes. Each of them has a
well-defined role within TME [1].

The therapeutic approaches based on TME components have their foundation in
these cells, their cell-cell interactions, and their extracellular support—ECM. Based on
these elements, complex therapeutic protocols can be developed. These new protocols
can be considered superior to classical protocols such as chemotherapy, radiotherapy,
and surgery. The primary advantage of targeted therapy lies in its ability to spare normal,
non-tumoral cells, which are significantly more genetically stable than tumor cells [29].

The following section discusses the therapeutic approaches based on TME compo-
nents, including cells, ECM, facilitators of cell-cell interactions, and vessel-formation
processes.

Inside TME, there is an active contradictory interaction between anti-tumoral
functions and pro-tumoral functions of each component. The anti-tumoral functions
are regulated by immune cells, macrophages, and normal fibroblasts. On the other hand,
the pro-tumoral functions are mainly mediated by immune cells. Among them, the most
important are myeloid-derived suppressor cells, M2-tumor-associated macrophages
(TAMs), regulatory T cells (Tregs), cancer-associated fibroblasts (CAFs), cancer-associ-
ated adipocytes (CAAs), and finally, tumor-associated endothelial cells (TECs) [30].

Cancer cells inherently display a set of hallmark features that form the basis of
oncologic therapeutic strategies, such as uncontrolled proliferation, cellular immor-
tality, the exploitation of surrounding cellular resources, and the disruption of tissue
homeostasis. Consequently, therapeutic interventions are designed to counteract
these pathological traits [30].

2.1 Reciprocal cell-cell interaction

Tumor progression or regression can be influenced by various cell-cell interactions
inside the TME, including tumor cell-non-tumor cell interactions. In a normal tissue,
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these connections are mediated through receptors/ECM constituents/ECM enzymes
or diverse soluble mediators: growth factors, chemokines, and cytokines [31]. By
extrapolation, any structural or functional alteration of these elements may lead to
the onset of cancer and promote its progression by preventing the reestablishment of
tissue homeostasis and hindering pharmacological intervention. The following sec-
tion of this chapter will provide a concise overview of the cellular interactions within
the TME, aiming to underscore the intricate molecular architecture and dynamic
complexity that characterize this specialized niche.

Starting with the immune cells, the cellular interaction between them and cancer
cells can be explained by the following three main phases [30]. Each phase has its own
mediators and interactors that determine either tumor progression or suppression:

* Elimination phase: immune cells function optimally and are able to destroy
tumor cells. The elimination process involves the participation of both the innate
and adaptive branches of the immune system [30]. During the elimination phase,
tumor cells are recognized by immune cells, such as T cells and macrophages,
through the expression of surface molecules, including ligands for the NKG2D
receptor.

¢ Equilibrium phase: those tumoral cells that had survived the elimination phase
now enter into an equilibrium with the environmental immune cells. This phase
can last many years—the tumoral cells enter into a dormant phase. The T cells are
the main immune cells involved, and they preserve the communication between
immune cells and tumoral ones. During these interactions, some soluble factors,
such as Interferon (IFN) and Tumor necrosis factor (TNF), are also involved.
Moreover, IFN was found to be the key player in the progression from the elimi-
nation to the equilibrium phase.

* Escape phase: those cells that were dormant during the equilibrium phase can be
reactivated and enter the escape phase. At this point, tumoral cells have various
mechanisms to avoid immunosurveillance: they produce immunosuppressive
cytokines—interleukin 10 (IL-10)—or they can recruit cells with immunosup-
pressive properties—17egs.

Building upon the previously outlined framework of the three molecular
interactions “E’s,” it is also important to consider the complex network of cellular
interactions within the TME. Beyond molecular signaling, cancer cells engage in
dynamic crosstalk with other cellular components, including CAFs, TECs, TAMs, and
adipocytes. Each of these interactions is mediated by a range of soluble factors that
contribute to the functional and structural remodeling of the TME. CAFs’ secreted
factors represent the drivers of their pro-tumorigenic functions: chemokines/growth
factors/ECM proteins. These molecules can promote tumor cell survival, prolifera-
tion, and metastasis. CAFs are also involved in new vessel formation through the
production of VEGF. They also participate in tumoral inflammation through the
production of interleukin 1/6 (IL-1/IL-6) and TNFa [30].

That is why the metastasis process is influenced by the direct, physical contact
between CAFs and cancerous cells—contact mediated by the junction between two
cadherins: E-cadherin expressed on tumor cells and N-cadherin on the CAFs [30].
With regard to the viability of tumor cells, it is well established that cancer cells need
oxygen and various nutrients for their survival and further development.
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In order to survive, tumors can obtain their vascularization in two ways: creating
new vessels—angiogenesis—or using preexisting vessels for their own nutrition—ovas-
cular co-option. The reciprocal interaction between these cells is mediated by several
factors secreted by cancer cells: VEGF and platelet-derived growth factor (PDGF).
Together, they stimulate endothelial cell proliferation and new vessel formation.

Regarding macrophages and their role within the TME, it is important to
recognize that TAMs are normally divided into M1 pro-inflammatory and M2 anti-
inflammatory macrophages. TAMs also express PD-L1 and CD47, important ligands
for the immune cells. Also, they promote vascular formation, both blood vessels and
lymphatic, by secreting various factors such as VEGF-1/VEGF-C/VEGF-D/FGF [30].
This cell type exhibits significant potential in the context of targeted therapies.

A less extensively studied cell type in the context of potential targets for antineo-
plastic therapies is the adipocyte, whose role within the TME is gaining attention. A
defining characteristic of cancer is the elevated use of lipids. In various cancer types,
the adipocytes are present in the TME in different quantities. The crosstalk between
adipocytes and tumoral cells can be physical or through secreted factors, and the main
goal is to induce lipolysis as a source of lipids—energy for tumor cell proliferation and
invasiveness [30].

2.2 Therapeutic strategies for modulating the tumor microenvironment to
improve treatment efficacy

Currently, there are five manipulating strategies that can be applied to switch the
way of working of the TME—{rom pro-cancerous to anti-cancerous. This includes [32]:

* Enhancing T cell infiltration into immunologically “cold” tumors
¢ diminishing the abundance of myeloid-derived cells

* suppressing regulatory T cell (Treg) function

* augmenting T cell-mediated cytotoxic activity

* inducing further tumor-associated genetic alterations

It is important to underline that these strategies are not curative. To be more exact,
these can be used in combination with chemotherapy/immunotherapy in order to
enhance their antitumoral effect.

In summary, the five strategies above refer to the potential therapeutic targeting
of key components within the TME [32]. Facilitating T cell migration into the TME
contributes to the conversion of “cold” tumors, characterized by an absence of T cells,
into “hot” tumors. This migration is mediated by specific molecular interactions,
such as those between CXCR4 and CXCL12. Reduction of the myeloid cell population
within the TME—cells known to inhibit T cell function—can be achieved through
the modulation of activation pathways including JAK, BTK (expressed on B cells),
and PI3K, or by using tyrosine kinase inhibitors, which shift macrophage polarization
from the immunosuppressive M2 phenotype to the pro-inflammatory M1 phenotype.
Regulatory T cell (Treg) depletion is accomplished by targeting the surface marker
CD25. Enhancing T cell functionality involves the use of soluble factors such as inter-
leukin-15. Ongoing studies are investigating the development of therapeutic agents
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that combine immunotherapy with interleukin-15 (IL-15) activity. For instance, IL-15
is linked to an anti-PD-1 antibody [33]. Finally, inducing additional genetic mutations
within tumor cells is considered a high-risk but potentially effective strategy, as it
may lead to the generation of neoantigens that can be specifically targeted by the
immune system. This can be achieved through the use of DNA-damaging agents such
as temozolomide or by employing inhibitors of DNA repair mechanisms [32].

2.2.1 Targeting cells and extracellular matrix: Different therapeutic approaches

Targeting drugs represents a promising therapeutic approach compared with
chemotherapy. The principal advantage of targeted drugs over chemotherapy is that
the exposure of healthy cells is reduced—enhanced concentration at the tumor site
only [34]. Targeting the TME may result in a higher treatment efficacy by affecting
both tumor cells and tumor-supportive cells—CAFs5, macrophages, endothelial cells,
etc. We can actively target these molecules by internalizing them into the receptor
cell by using specific ligands and antibodies, or we can passively target them using the
properties of newly formed tumoral vessels. They can be considered as being leaky
vessels with high permeability and decreased lymphatic drainage. This leads to an
increased retention of various products, in our case, drug molecules [34].

Of course, there are some limitations regarding the use of targeting strategies: first,
tumors are very heterogeneous media. By using targeting agents, we will remove just
one subset of cells—those expressing that target. Second, targeted strategies may
miss the entire spectrum of supportive tumor cells. Thirdly, the delivery system to
the target is extremely complex, especially after internalization into the cell, due to
the action of lysosomal compartments, which entrap the drug delivery system, thus
preventing reaching the site of action, for example, the nucleus [34].

In this section, we will briefly discuss the strategies aimed at overcoming the
second limitation. As discussed up until now, tumoral TME differs from the normal
TME. It has a heterogeneous composition, each element representing a potential
target.

For example, tenascin-C, a glycoprotein, is highly expressed in the TME of various
solid tumors, including lung, breast, colon, and ovarian. This molecule can promote
angiogenesis, tumor proliferation, and metastasis [35]. There are several studies that sug-
gest the use of tenascin-C as a potential target for therapies. In this regard, Lin et al.
[36] described a tenascin-C strategy by using doxorubicin-loaded liposomes that will
bind tenascin-C with the aim of sulfatide-expressed receptors on the surface of the
liposomes. In mice bearing subcutaneous gliomas and colorectal carcinomas, it was
shown that overall survival is prolonged and the spectrum of side effects is reduced
[34, 36, 37]. Another molecule from TME, collagen, can also be used as a target. Liang
and his team [38] designed an antibody conjugate by combining the collagen with the
Fab fragment of an antibody—cetuximab directed against EGFR.

Another therapy choice is represented by the well-known anti-angiogenic therapy,
which aims to inhibit the formation of new blood vessels that sustain tumor growth
[39]. Agents such as bevacizumab (anti-VEGF antibody), sunitinib, and sorafenib
(multi-kinase inhibitors targeting VEGFR and platelet-derived growth factor receptor
(PDGFR)) are already in clinical use for various solid tumors. Other investigational
compounds, such as Tasquinimod, have entered phase III trials for castration-resistant
prostate cancer (CRPC), targeting both angiogenesis and immunomodulatory pathways.
These therapies not only restrict the tumor’s vascular system but also aim to normalize
aberrant vasculature to improve immune cell infiltration and drug delivery [39].
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Simultaneously, CAFs are being explored as therapeutic targets due to their strong
involvement in extracellular matrix remodeling and immunosuppressive signaling.
Several therapeutic approaches aimed at modulating or eliminating CAFs are under
investigation. One of the most studied targets is fibroblast activation protein (FAP),
which is highly expressed on CAFs but minimally present in normal tissues. FAP-
targeted agents, including monoclonal antibodies (e.g., Sibrotuzumab) [40] and FAP-
specific CAR-T cells, have entered clinical trials. Although early trials such as those
with Sibrotuzumab showed limited efficacy as monotherapy, combination approaches
with immune checkpoint inhibitors are currently being explored.

Another major axis of intervention involves TGF-f signaling, a key pathway in
CAF activation and ECM deposition. Inhibitors such as Galunisertib (a TGF-fRI
kinase inhibitor) have demonstrated immune-modulatory effects and are being tested
in combination with other immunotherapies, particularly in pancreatic and hepa-
tocellular carcinoma [40]. Additionally, NOX4 inhibitors (e.g., GKT137831), which
block reactive oxygen species (ROS) production in activated fibroblasts, have shown
great potential in preclinical models by reversing the myofibroblastic CAF phenotype
and enhancing immune infiltration [40].

An alternative strategy is not to eliminate CAFs but to reprogram their phe-
notype. Metabolic modulators like Metformin have been shown to suppress the
tumor-supportive functions of CAFs, promoting a shift toward a quiescent state
[41]. Similarly, vitamin D analogs, such as calcipotriol, have been reported to revert
CAFs toward a less activated phenotype, improving the response to chemotherapy
in pancreatic cancer models. Inhibitors such as DRP-104 (glutamine antagonist),
CB-839 (glutaminase inhibitor), and INCB001158 (arginase inhibitor) have shown
promise in early-phase trials, often in combination with immune checkpoint
inhibitors [42]. These agents target critical metabolic dependencies of the tumor
and of the stromal cells, potentially restoring immune functionality and improving
treatment responsiveness. While the clinical translation of CAF-targeted therapies is
still in early stages, the heterogeneity of CAF populations—ranging from immuno-
suppressive to pro-inflammatory subtypes—needs a more refined approach. Future
strategies may involve selectively targeting pro-tumorigenic CAF subtypes while
preserving or enhancing the anti-tumorigenic ones. As more insights into CAF plas-
ticity and function emerge, these therapies hold promise for overcoming resistance
mechanisms and improving outcomes when integrated with existing immuno- and
targeted therapies [42].

Collectively, these approaches reflect a paradigm shift in cancer therapy—from
targeting tumor cells alone to modulating their supportive microenvironment. By
disrupting angiogenic signaling, reprogramming fibroblasts, and altering tumor
metabolism, these therapies may improve clinical outcomes and overcome resistance
mechanisms that limit the efficacy of conventional treatments.

Other molecules that can be used as potential targets are represented by galectin
(cisplatin payload), heparan sulfate (paclitaxel payload), and chondroitin sulfate
(cisplatin/doxorubicin payload) [34].

2.2.2 Immunotherapy based on tumor microenvironment: Present and future

Over the last years, cancer has become more and more treatable with the develop-
ment of immunotherapy. This type of therapy works around the following idea: it
blocks the immune system by using molecules—antibodies directed against various
ligands/receptors expressed on cell surfaces [43].
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Monoclonal antibodies (mAbs) have become indispensable agents in contem-
porary oncology, providing highly specific and multifaceted therapeutic strategies.
Since their initial development in the 1970s [44] and subsequent implementation in
cancer diagnosis and treatment, mAbs have demonstrated significant clinical utility
in targeting both tumor cells and components of the TME [45]. These antibodies pri-
marily function by recognizing tumor-associated antigens expressed on the surface
of malignant cells, thereby enhancing immune-mediated cytotoxicity, particularly via
mechanisms such as antibody-dependent cell-mediated cytotoxicity (ADCC) [46].
Additionally, mAbs can inhibit key oncogenic signaling pathways that promote tumor
cell proliferation and survival. The conjugation of mAbs with cytotoxic agents or
radioactive isotopes further enables precise delivery of therapeutics, thereby improv-
ing efficacy while limiting off-target effects. Recent advances include bispecific
antibodies capable of simultaneously engaging T cells and tumor cells, effectively
bridging and activating immune effector mechanisms. Furthermore, therapeutic
antibodies that target immune checkpoints or angiogenic pathways modulate the
tumor microenvironment to restore anti-tumor immune responses and suppress
tumor progression [45]. Collectively, these mechanisms underscore the central role of
monoclonal antibodies in the evolving paradigm of precision cancer therapy.

The main targets are represented by CTLA-4 and PD-1/PD-L1 [47]. However,
in the last years, new promising checkpoint molecules have been investigated more
deeply. For example, lymphocyte-activation gene-3 (LAG-3), T-cell immunoglobulin
3 (TIM-3), T-cell immunoglobulin, and ITIM domain (TIGIT) [47]. LAG-3 isa type
I transmembrane protein, mainly expressed on T cells, natural killer cells, B cells,
and dendritic cells. It is involved in the transduction of inhibitory signals regarding
immune cells [48]. There are several drugs available for this molecule, including
relatlimab. There is strong evidence regarding the efficacy of this type of therapy,
especially when it is combined with anti-PD-1 therapy. RELATIVITY-047 trial, a
double-blind, randomized trial, suggested that this dual therapy can enhance the
immune response and improve the outcome of patients diagnosed with metastatic or
unresectable melanoma [49].

Regarding TIM-3 and its ligand, galectin-9 (GAL-9), it shows potential in
apoptosis regulation and T cell immune tolerance. By blocking TIM-3/Gal-9 path-
way, it is possible to evade T cell depletion and enhance treatment response and
reduce drug resistance [50]. For TIGIT there are several clinical studies conducted
mainly in China: MK-7684A-003 trial (PD-L1 > 1%, MK-7684 + Pembrolizumab,
NCT04738487) or AdvanTIG-302 trial (PD-L1 > 50%, BGB-A1217 + Teicilizumab,
NCT04746924) that show promising results regarding the usage of TIGIT as a thera-
peutic target.

Understanding the tumor immune microenvironment represents the key to
developing and using the right therapy for our patients. In cancer, TME has an
abnormal composition. Each cell and soluble factor represents a potential weapon
for transforming normal elements into malignant ones, hence increasing the tumor’s
aggressiveness in the body. Before applying a specific immunotherapy, it is important
to know which immunological tumor subtype we are dealing with. From an immuno-
logical point of view, there are four types of tumors [47]:

e Hot tumors: elevated T cell concentration.

e Altered-excluded tumors: T cell contractions are higher at the periphery of the
tumoral area, but there is no tumoral infiltration.
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¢ Altered-immunosuppressed tumors: there is tumoral infiltration with T cell
immunosuppressive characteristics.

¢ Cold tumors: lack of T cells.

As it was previously presented, the main cells of TME are represented by: TAMs
with the dual phenotype potential, M1 and M2; endothelial cells; dendritic cells
(DCs); Neutrophiles- N1 and N2 phenotype; NKs; and T cells. A critical part of the
immune system is represented by the T cell, which can be divided into three main
categories with different functions and markers on their surface: cytotoxic T cells
(CDS8"), helper T cells (CD4"), and regulatory T cells (CD4").

CDS8" cells are the primary tumor-Kkilling cells. Their elevated level correlates with
a better response to immunotherapy and an overall better prognosis for patients.

Even so, TMEs have the capacity to modify the functionality of these cells through

five mechanisms (senescence, tolerance, anergy, exhaustion, and ignovance) [51]. These
mechanisms are strongly linked with metabolic changes—glucose, lipids, and hypoxia—
and molecular rearrangements of T cells. It was stated before that the accumulation

of lactate and cholesterol is linked with a reduction of infiltrating T cells into the tumor
and with an upregulation of several checkpoints, including PD-1 and lymphocyte-
activation gene 3 (LAG-3), that will lead, eventually, to T cell exhaustion [52]. CD4*
helper cells can be differentiated into three subsets: T helper cells 1/2/17 (Th1, Th2, and
Th17). Each plays a distinct role. Thl appears under the action of IL-12 and INF-y and
has an antitumoral effect overall. On the other hand, Th2 cells promote tumor pro-
gression by secreting cytokines such as IL-4, IL-5, IL-10, and IL-17. The role of Th17-
secreted cytokines still remains unclear [53]. Regulatory CD" cells, Tregs, express a high
affinity for IL-2% receptor and secrete a variety of cytokines: TGF-f, IL-10, and IL-35.
An important aspect to remember about this type of cell (CD8+) is that its viability is
closely linked to fatty acid metabolism, unlike other T cell types, which primarily rely
on glucose and the hypoxic environment. Therefore, the production of these cells can
be reduced by targeting the enzymes involved in fatty acid oxidation [52].

Another important aspect in understanding the use and benefits of immuno-
therapy is the exploration of the signaling pathways within the TME and their
applicability in drug development. The TME is influenced by several immune signal-
ing pathways that play crucial roles in tumor surveillance and immune response
modulation. Among the most important is the STING (Stimulator of Interferon Genes)
pathway, which is activated by cytosolic DNA and leads to the production of type I
interferons, thus fostering anti-tumor immunity [47].

STING agonists, such as DNX-2401 and MIW815, have shown promise in preclini-
cal models as immune-enhancing agents. Additionally, Toll-like receptors (TLRs),
which recognize pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPs), activate inflammatory cascades that aid in
immune system activation [47].

TLR7/8 agonists, like Imiquimod and Resiquimod, have been explored as potential
adjuvants to stimulate anti-cancer responses. The NOD-like receptors (NLRs), includ-
ing NLRP3, are central to inflammasome activation, which triggers the release of pro-
inflammatory cytokines such as IL-1f and IL-18. This pathway can support immune
activation but may also exacerbate chronic inflammation in the TME, as seen with
VX-765, an NLRP3 inhibitor, which is being investigated in cancer treatment [47].

Additionally, RIG-I-like receptors (RLRs) sense viral RNA and activate type I inter-
feron responses, with MDA5 agonists showing potential in stimulating anti-tumor
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immunity [47]. These pathways collectively offer valuable therapeutic targets;
however, careful modulation is essential to balance efficacy and prevent adverse
inflammatory effects.

The therapeutic manipulation of these pathways holds great promise for
advancing cancer immunotherapy, as exemplified by ongoing clinical trials aimed
at enhancing immune responses while minimizing harmful consequences. There
are several clinical trials that highlight the potential benefit of combining classical
immune checkpoint inhibitors (ICIs) with novel molecules. For instance, a phase Ib
trial showed sustained disease control in over 50% of advanced or metastatic NSCLC
cases by using a dual therapy—nivolumab and TLR9 agonist DV281 [54]. In this case,
tumor regression was observed in both the injected and non-injected areas, including
visceral lesions.

Another study was focused on head-and-neck cancer patients [55]. By using both
PD-1blockade and a TLR9 agonist, SD-101, an objective response rate (ORR) was
reached in 24% of cases, with a higher value in HPV+ patients—4%.

Overall, ICIs are now the main therapeutic practice in various cancer types. The
primary targets are CTLA-4 and PD-1/PD-L1, which have gained universal utiliza-
tion over the last years. CTLA-4 represents a coinhibitory molecule localized on the
T cell surface and works as a negative modulator of T cell activation. Its targeting
antibody—ipilimumab and tremelimumab—emerges as a pivotal molecule used in dif-
ferent cancers, such as lung, liver, or melanoma. On the other hand, PD-L1 promotes
immune tolerance by engaging PD-1 on T cells, leading to suppression of cytokine
production and lymphocyte proliferation. It was stated that the inhibition of PD-1
or PD-L1 will enhance tumoral regression by rejuvenating the cytotoxic property of
T cells. Its specific antibodies—atezolizumab, avelumab, nivolumab, pembrolizumab,
cemiplimab, and dostavlimab—are used in different types of cancers, such as lung,
liver, kidney, gastrointestinal cancers, or breast, leading to spectacular responses [56].

Comparable to all other types of cancer-related therapies, ICIs encounter some
limitations and challenges. One of the major ones is that ICIs’ performance depends
on the tumor’s immunological status—cold or hot. Thus, transforming a cold tumor

Drug name Target Indicated for particular forms of cancer
Atezolizumab PD-L1 Breast, liver, lung, sarcoma
Avelumab PD-L1 Kidney

Cemiplimab PD-1 Lung

Dostarlimab PD-1 Endometrial cancer
Durvalumab PD-L1 Bladder, liver, lung
Ipilimumab CTLA-4 Lung, liver, melanoma
Nivolumab PD-1 Bladder, GIs, kidney, melanoma
Pembrolizumab PD-1 Bladder, breast, cervical, colorectal
Relatlimab LAG-3 Melanoma (combination with Nivolumab)
Tremelimumab CTLA-4 Liver, lung

Abbreviations: cytotoxic T-lymphocyte-associated protein 4 (CTLA-4); lymphocyte-activation gene 3 (LAG-3);
programmed cell death protein 1 (PD-1); programmed death-ligand 1 (PD-L1).

Table 1.
Types of checkpoint inhibitors and their clinical application.

94



The Tumor Microenvironment: Immunological Interactions and Therapeutic Targeting
DOI: http://dx.doi.org/10.5772/intechopen.1011106

into a hot one still represents a major need in cancer treatment. Another challenge is
related to the appearance of side effects, mainly adverse immune responses. Immune-
related adverse events (irAEs) encompass a wide spectrum of reactions that affect
nearly every organ and system within the body [57]. The severity of these side effects
varies between low-grade (one-two grade)—90% of patients—and high-grade
(three-four grade)—10% of patients. The onset is variable, in contrast with the
toxicities related to chemotherapy or radiotherapy. Some of the irAEs manifest within
days after the administration; others may appear months later [56]. The conventional
strategy for addressing immune-related adverse events (irAEs) typically entails the
interruption of immune checkpoint blockade therapy and the initiation of high-dose
corticosteroid treatment. Irrespective of the specific therapeutic protocol employed,
effective irAE management critically depends on the prompt identification of clinical
manifestations and the implementation of a timely, proactive treatment approach,
frequently necessitating coordination among a multidisciplinary team of healthcare
specialists (Table 1) [58].

3. Conclusion

TME represents a highly dynamic and complex system that has emerged asa
pivotal element in cancer progression and treatment development. Its complex-
ity stems from its numerous components, each of them playing distinct roles in
maintaining tumor cell viability, promoting their proliferation, and later facilitat-
ing the metastasis cascade. Importantly, tumor cells have the ability to manipulate
surrounding normal cells to support their growth and progression through various
signaling pathways and multiple soluble factors. Recent research has highlighted its
therapeutic potential, with several of its components—both cellular and noncel-
lular—proving valuable in developing novel strategies that selectively target malig-
nant cells while sparing healthy cells and tissues. Throughout this chapter, we have
reviewed the diverse cellular elements of the TME, emphasized the dual role of the
ECM as both a structural scaffold and a modulator of tumor behavior, and explored
the reciprocal cellular interactions that contribute to tumor immune evasion and
therapy resistance.

A critical point discussed was the relevance of immunological profiling—distin-
guishing between “hot” and “cold” tumors—and its implications for selecting appro-
priate immunotherapeutic approaches. Understanding these immune landscapes is
fundamental to optimizing treatment outcomes and enhancing patient response rates.

Looking ahead, several directions in oncology emerge with promise. The molecu-
lar and metabolic elements of the TME—especially those less explored, such as ECM
subtypes and the metabolic niche—warrant further investigation. Ongoing studies
are exploring how metabolic pathways, including aerobic glycolysis and glutamine
metabolism, influence tumor dynamics and how external factors such as diet, chronic
stress, lifestyle, and environmental exposure may modulate therapeutic efficacy,
response, and disease progression.

CAFs, in particular, have shown considerable potential as therapeutic targets.
Accumulating functional and correlative analyses suggest that improved treatment
outcomes could be achieved by disrupting their pro-tumorigenic roles. Similarly, a
better understanding of the TME at the molecular level—through the identification
of new targets and recharacterization of known ones—could dramatically expand the
repertoire of available cancer therapies.
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In summary, the TME holds great potential as a source of therapeutic targets.
Continued research combining molecular characterization, clinical correlation, and
drug development will be essential in translating these insights into effective and
individualized cancer treatments.
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Chapter 6

Immune Cells and Their Role

in Immunosuppressive Tumor
Microenvironment of Head and
Neck Cancer

Eleni Litsou

Abstract

The interaction between immune cells and surrounding tissues that creates the
tumor microenvironment may explain the high rates of recurrence and metastatic
head and neck squamous cell carcinoma. Notably, head and neck squamous cell
carcinoma can evade detection by the immune system while also exhibiting immu-
nomodulatory effects. A variety of cell types comprise the tumor microenviron-
ment, including T cells, cancer-associated stromal fibroblasts, macrophages, B cells,
neutrophils, myeloid-derived suppressor cells, mast cells, and natural killer cells.
These various cells not only inhabit the tumor but also engage with tumor cells and
one another through a complex network. Both adaptive and innate immune cells are
crucial for sustaining immune vigilance and regulating tumor growth. In this chapter,
we explore the different subsets of immune cells and their roles in fostering an immu-
nosuppressive tumor microenvironment in head and neck squamous cell carcinomas,
aiming to enhance our understanding of the numerous factors that significantly
influence head and neck squamous cell carcinoma tumorigenesis and progression.

Keywords: head and neck cancers, tumor microenvironment, immunomodulatory
cell types, immune escape and evasion, immunocheckpoint inhibitors,
immunosuppression, immunotherapy for head and neck cancers

1. Introduction

In recent times, our perspective on cancer has undergone a remarkable transfor-
mation. No longer a tumor is considered as a simple mass of malignant cancer cells,
but rather as a multifaceted tumor microenvironment (TME), an intricate ecosystem
where various subpopulations of cells, ensnared and influenced by cancer cells, come
together to create a self-sustaining biological entity. Within this dynamic TME, the
stromal component is a veritable tapestry of diverse cell types. We are talking about
the likes of cancer-associated fibroblasts (CAFs), neutrophils, tumor-associated
macrophages (TAMs), regulatory T cells (Tregs), myeloid-derived suppressor cells
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(MDSCs), natural killer cells (NK), platelets, and mast cells, all of which play pivotal
roles. These distinct cell populations do not just coexist; they engage in a sophisticated
dance of interactions, bursting with communication through a cascade of secreted
cytokines, chemokines, growth factors, and the proteins of the extracellular matrix
(ECM).

In this chapter, we will delve deeply into these key cell subpopulations and explore
the myriad factors that shape the TME. We will also scrutinize their contributions to
cancer development, with a keen focus on head and neck squamous cell carcinoma
(HNSCC). By examining the variations in stromal composition within the HNSCC
microenvironment, we aim to shed light on how these differences influence cancer
development and progression. Such insights could unravel the complex mechanisms
that dictate the varied responses to therapy, paving the way for identifying potential
targets for clinical intervention.

1.1 Head and neck squamous cell carcinoma (HNSCC)

Globally, head and neck cancer (HNC) accounts for 650,000 new cases of cancer
and 330,000 deaths annually on average [1]. In that group of diseases, squamous
cell carcinoma constitutes the majority of head and neck carcinomas. Independently
of the exact site, HNSCC has multiple similarities regarding their epidemiologic,
demographic, pathologic, and sometimes, clinical features [2].

HNSCC is composed of a group of malignant neoplasms that display a great degree
of heterogeneity. They are thought to arise from the non-keratinizing epithelium
of the upper aerodigestive tract. Potential sites of HNSCCs include the oral cavity,
oropharynx, hypopharynx, larynx, paranasal sinuses, and nasal cavity, but also the
cervical esophagus, thyroid glands, and salivary glands. Most head and neck malig-
nancies, though, originate from the mucosal epithelium in the oral cavity [3].

The head and neck region, particularly the salivary glands, harbors a wide variety
of carcinomas, including those arising from both major and minor salivary glands.
These malignancies can originate from different cellular components within the
salivary glands, with distinct histological and molecular characteristics [4].

1.2 Epidemiological data and environmental risk factors

Similar to other types of cancer, diagnosis of HNSCCs often happens too late. This
happens due to the absence of precancerous lesions or other early stage, easily iden-
tifiable symptoms [5]. Early-stage HNSCCs might present vague symptoms such as a
sore throat, difficulty swallowing, or a persistent lump, which can be mistaken for less
serious conditions, delaying diagnosis and treatment [6].

The majority of HNSCCs are associated with human behaviors. Alcohol and
tobacco consumption is thought to be responsible for approximately 75% of cases.
At the same time, there seems to be a strong link between pharyngeal cancer and
human papillomavirus (HPV) infection, mainly high-risk variants such as HPV-
16, 18, and 33 [2].

There are additional specifics of risk factors that may increase or decrease the
risk for HNSCCs, such as the fact that smoking black tobacco poses a higher risk than
smoking blond tobacco; the same is true for smoking at a young age, smoking a high
number of cigarettes a day, and also deep smoke inhalation [7].

During the past decades, new epidemiological trends have been observed regard-
ing HNSCCs. There has been a rise in HPV-associated oropharyngeal cancers,
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particularly among younger, non-smoking individuals, while the incidence of
tobacco-related cancers has decreased. Additionally, there has been a shift in the pre-
dominant location of HNSCCs from the larynx to the oropharynx, and survival rates
have improved due to advances in early detection and treatment [8]. These subsite-
specific epidemiological trends have been attributed to shifts in societal factors that
have resulted in changes in exposure to two divergent but complementary classes of
HNSCC risk factors: (1) tobacco and alcohol consumption and (2) HPV infection [9].

The exact reasons and causes for the societal trends that drive these epidemio-
logical trends cannot be accurately pinpointed. However, it is thought that various
public health campaigns are largely credited with driving decreases in tobacco and
alcohol consumption [10]. At the same time, sexual practices that may introduce the
risk of contracting sexually transmitted pathogens, like HPV, have been linked to the
rise in HPV-associated cancers, including oropharyngeal squamous cell carcinoma
(OPSCC) [11].

Since HPV is, in most cases, cleared within 18 months, it is hypothesized that
persistent infection would be necessary for HPV-associated malignancies to form
[12]. As mentioned earlier, OPSCC seems to be linked to HPV infection. Interestingly,
HPV-positive OPSCC is considered to be a separate neoplastic entity, with its own
individual characteristics not just on a molecular and epidemiological but also on a
clinical level [13]. HPV presents a major risk to public health, and so the development
of vaccines for various strains of the virus has been in the works for multiple decades.
The Food and Drug Administration (FDA) approved vaccines in 2006 and 2014 that
target the very common HPV strains 16/18. These vaccines are thought to be able to
prevent cases of HPV-positive HNSCCs [2].

There are distinct differences between HPV-positive and HPV-negative HNSCCs.
When it comes to prognosis, HPV-positive HNSCC is generally more favorable. This
is attributed to the unique biological characteristics that HPV-positive HNSCC tumor
cells hold. They are considered to be more susceptible to being suppressed by the
immune response as well as more sensitive to treatment methods such as radiotherapy
and chemotherapy [14]. HPV-negative HNSCC lacks the immunogenicity associated
with HPV, making it less responsive to radiotherapy and chemotherapy. Its biological
behavior is more aggressive, with a higher tendency for local infiltration and distant
metastasis.

At present, the targeted therapy drug cetuximab and immunotherapy PD-1/PD-L1
(programmed death-ligand 1/programmed cell death protein 1) inhibitors (pembro-
lizumab, nivolumab) have been approved for the treatment of recurrent or metastatic
(R/M) HNSCC [15]. Inhibitors of cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
can enhance the immune response of T cells and have already been tested in combination
with PD-1 and PD-L1 inhibitors in clinical trials [16]. Immunotherapy for HNSCC seems
to be a promising prospect and will be discussed in more detail in later chapters.

2. Tumor microenvironment

The TME is a dynamic and complex system consisting of cancer cells, stromal tis-
sue, immune cells, blood vessels, fibroblasts, and signaling molecules, all embedded
in the ECM [17]. These components engage in a continuous exchange of signals that
support tumor growth, survival, and invasion into healthy tissues. The TME plays a
critical role in cancer development, influencing not only how tumors grow but also
how they resist treatments, leading to poor outcomes for many patients [16].
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A key feature of the TME is its hypoxic nature. As tumors grow beyond the capac-
ity of existing blood vessels to supply oxygen and nutrients, regions within the tumor
become deprived of oxygen, leading to hypoxia. In response, the tumor promotes
angiogenesis, the formation of new blood vessels, to meet its demands [18]. Hypoxia
also triggers the upregulation of hypoxia-inducible factors (HIFs), which alter cellular
metabolism, pushing cancer cells to favor glycolysis over aerobic respiration. This
metabolic shift, known as the Warburg effect, creates an acidic microenvironment
that promotes cancer cell survival and aggressiveness [19].

The altered vasculature in the TME is often disorganized, with leaky and poorly
structured blood vessels. These abnormal blood vessels contribute to an inefficient
supply of oxygen and nutrients, further exacerbating hypoxia [20]. Additionally, the
leaky vasculature allows macromolecules, including therapeutic agents, to accumulate
in the tumor tissue, a phenomenon known as the enhanced permeability and reten-
tion effect. While this offers an opportunity for targeted drug delivery, the irregular
structure of the vasculature can also limit the effectiveness of treatments by impair-
ing drug penetration and distribution within the tumor [21].

The TME represents a highly dynamic and interactive ecosystem, wherein cancer
cells engage in continuous bidirectional communication with a variety of surrounding
stromal components. This intricate crosstalk enables malignant cells to reprogram
nearby non-neoplastic elements, inducing the secretion of paracrine signals that
support tumor cell proliferation, survival, and dissemination. The TME comprises
a diverse range of nonmalignant cell types, including immune cells, fibroblasts,
mesenchymal stem cells, endothelial cells, peripheral nerve fibers, and cells derived
from the bone marrow and hematopoietic lineages (Figure 1) [22, 23]. Strikingly,
these stromal and immune constituents can account for up to 90% of the total tumor
mass, underscoring their significant role in the tumor architecture.

Tumor Microenvironment
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Figure 1.

The tumor microenvivonment. A schematic view of the tumor microenvironment components and all scientific
contributions in this topic research. The picture was created with BioRender.com [23].
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Although once considered passive bystanders—or even physical barriers to tumor
growth—emerging evidence increasingly highlights that these nonmalignant stromal
components are active participants in tumorigenesis, metastatic dissemination, and
resistance to therapy [19]. A particularly critical aspect of the TME is its immuno-
suppressive nature, which impairs the host’s antitumor immune response. TAMs,
Tregs, and other immune populations are frequently hijacked by the tumor to adopt
protumorigenic phenotypes, thereby fostering immune evasion and contributing to a
microenvironment that shields the tumor from immune-mediated destruction [24].

This immune tolerance, compounded by the tumor’ ability to exploit stromal
elements for metabolic and structural support, complicates therapeutic interventions
and facilitates cancer persistence. Consequently, deciphering the complex cellular and
molecular interplay within the TME is paramount for the development of innovative
therapeutic strategies aimed not only at targeting malignant cells but also at disrupt-
ing the supportive niche that sustains them [24].

3. Immune cells and their role in regulating the tumor microenvironment

The high potential for metastasis and recurrence in HNSCC is largely driven by
the complex interactions between the TME and nearby immune cells. Normally, the
immune system can detect and destroy cancer cells, but tumor cells often develop
ways to evade this detection, creating an environment that promotes their growth and
survival [6]. HNSCC not only escapes immune detection but also suppresses immune
responses.

One key method HNSCC uses to evade the immune system is by reducing human
leukocyte antigen (HLA) expression, which impairs T cells’ ability to recognize and
attack cancer cells. Additionally, the TME in HNSCC hinders the function of tumor-
infiltrating lymphocytes (TILs), weakening the immune system’ ability to fight the
tumor [24].

As was mentioned before, the TME is a complex and diverse ecosystem made up of
various immune and stromal cells, such as CAFs, T cells, B cells, neutrophils, macro-
phages, MDSCs, NK cells, and mast cells (Figure 2). These cells form networks that
influence both tumor growth and immune modulation. While immune cells like NK
and CD8+ T cells play important roles in tumor suppression, others, such as MDSCs
and macrophages, though counterintuitive, can actually support tumor growth [24].

By understanding the complex interactions within the TME, new therapies can
be developed to enhance immune responses and counteract the factors that allow
HNSCC to progress.

3.1T cells (CD4+, CD8+, Treg)

T cells, crucial components of the adaptive immune system, are classified into
CD4+ and CD8+ T cells based on the cluster of differentiation (CD). CD8+ TILs
play a key role in antitumor immunity by directly killing tumor cells through the
release of cytolytic molecules like perforin and granzymes. Both activated CD4+
and CD8+ TILs also contribute to tumor suppression by secreting cytokines such as
interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-a), which not only
have direct tumor-killing effects but also recruit and activate other immune cells to
enhance cytotoxic responses [25, 26]. CD8+ T cells primarily recognize tumor anti-
gens presented by major histocompatibility complex (MHC) class I molecules [27].
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Figure 2.

Thge TME of HNSCC. The TME is composed of cancer cells and heterogeneous nonmalignant cells integrated

in a complex extracellular matrix (ECM). The main cellular components of the TME ave T lymphocytes,
tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), natural killer (NK) cells,
tumor-associated neutvophils (TANs), and cancer-associated fibroblasts (CAFs). Immune cells play a key role in
tumor cell growth and dissemination [24].

After receiving costimulatory signals and cytokine stimulation, particularly from
interleukin-2 (IL-2), CD8+ T cells differentiate into cytotoxic T lymphocytes (CTLs)
capable of exerting potent cytotoxic effects and secreting IFN-y [28]. IFN-y enhances
antitumor immunity by boosting APCs’ activity, promoting macrophage phagocy-
tosis, and modulating other immune cells, emphasizing its vital role in both antiviral
and antitumor responses [29].

In a study analyzing oral squamous cell carcinoma (OSCC) patient samples, it
was found that the majority of intratumoral TILs were CD8+ T cells, while 67% of
patients had intratumoral CD4+ TILs [30]. A higher frequency of peritumoral CD8+
TILs was associated with better clinical outcomes, including smaller tumor size and a
lower probability of lymph node metastasis in HNSCC patients; however, this did not
correlate with patient survival. The CD4:CD8 TIL ratio was reported as 0.745 and was
found to be higher in larger and more advanced-stage tumors. Despite the association
between peritumoral CD8+ TILs and clinical parameters, neither the frequency of
intratumoral CD8+ TILs nor the CD4:CD8 ratio was linked to clinical outcomes in
OSCC [30].

A systematic review and meta-analysis further confirmed that CD3+ and CD8+
TILs have a favorable prognostic role in HNSCC outcomes and found that Tregs that
express the transcription factor forkhead box protein 3 (FoxP3+ Tregs) also corre-
lated with improved overall survival (OS). The review showed that high infiltration
of CD3+ TILs was linked to improved OS and disease-free survival (DFS), while
elevated CD8+ TIL levels were associated with better OS, DFS, and locoregional
control (LRC). Increased CD4+ TIL infiltration was also tied to favorable OS and
LRC. Interestingly, higher counts of FoxP3+ Tregs, typically considered Tregs, were
unexpectedly associated with improved OS, highlighting the complex role these cells
play in tumor immunity [31].

These findings suggest that while peritumoral CD8+ TILs may influence tumor
characteristics, their presence does not necessarily predict survival, and the CD4:CD8
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ratio may be more indicative of tumor progression rather than prognosis. The poten-
tial of TILs, especially CD3+ and CD8+ subsets, as favorable prognostic biomarkers in
HNSCC is evident. The study also emphasizes the importance of standardized evalu-
ation methods and calls for further research to fully understand the role of FoxP3+
Tregs in cancer prognosis.

3.2 Tumor-associated macrophages (TAMs)

TAMs are essential immune components of the TME, originating from bone
marrow-derived monocytes [32, 33]. Far from being passive, they actively contribute
to cancer-related inflammation as infiltrating inflammatory cells [34]. TAMs facilitate
tumor progression by degrading the ECM, remodeling the TME, enhancing cancer
cell motility, and promoting angiogenesis [34]. Their recruitment is mediated by
cytokines and growth factors such as platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF), epidermal growth factor (EGF), interleukin-10
(IL-10), granulocyte macrophage colony-stimulating factor (GM-CSF), and various
chemokines [32].

These macrophages secrete protumorigenic factors, notably VEGF80 and
EGF81, which drive neovascularization, tumor invasion, and metastasis [35, 36].
Functionally, TAMs can polarize into two phenotypes: M1 and M2. M1 macrophages,
activated by IFN-y and microbial stimuli, exhibit proinflammatory and antitumor
properties, characterized by high levels of interleukin-12 (IL-12), MHC class II, and
TNF-a. Conversely, M2 macrophages, stimulated by interleukin-4 (IL-4) and inter-
leukin-13 (IL-13), are immunosuppressive, producing high IL-10 and expressing low
levels of IL-12 and MHC-II [24, 37]. This phenotypic plasticity is central to their dual
role in immune regulation and tumor progression.

The expression of PD-L1 on these macrophages plays a pivotal role in sustaining
an immunesuppressive environment by delivering continuous inhibitory signals that
foster an immunosuppressive phenotype [38].

A study focusing on oral tongue squamous cell carcinoma (OTSCC) found that
activated CD4+ T helper cells enhanced PD-L1 expression on macrophages via
IFN-y signaling [39]. This upregulation of PD-L1 may act as a protective mechanism
for macrophages and dendritic cells (DCs), shielding them from apoptosis [40].
Furthermore, OSCC tumor cells were observed to induce PD-L1 expression in TAMs
through IL-10, which in turn induced T-cell apoptosis and was associated with a
poorer prognosis for patients [41, 42].

In HPV-positive HNSCC, TAMs play a significant role in adaptive resistance by
suppressing tumor-specific T-cell responses through the expression of PD-L1 at the
boundary between tumor nests and the adjacent inflammatory stroma [43]. In these
HPV-positive HNSCC cases, macrophages can directly induce PD-L1 expression on
tumor cells, reinforcing the immunosuppressive environment and potentially aiding
the tumor in evading immune detection [44].

TAMs are notably concentrated in hypoxic regions of HNSCC, areas typically
linked to more aggressive tumor behavior. Elevated TAM infiltration in these zones
correlates strongly with poor OS [45]. This is largely due to their polarization toward
the immunosuppressive M2 phenotype, which suppresses antitumor immunity
through the release of anti-inflammatory cytokines and inhibition of T-cell responses
[46]. Given their pivotal role in promoting tumor growth and immune evasion, TAMs
have emerged as promising therapeutic targets. Current strategies focus on either
depleting TAMs or reprogramming them toward a proinflammatory M1 phenotype
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to reinstate effective antitumor immunity [38]. These approaches represent a poten-
tial breakthrough in improving therapeutic outcomes for HNSCC and other solid
malignancies.

3.3 Natural killer (NK) cells

NK cells play a crucial role in both innate and adaptive immune responses, acting
as a key bridge between the two systems. Their rapid secretion of IFN-y facilitates
the recruitment and activation of T helper type 1 (Th1) cells and MDSCs, amplifying
the antitumor immune response [47]. NK cells identify abnormal cells by detecting
imbalances between activating and inhibitory signals, primarily through interac-
tions with MHC class I molecules [48]. Tumor cells often escape immune detection
by downregulating MHC-I or upregulating stress-induced ligands like NKG2D
ligands, increasing their susceptibility to NK-mediated cytotoxicity. Through the
release of perforin and granzyme B, NK cells directly induce apoptosis in target cells.
Additionally, they secrete immunostimulatory cytokines such as IL-2, IL-12, IL-15,
IFN-y, and TNF-a, which further promote adaptive immunity [47].

Transcriptomic analyses have revealed that HNSCC, particularly HPV-positive
(HPV+) tumors, ranks among the most immune-infiltrated cancers, with the highest
median levels of cytotoxic CD56 dim NK cells (express CD56 at low levels) across
tumor types [49]. Elevated CD56 dim NK cell infiltration is associated with improved
disease-free and OS, independent of HPV status. Moreover, peripheral NK activity
correlates with reduced metastatic spread in pharyngeal cancers [49, 50].

However, tumor-infiltrating NK cells in HNSCC differ phenotypically from their
circulating counterparts. Within the TME, they often express higher levels of the
inhibitory receptor NKG2A and lower levels of inhibitory killer-cell immunoglobulin-
like receptors (KIRs) such as KIR3DL1 and KIR2DL1/2/3 [50, 51]. While CD56 dim
cells dominate, HNSCC tumors are also enriched with immature, cytokine-secreting
CD56 bright, CD16 dim NK cells lacking CD57 [52]. Notably, NK cells often accumu-
late in the stromal regions rather than in close proximity to tumor nests, limiting their
direct tumor-killing capacity.

Despite this spatial limitation, their dual capacity for direct cytotoxicity and
immune modulation underscores their value as targets for immunotherapy. Variability
in antibody-dependent cellular cytotoxicity (ADCC) among patients and increasing
interest in NK checkpoint receptors further support the exploration of NK-based
therapies in HNSCC. Elevated NK cell presence has consistently been linked to better
clinical outcomes, reinforcing their therapeutic potential.

3.4 Myeloid-derived suppressor cells (MDSCs)

MDSCs are a heterogeneous population of immature myeloid cells that arise from
hematopoietic stem cells (HSCs) during the process of myelopoiesis. Known for their
potent immunosuppressive properties, MDSCs play a critical role in protecting tumor
cells from immune attack and undermining antitumor responses. They are typically
classified into two main subsets: monocytic MDSCs (M-MDSCs) and polymorpho-
nuclear or granulocytic MDSCs (PMN-MDSCs) [53]. Although PMN-MDSCs pheno-
typically resemble neutrophils, they lack neutrophils’ typical immunostimulatory and
antitumor functions.

In HNSCC, elevated MDSC levels in both circulation and tumor tissue have been
linked to poor therapeutic response and reduced OS [54, 55]. They are increasingly

110



Immune Cells and Their Role in Immunosuppressive Tumor Microenvironment of Head and Neck...
DOI: http://dx.doi.org/10.5772/intechopen.1010971

recognized as valuable prognostic biomarkers in cancer. Initial research in HNSCC
demonstrated that MDSCs suppress activated T cells and produce nitric oxide (NO)
and reactive oxygen species (ROS), which nitrate the T-cell receptor (TCR) and
disrupt antigen recognition via MHC, thus impairing T-cell activation [56].

MDSCs are actively recruited into the TME via inflammatory cytokines and
growth factors such as IL-1p, IL-6, IL-10, GM-CSF, and VEGF [57, 58]. Within the
TME, they contribute to tumor progression by promoting angiogenesis and inducing
immunesuppressive cell populations like Tregs and T helper type 2 (Th2) cells. They
also interfere with antigen presentation by outcompeting DCs and TAMs, compromis-
ing effective T-cell priming.

In addition, MDSCs deplete cysteine, an amino acid essential for T-cell activation,
and metabolize arginine via arginase activity, producing immunosuppressive NO and
ROS. These metabolites further disrupt T-cell receptor signaling and cytotoxic func-
tion [59]. Furthermore, MDSCs express PD-L1, engaging PD-1 on T cells to suppress
their activity and promote immune escape [60]. Emerging evidence also suggests
that MDSCs impair NK cell activity, thereby reducing the efficacy of NK cell-based
therapies in HNSCC [34].

Age-related increases in basal MDSC levels may further explain the correlation
between aging and increased tumor incidence and progression [61]. Therapeutically,
strategies such as MDSC depletion (e.g., with retinoic acid, gemcitabine), signal
transducer and activator of transcription 3 (STAT3) inhibition, or antibody-based
targeting have shown promise in restoring immune surveillance and enhancing
immunotherapy efficacy [62].

Overall, MDSCs are central to the establishment of an immunosuppressive tumor
niche in HNSCC, making them a critical target in efforts to enhance antitumor
immunity and improve clinical outcomes.

3.5 Cancer-associated fibroblasts (CAFs)

CAFs are key stromal elements in the TME, especially in HNSCC, where they
actively support tumor growth, immune suppression, and resistance to therapy.
Although nonmalignant, CAFs resemble myofibroblasts involved in wound healing
and fibrosis and originate from diverse sources, including mesenchymal stem cells,
fibrocytes, pericytes, and epithelial cells via epithelial-to-mesenchymal transition
(EMT) [63]. This diversity has led to the recognition of multiple CAF subtypes with
distinct functions.

CAF identification relies on markers such as a-smooth muscle actin (a-SMA),
vimentin, fibroblast activation protein (FAP), and fibroblast-specific protein
1 (FSP1), although their expression varies across fibroblast populations [63].

In HNSCC, transforming growth factor-p (TGF-f), often in conjunction with
interleukin-1p (IL-1p), drives the transition of normal fibroblasts into protumori-
genic myofibroblasts [64]. Additionally, tumor cells secrete FAP and PDGF-A, further
promoting CAF accumulation and activation within the TME [63].

Functionally, CAFs contribute to angiogenesis, tumor proliferation, invasion, and
metastasis by releasing cytokines and growth factors such as interleukin-6 (IL-6),
TGF-p1, TNF, VEGF, and C-X-C motif chemokine ligand 8 (CXCLS8). Importantly,
CAFs also modulate the immune landscape by upregulating PD-L1, leading to sup-
pression of T-cell activity, increased T regulatory cell (Treg) infiltration, and induc-
tion of T-cell apoptosis [65]. PD-L1 expression is observed in around 40% of HNSCC
tissues, although its prognostic significance remains unclear [66].
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A reciprocal relationship exists between CAFs and tumor cells regarding immune
checkpoint regulation. HPV-positive HNSCC cells can increase PD-L1 and PD-L2
expression on fibroblasts via toll-like receptor 9 (TLR9)-mediated signaling, while
fibroblasts can in turn elevate PD-L1 levels on tumor cells [44]. TGF-p has also been
shown to induce PD-L1 expression on fibroblasts in lung cancer models and suppress
T-cell responses through PD-L1-enriched exosomes [67]. PD-L1 overexpression on
CAFs has been directly linked to T-cell apoptosis, contributing to an immunosuppres-
sive TME.

While CAFs clearly play a role in immune evasion, it remains unclear whether
PD-L1+ CAFs act through direct cell-cell interactions or via secreted factors [68].
Further studies are needed to clarify these mechanisms. Nonetheless, due to their cen-
tral role in tumor progression and immune regulation, CAFs are increasingly being
investigated as promising therapeutic targets in HNSCC. Disrupting CAF function or
altering their immunosuppressive phenotype may enhance immune surveillance and
improve treatment outcomes.

3.6 Cytokine signaling in HNSCC: Roles in immune modulation and tumor
progression

The HNSCC TME is a heterogeneous complex of cellular and noncellular compo-
nents. In addition to providing intermediate metabolites and nutrients to the tumor
cells, the immune stromal cells secrete a diverse array of cytokines, chemokines, and
growth factors (Figure 3) that support tumor growth, progression, metastasis, and
host immunosuppression and promote the development of aggressive tumors [69].
Cytokines play multifaceted roles in cancer biology and have been broadly catego-
rized based on their function in (1) regulating tumor cell proliferation, (2) serving
as prognostic markers, and (3) acting as potential immunotherapeutic targets.

In HNSCC, cytokine dysregulation contributes significantly to immune evasion and
tumor progression.

TGF-p, a cytokine abundantly expressed in HNSCC, plays a pivotal role in pro-
moting Treg differentiation and suppressing NK cell activity, contributing to immu-
nosuppression within the TME [70]. Alongside TGF-f, IL-6 and IL-10 have been
identified as major tumor-promoting cytokines [71]. These molecules suppress STAT1
signaling, which is critical for antitumor immunity, and instead activate STAT3, lead-
ing to inhibition of T-lymphocyte function, impaired maturation of DCs, suppression
of NK cells and neutrophils, and promotion of an immunosuppressive milieu.

IL-10, through STAT3 activation, also downregulates IL-12, a cytokine essential
for Th1 differentiation and cytotoxic responses [72]. This promotes the expansion
of Treg cells, which are found in elevated levels in HNSCC patients, contributing to
systemic immunosuppression. Notably, Treg accumulation inversely correlates with
CD8+ cytotoxic T-cell infiltration [73] and is further increased following oncologic
treatments, which has been associated with resistance to anti-PD-1 immunotherapies
and poorer clinical outcomes [74].

A suppressive subpopulation of CD4 + CD25+ Tregs has been implicated in tumor-
supportive autoimmunity [74]. Following IL-12 engagement with CD25 receptors,
these cells secrete TGF-f and IL-10, reinforcing tumor immune escape and progres-
sion [75]. Conversely, TAMs with an M1 phenotype exhibit antitumor activity via
secretion of IL-12, TNF-a, and IFN-y. However, in the HNSCC microenvironment,
TAMs often polarize to the M2 phenotype, secreting IL-4 and IL-13, thus promoting a
Th2-skewed immune response and tumor progression [23, 24].
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Chemokine and cytokine-mediated crosstalk in head and neck squamous cell carcinoma (HNSCC) tumor
microenvironment (TME). Cytokines and chemokines secveted by a variety of stromal cells affect tumor cell
growth, proliferation, and metastasis in many ways. By inducing immunesuppressive TME, they promote immune
evasion and metastasis. Many chemokines and cytokines help degrade extracellular matrix (ECM) proteins,
induce angiogenesis, and thereby promote invasion and metastasis [69].

VEGEF, overexpressed in most HNSCC tumors, not only drives angiogenesis but
also impairs DC maturation, leading to T-cell dysfunction and immune tolerance.
TLRs, when activated, stimulate proinflammatory cytokines such as TNF-a and
IFN-y, contributing to a Thl-dominated antitumor immune response. However, this
is often outweighed by Th2 cytokines (IL-4, IL-6, IL-10) in HNSCC, creating an
immunesuppressive barrier to effective immunotherapy [75]. Elevated levels of EGF,
IL-6, and IL-10 have consistently been associated with poor clinical outcomes [76].

4. Mechanisms of immunosuppression in the tumor microenvironment

The immune system is crucial when it comes to the development, establishment,
and progression of HNSCC. HNSCC cells have mastered the art of evading the host
immune response, skillfully tweaking their own immunogenic nature, producing
immunosuppressive mediators, and promoting immunomodulatory cell types. The
tumor manipulates its microenvironment in a way that can twist the immune system
into a tool for its own gain, promoting metastasis, sparking angiogenesis, and driving
growth.

During tumorigenesis, rapid malignant cell proliferation outpaces vascular
development, resulting in regions of hypoxia within the TME. Although hypoxia
has traditionally been associated with growth inhibition, emerging evidence indi-
cates it promotes tumor progression and immune escape mechanisms [77]. There
is an inverse correlation between hypoxia-related gene expression and antitumoral
immune responses in HNC. Hypoxia drives immune suppression via multiple mecha-
nisms. It may be achieved through HIFla-mediated activation of inhibitory pathways,
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including CD47, the adenosine-generating enzymes CD73 and CD39, and immune
checkpoint receptors such as PD-L1. Tumor cell metabolic adaptations to hypoxia,
such as increased glucose uptake and lactate production, also act to promote and
perpetuate an immunosuppressive microenvironment. The balance of antitumoral
versus immunosuppressive function of myeloid cells, including MDSCs and TAM,
may be modulated by tumor hypoxia, which favors suppression. Hypoxia can tip

the balance of cytokine/chemokine/effector molecule production toward those with
protumoral functions (IL-10, VEGF, arginase, and iNOS) and upregulate expression
of T-cell inhibitory ligands (PD-L1).

Key mediators of the hypoxic response are the HIFs, which are upregulated in
oxygen-deficient regions. HIFs orchestrate transcriptional programs that regulate
metabolism, proliferation, angiogenesis, and tissue remodeling [78]. In HNSCC,
especially in HPV-negative cases, hypoxia has been linked to overexpression of EGF
receptor (EGFR)—a known activator of HIFs—and both EGFR and HIF overexpres-
sion are associated with poor prognosis. Importantly, hypoxia also contributes to
immunosuppression [79]. It promotes the secretion of immunomodulatory cyto-
kines, reduces T-lymphocyte proliferation, facilitates the recruitment of suppressive
immune cells, such as Tregs and MDSCs, and enhances PD-L1 expression on tumor
and stromal cells, collectively impairing antitumor immune responses. These findings
underscore the dual role of hypoxia in driving tumor aggressiveness and undermining
immunosurveillance, making it a critical therapeutic target in HNSCC [77].

There are various paths through which tumor cells avoid immune detection,
including the release of immunosuppressive molecules such as TGF-f, IL-10, and
PD-L1 [80]. These molecules inhibit the activity of CTLs and NK cells, promote
the growth of Tregs, and suppress overall cell-mediated immunity. Additionally,
inhibitory receptors (IRs) are expressed by tumor cells such as CTLA-4 and PD-1 on
activated T cells, along with their ligands (Figure 4) [81]. As a result of the increased
expression of these IRs, T cells are suppressed, proliferation is reduced, and immune
surveillance is weakened, allowing tumor cells to evade destruction by the immune
system [81].

Since tumor cells evade immune detection, they can then proliferate, invade
surrounding tissues, and metastasize more efficiently. Immunoediting is further able
to refine the understanding of tumorigenesis and disease progression by highlighting
the immune system’s dual role. While the immune system can initiate an antitumor
response, tumors may adapt and exploit immune mechanisms to enhance their own
survival and progression [82].

4.1 Regulatory molecules and signaling pathways PD-1/PD-L1

PD-1 is an immunosuppressive receptor located on the surface of various immune
cells, including T cells, B cells, NK cells, and myeloid cells. With a molecular weight of
around 50-55 kDa, PD-1 plays a crucial role in modulating T-cell activity within tis-
sues, primarily acting to suppress overactive immune responses. This function helps
to prevent autoimmunity but also impairs the ability of T cells to launch effective
antitumor responses in malignancies [83, 84]. PD-1 interacts with its ligands, PD-L1
and PD-L2, to mediate these immunosuppressive effects.

PD-L1 is expressed across a wide range of hematopoietic cells, such as T cells,

B cells, macrophages, DCs, and neutrophils, as well as non-hematopoietic tissues,
including the heart, pancreas, placenta, liver, lung, muscle, and skin. Additionally, it
is found on antigen-presenting cells (APCs) as opposed to PD-L2 expression, which is
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Different mechanisms involved in immune escape ave driven by oval and HNCSCs. (A) ALDH "#"-CSCs exhibit
higher levels of PD-L1 and recruit MDSCs with a suppressive role, causing negative regulation of immune
responses in the TME. (B) CSCs expressing CD276 and AP-1 create continuous positive feedback that enables
immune evasion by suppressing CD8+ T cells. After TGF-f stimulation, CSCs express CD80 and inhibit T-cell
cytotoxicity, leading to resistance to T-cell immunotherapy. (C) The activation of the STAT3 pathway is related

to the expression of PD-L1 in CD44+ cells, vesulting in immune escape played by CSCs. Downregulation of HLA
genes in CSCs decreases the expression of MHC class I, causing non-vecognition by T cells. (D) High expression of
MX1 in CSCs decreases CD8+ T cells infiltration concomitant with IFNAR1 expression, associated with the release
of exosomes containing immune checkpoint receptors. Noteworthy, the same CSCs can activate more than one
immune avoidance mechanism [81].

more restricted, primarily appearing on activated macrophages and DCs. When PD-1
binds to PD-L1 or PD-L2, it inhibits T-cell activation by interfering with TCR signal-
ing [84]. Significantly, elevated PD-L1 expression is often observed in cancer cells and
the tumor stroma, which aids tumors in evading immune detection [85].

By expanding on the basic knowledge of PD-1 and its ligands, a deeper analysis of
their molecular structures and functions can reveal their essential roles in immune
regulation [86]. PD-1 and PD-L1 possess structural characteristics that contribute to
their ability to mediate immune homeostasis and play a pivotal role in immune eva-
sion by tumors. These insights also highlight their implications in cancer progression
and the mechanisms behind immune suppression (Figure 5) [87].

PD-L1 expression levels are often found to be elevated in tumor cells. When PD-L1
on tumor cells interacts with PD-1 on immune cells, particularly T cells, it initiates
a signaling cascade that begins with the phosphorylation of PD-1s immunorecep-
tor tyrosine-based inhibitory motifs (ITIMs) and immunoreceptor tyrosine-based
switch motifs (ITSMs). This phosphorylation leads to recruitment and activation of
the protein tyrosine phosphatase SHP-2, which in turn sends inhibitory signals that
dampen T-cell activity [88]. Through these signals, interferon release is inhibited as
well as TNF-a and VEGEF release, thereby impairing T cells’ ability to mount an effec-
tive antitumor response. As a result, immune detection and destruction can be evaded
by tumor cells [89].

In addition to PD-L1, another ligand for PD-1, PD-L2, also contributes to immune
suppression by transmitting inhibitory signals upon binding to PD-1 [90]. However,
PD-L2’ expression is more limited compared to PD-L1, and its regulatory func-
tions are more intricate [91]. PD-L2 may play a different role from PD-L1 in certain
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The regulation of PD-1/PD-L1 signaling on immune cells. a. The PD-1/PD-L1 pathway promotes the exhaustion
and apoptosis of effector T cells. Tex cells ave characterized by increased expression of highly inhibitory receptors,
including PD-1, LAG3, and TIGIT; decreased cytokine production such as TNE, IL-2, and IFN-y; metabolic
alterations; and impaived proliferative capacity and survival. b. PD-1/PD-L1 promotes the generation and
development of induced Tregs (iTregs) by reducing the phosphorylation of PI3K/Akt/mTOR and S6 while
enhancing PTEN, thus enhancing the immune suppression functions of Treg cells and inducing immune
tolerance. c. PD-1/PD-L1 can promote the polarization of tumor-associated macrophages (TAM) toward the M2
phenotype, releasing large amounts of fibroblast growth factor, VEGE, TNF-a, and other cytokines to promote
angiogenesis and support immune suppression, invasion, and metastasis of cancer cells, accelerating cancer
progression. d. PD-1 on NK cells binds to PD-L1 on cancer cells, inhibiting the degranulation and cytotoxic
Sfunction of NK cells, decreasing their ability to kill tumor cells, and promoting tumor immune escape. The use

of PD-1 and PD-L1 inhibitors may reactivate the antitumor immune response of the above immune cells. Figure
created with BioRender [87].

autoimmune conditions and infectious diseases, though the full extent of its signifi-
cance is still being explored. Research on PD-L2 remains behind PD-L1, warranting
further investigation to fully understand its potential in immune regulation and
disease progression [92].

4.2 Cytotoxic T-lymphocyte antigen 4 (CTLA-4)

CTLA-4 is a transmembrane protein that plays a key role in regulating immune
signaling by binding to ligands on the surface of APCs. It is predominantly
expressed on activated T cells during the initial stages of immune activation [93].
For full T-cell activation, a costimulatory signal is necessary, which occurs when
the CD28 molecule on T cells binds to CD80 (B7-1) and CD86 (B7-2) on APCs.
While CTLA-4 shares a similar molecular makeup with CD28, it has a much stron-
ger binding affinity for CD80 and CD86. This competitive binding effectively
inhibits T-cell activation by preventing CD28 from engaging with these costimula-
tory molecules [94].
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Tumor cells take advantage of this pathway by secreting TGF-p, which either
promotes increased CTLA-4 expression on T cells or strengthens CTLA-4s interaction
with CD80/CD86. Once CTLA-4 is activated, T-cell-mediated tumor destruction is
decreased, enabling tumor cells to evade immune attack and supporting tumor pro-
gression. Furthermore, CTLA-4 operates together with other immune checkpoints,
such as PD-1, creating a synergistic effect that enhances immune evasion throughout
tumor development [94].

4.3 T-cellimmunoglobulin and mucin-domain containing-3 (TIM-3)

TIM-3 is an immunological checkpoint receptor that suppresses the activation
and proliferation of Thl and cytotoxic T (Tc1) cells. Thl cells, Th17 cells, and Tregs
are among the CD4+ T-cell subsets that express it the most. The Fyn kinase can bind
when TIM-3 interacts with its primary ligand, galectin-9, which causes the release of
BAT3 (HLA-B-associated transcript 3) [95]. This cascade promotes apoptosis in Thl
and Th17 cells, thereby dampening the immune response and impairing the activation
of other immune effector cells.

Additionally, by preventing the production of cytotoxic cytokines and triggering
apoptosis in activated T cells, galectin-9 can interact with TIM-3 and PD-1 at the
same time, thereby contributing to T-cell exhaustion [96]. Tumor cells may utilize
increased TIM-3 expression, especially in monocytes, to upregulate galectin-9 on
CD4+ T cells. As observed in patients with HNSCC, this process inhibits efficient
antitumor immunity, resulting in insufficient tumor clearance and potentially result-
ing in tumor persistence and recurrence [97].

4.4 Lymphocyte activation gene-3 (LAG-3)

TILs, Tregs, and activated CD4+ and CD8+ T cells all express the class I trans-
membrane protein LAG-3 [98]. LAG-3 expression is significantly increased upon T
cell activation, particularly in pathological conditions. It interferes with the MHC-II-
CD4/TCR interaction and inhibits TCR activation by binding to major histocompati-
bility complex class II (MHC-II) molecules more strongly than CD4 [98, 99]. LAG-3 is
mostly present on Tregs, where it interacts with MHC-II on tumors or DCs to improve
their stability and immunosuppressive activity [100].

LAG-3, PD-1, and TIM-3 are among the several IRs that are co-expressed on mal-
functioning or “exhausted” T cells in the TME. Poor clinical outcomes and compro-
mised T-cell-mediated tumor suppression are frequently linked to this co-expression
[101]. Notably, LAG-3 and PD-1 work in tandem to increase T-cell suppression,
especially in CD8+ T cells, which leads to immunological failure in cancer and per-
sistent infections [102]. This cooperative process is a crucial target for combination
immunotherapy techniques and provides malignancies with a strong immune escape
mechanism.

4.5 Glucocorticoid-induced TNFR family-related protein (GITR)
NK cells, T cells, and B cells all express glucocorticoid-induced TNFR-related
protein (GITR), a type I transmembrane receptor that is a member of the tumor

necrosis factor receptor superfamily (TNFRSF). Notably, it is found at lower levels
on naive and memory T cells and at higher levels on Tregs [103]. When GITR binds

117



Cancer Immunotherapy — Cellular Mechanisms, Therapeutic Advances and Emerging Frontiers

to its ligand, GITRL, it triggers the nuclear factor kappa B (NF-«B) signaling path-
way, which increases CD8+ T-cell responses to tumor antigens and effector T-cell
cytotoxicity [104].

It has been demonstrated that GITR activation short-term suppresses Tregs, hence
enhancing antitumor immunity. On the other hand, Treg activation and growth may
paradoxically result from prolonged or excessive GITR/GITRL pathway stimulation
[105]. This change has the potential to eventually inhibit effector T cells’ antitumor
function, allowing tumor cells to reestablish immune evasion and perpetuate tumor
growth. These dual effects highlight the complexities of GITR targeting in cancer
immunotherapy, as well as the importance of dosage and timing in therapeutic
applications.

5. Therapeutic approaches and clinical implications

The major clinical treatment for HNSCC continues to be open surgical resection
combined with lymph node and tumor dissection. However, it frequently results
in significant functional impairments that affect patients’ quality of life, including
changes in the physical appearance of the head and neck, as well as challenges with
speech and swallowing. Radiation stomatitis is one of the side effects of radiotherapy,
which uses high-energy rays [106]. The effectiveness of radiation alone is reduced for
larger or more advanced tumors [107].

For advanced HNSCC, chemotherapy serves as a palliative treatment that can
help reduce symptoms and lengthen survival. Common medications such as 5-fluo-
rouracil (5-FU) and cisplatin function by hindering DNA replication and synthesis.
Chemotherapy, however, has serious adverse effects, including nausea and bone
marrow suppression, and long-term treatment can result in tumor cell drug resistance
[108]. The primary method of early-stage treatment continues to be surgery.

Even with the utilization of multidisciplinary techniques such as chemotherapy,
radiation, surgery, and other treatments, 40-60% of patients still relapse following
treatment [109]. Monoclonal antibodies targeting EGFR were the first to enter clinical
use in targeted therapy for HNSCC [110]. The U.S. FDA approved cetuximab, a rep-
resentative medication, as the first monoclonal antibody (mAb) for targeted therapy.
It inhibits the growth of cancer cells and triggers death by competitively binding
to EGFR tyrosine kinase and disrupting intracellular signal transduction pathways
[110]. To increase efficacy, combinations of immunotherapies or other treatments are
investigated.

The development of novel immunotherapies for HNSCC has drawn increasing
attention worldwide in recent years. Consequently, a variety of PD-1/PD-L1 inhibi-
tors and immune checkpoint inhibitors (ICIs), such as monoclonal antibodies that
target PD-1/PD-L1 and CTLA-4, have been used more frequently in the treatment
of HNSCC (Figure 6). Additionally, the development of combination treatment
techniques has advanced significantly, including the integration of ICIs with targeted
treatments, chemotherapy, and radiotherapy [111].

5.1 Immune checkpoint inhibitor-based therapeutics (ICIs) in HNSCC

Within the TME, several immune checkpoint pathways, both IRs (PD-1, CTLA-4,
LAG-3, TIM-3) and stimulatory ligands (CD40L, CD707), become dysregulated,
enabling tumors to evade immune surveillance [112].
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Immunoregulators and immunotherapeutic strategies in HNSCC. The inflammatory state of the TME can
modulate CD8+ T-lymphocyte response to cancer cells. Nonmalignant cells (CAFs, TANs, MDSCs, and Tregs) in
the TME have been veported to inhibit CD8+ T-lymphocyte while NK cells and Th lymphocytes both have CD8+
T-lymphocyte supportive functions. HNSCC is infiltrated with immune cells. Cetuximab, an EGFR inhibitor, was
the first immune-targeted therapy to be approved in HNSCC. PD-1 immune checkpoint inhibitors, nivolumab
and pembrolizumab, have recently been granted approval for use in advanced or metastatic HNSCC. Immune
checkpoint inhibitors (PD-1, PD-L1, CTLA-4, TIM-3, and LAG-3) are important thevapeutic targets for the
treatment and prevention of HNSCC [24].

The binding of PD-1 receptors on T cells to their ligands, PD-L1 and PD-L2,
often expressed by tumor or stromal cells, leads to T-cell exhaustion and diminished
cytotoxic function, allowing tumor cells to escape immune-mediated destruction.
ICI therapies aim to disrupt this interaction, most notably, the PD-1/PD-L1 axis,
to restore T-cell activity and reinvigorate antitumor responses [113]. However,
because ICIs typically block a single pathway, other immune escape routes may
remain active. For this reason, combinatorial strategies involving multiple ICIs or
integration with other targeted therapies are under investigation to enhance clinical
efficacy.

CTLA-4, another well-established immune checkpoint molecule, negatively
regulates T-cell activation by interfering with the phosphoinositide 3-kinase (PI3K)
signaling cascade and the T-cell surface glycoprotein CD3 zeta chain of the TCR,
thereby dampening T-cell signaling. Additional checkpoints of therapeutic interest
include TIM-3, LAG-3, VISTA (V-domain Ig suppressor of T-cell activation), TIGIT
(T-cell immunoglobulin and ITIM domain), and Sialic acid binding Ig-like lectin 15
(Siglec-15). These molecules have shown relevance in advanced malignancies, includ-
ing melanoma, non-small cell lung cancer (NSCLC), and HNSCC [114].

Collectively, understanding the diverse roles of immune checkpoints in the TME
provides a foundation for the development of more effective immunotherapies,
especially in tumors like HNSCC, where immune evasion is a hallmark of disease
progression.

5.2 Inhibitory antibodies against PD-1/PD-L1

By preventing PD-1 and PD-L1 from interacting, anti-PD-1/PD-L1 medications
reduce immunosuppressive signaling [115].

The first-line therapy option for individuals with R/M HNSCC has histori-
cally been the EXTREME regimen, which consists of cetuximab combined with
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platinum-based medications and 5-FU [116]. When the FDA in the United States
authorized this regimen in 2006 for the treatment of stage III HNSCC, it was regarded
as the standard treatment.

Pembrolizumab is a mAb that is highly selective against PD-1. It works by inhibiting
the interaction between PD-1 and PD-L1 and PD-L2, which in turn reduces immuno-
suppression. When used alone, pembrolizumab’s objective response rate (ORR) for
patients with high PD-L1 expression (combined positive score CPS > 20) ranges from
18-22%. In patients with advanced HNSCC, pembrolizumab with chemotherapy results
in a much greater ORR (about 35-45%) compared with chemotherapy alone [117].

According to the CheckMate-141 trial, patients with R/M HNSCC who received
anti-PD-1 monotherapy had a greater OS rate than those receiving traditional thera-
pies [118]. These results suggest that immunotherapy targeting the PD-1/PD-L1
pathway, either alone or in combination, can successfully reduce tumor size in certain
patients. When compared to conventional therapies, pembrolizumab, when used as a
first-line monotherapy for patients with high PD-L1 expression (CPS > 20), consider-
ably extends OS in terms of survival.

Pembrolizumab and nivolumab were authorized by the FDA in 2016 as second-line
therapies for R/M HNSCC. KEYNOTE-040 and CheckMate-141, two phase III clinical
trials, showed that immunotherapy was superior to chemotherapy for R/M HNSCC
patients [119]. According to PD-L1 expression levels, the KEYNOTE-048 phase III
multicenter trial also showed that pembrolizumab, either by itself or in conjunc-
tion with chemotherapy, considerably increased OS as compared to the EXTREME
regimen.

Pembrolizumab monotherapy and its combination with platinum-based chemo-
therapy were established as the new standard therapies for R/M HNSCC according
to the findings of KEYNOTE-048 [120]. The FDA approved pembrolizumab as a
first-line treatment in 2019, whether used alone or in conjunction with chemotherapy
[121]. In addition to HNSCC, PD-1/PD-L1 monoclonal antibody-based combina-
tion therapy has been authorized by the FDA and the National Medical Products
Administration (NMPA) as first-line treatments for melanoma, renal cell carcinoma
(RCC), and NSCLC [122].

An IgG4 mAD called nivolumab, another PD-1 inhibitor, inhibits inhibi-
tory signaling via the PD-1/PD-L1 pathway [123]. Patients with R/M HNSCC
who were progressing after platinum-based chemotherapy are able to utilize it
[124]. The median OS for R/M HNSCC patients treated with nivolumab after
progressing during or after platinum-based chemotherapy was 7.5 months in the
CheckMate-141 clinical study, while the median OS for patients treated with tra-
ditional single-agent therapies such as methotrexate, docetaxel, or cetuximab was
5.1 months [118]. Additionally, nivolumab dramatically increased the 12-month
and 18-month survival rates, which were 36.0% and 26.1%, respectively, in
comparison to 16.6% and 15.4% in the group receiving conventional therapy,
according to the study. These findings demonstrate the potential of nivolumab as
a successful treatment for advanced HNSCC.

There are a few PD-L2 inhibitor medications in clinical trials at present, but their
numbers are minor, and further research is needed to determine their clinical efficacy.

Until now, the FDA has approved five monoclonal antibodies targeting the PD-1/
PD-L1 immune checkpoint axis for cancer immunotherapy. Among these, atezoli-
zumab and durvalumab specifically target PD-L1, while nivolumab, pembrolizumab,
and cemiplimab are directed against PD-1. Both nivolumab and pembrolizumab
are approved for the treatment of patients with R/M HNSCC who are resistant to
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cisplatin-based chemotherapy [125]. Cemiplimab, on the other hand, has shown
robust clinical activity and is approved for use in metastatic cutaneous squamous cell
carcinoma (CSCC) [126].

The anti-PD-1/PD-L1 medications tislelizumab and sintilimab are still in the
experimental stage, and research is being done to determine the best dosages and
treatment schedules [127, 128]. In the meantime, phase III clinical trials are being
conducted on durvalumab, an inhibitory antibody that targets PD-L1, to evaluate
its safety and effectiveness as a treatment for HNSCC alone as well as in conjunction
with chemotherapy, radiation, and other therapies [129]. It is anticipated to give
patients with HNSCC new treatment alternatives.

5.3 Targeting CTLA-4

CTLA-4 inhibiting antibodies have demonstrated notable clinical success in the
treatment of melanoma. For example, the first immune checkpoint inhibitor autho-
rized for the treatment of melanoma was ipilimumab [130]. According to pivotal
clinical research (MDX010-20), individuals treated with ipilimumab had a 3-year
survival rate of 20-25%, while those receiving conventional treatments only had a
rate of 10-15%. Ipilimumab increased OS in patients with advanced melanoma when
used as a monotherapy [130]. Additionally, its effectiveness significantly increased
when paired with PD-1 inhibitors like nivolumab, with ORR rising to 50-60%.

Apart from melanoma, ipilimumab has shown promise in combination treatments
for colorectal cancer (CRC), RCC, and NSCLC, all of which have improved survival
outcomes. Ipilimumab, on the other hand, is mostly utilized in combination therapies
for melanoma; monotherapy is reserved for specific cases [25].

Tregs that express membrane-bound CTLA-4 contribute to the modulation of
antitumor immunity in the HNSCC TME [16]. Inhibitors of CTLA-4 aid in reversing
this immunosuppressive effect. However, CTLA-4 inhibitory antibody monotherapy
has demonstrated poor efficacy in HNSCC, proving less effective than PD-1/PD-L1
therapies and being linked to more serious side effects (potential serious toxicity,
including life-threatening colitis) [16]. Because of their encouraging outcomes in
clinical studies, CTLA-4 inhibitors are commonly utilized in conjunction with PD-1/
PD-L1 inhibitors for a synergistic impact, as well as with chemotherapy, radiation,
and cellular therapies. Current clinical trials in patients with advanced HNSCC
(NCT01860430 and NCT01935921) are diving into the effectiveness of ipilimumab
when it’s teamed up with cetuximab and intensity-modulated radiotherapy (IMRT).
Meanwhile, there’s an exciting phase I study underway aimed at exploring the safety
and the best dosing of MGA271—also known as enoblituzumab. This humanized
mAD directly targets CD276 (B7-H3) and is being investigated in partnership with
ipilimumab, particularly for those patients who have B7-H3-expressing solid tumors,
including HNSCC (NCT02381314). Another intriguing contender in the arena of
anti-CTLA4 antibodies, tremelimumab, is also being put to the test. It’s being studied
in tandem with the anti-PD-L1 antibody durvalumab [131]. A randomized phase II
clinical trial involving 267 patients with R/M HNSCC revealed some promising find-
ings—the combination of durvalumab and tremelimumab showed not only signifi-
cant OS benefits but also manageable side effects [132]. Additionally, the CheckMate
651 clinical trial (NCT02823574) provided some compelling evidence that a combina-
tion of nivolumab and ipilimumab serves as a powerful disease control agent in R/M
HNSCC, boosting the median OS from 13.5 to 13.9 months when compared to the
EXTREME therapy regimen [133].
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5.4 PD-1/PD-L1 inhibitor combined with CTLA-4 inhibitor therapy

Navigating the intricate world of T-cell regulation is no easy feat, especially when
you consider the pivotal role of the immune checkpoint protein CTLA-4, which is
believed to play a crucial part in the restraint of T-cell activation. This has sparked the
intriguing idea of simultaneously targeting both the PD-1 and CTLA-4 pathways—a
strategy that promises a more well-rounded approach to ICI, particularly in cases
where PD-L1 expression is notably absent. Adding CTLA-4 targeting to the exist-
ing therapy of nivolumab has shown promising improvements in survival rates
for melanoma patients [134]. While it is true that antibodies specifically aimed at
CTLA-4 show limited effectiveness as stand-alone treatments for HNSCC, researchers
have delved into the potential of combining a PD-1- or PD-L1-directed antibody with
anti-CTLA-4. Initial findings suggest that this combination is not only safe but could
open new avenues for treatment. Two different immune checkpoint mechanisms are
represented by CTLA-4 and PD-1/PD-L1 and targeting both at the same time can have
a synergistic antitumor effect (Figure 7) [135].

Currently, agents that target PD-L1 and CTLA-4 exhibit lower activity in HNSCC
compared to various other solid tumors. Certain characteristics inherent to HNSCC
may negatively influence the efficacy of ICI. In cases of locoregional recurrence,
challenges such as tumor bulk and hypoxia can hinder the effective infiltration of
activated T cells into the tumor [136]. High levels of MDSC and M2-macrophages
contribute to an immunosuppressive inflammatory environment in HNSCC [137].
Moreover, for patients who have undergone cisplatin and radiation as definitive or
postoperative treatments within a curative context, the persistence of treatment-
induced lymphopenia is frequently observed and correlates with diminished benefits
from ICI [138]. Preclinical studies indicate that the ablation of lymph nodes impairs
the efficacy of anti-PD-1 or anti-CTLA-4 antibodies in controlling tumor growth,
underscoring the critical role of tumor-draining lymph nodes in the anticancer
immune response [139]. The aforementioned considerations suggest that HNSCCs
that have not undergone prior treatment—meaning there has been no previous
surgery or radiation that could exacerbate tumor hypoxia, eliminate tumor-draining
lymph nodes, or cause lasting lymphopenia—might respond more favorably to ICI.

The use of combination ICI with various coinhibitory molecules has the potential
to enhance treatment responses by differentially modulating diverse cell populations
within the TME [140]. In the CheckMate 651 study, which assessed the effects of
combining a-PD-1 and a-CTLA-4 blockade in R/M HNSCC, there was no observed
change in the ORR or OS [133]. Likewise, CheckMate 714 reported no alteration in
ORR when comparing a-PD-1/a-CTLA-4 inhibition to a-PD-1 alone in platinum-
refractory R/M HNSCC [141]. The phase III EAGLE trial investigated durvalumab, an
a-PD-L1 monoclonal antibody, in comparison to durvalumab combined with treme-
limumab (a-CTLA-4) and standard of care (SoC) in patients with R/M HNSCC,
finding no significant differences in OS across the groups relative to SoC [142].

Simultaneously, KESTREL observed no advantage in using either single-agent or
combination a-PD-L1, with or without a-CTLA-4. It was noted that patients exhibit-
ing high PD-L1 expression who received the standard of SoC demonstrated a superior
ORR compared to those treated with durvalumab alone or in conjunction with
tremelimumab [143].

Ipilimumab and pembrolizumab together are now being studied, and the findings
have been encouraging. By improving immune activation through several methods, this
dual blockade increases the efficiency of immune cells in destroying tumor cells [25, 131].
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Figure7.

Flg;ll-appmved classes of immune checkpoint inhibitors (CPIs). CTLA-4 (through the interaction with its

ligands B7-1/CD80o and B7-2/CD86) or PD-1 (via binding to its ligand PD-L1) triggers inhibitory signals to
attenuate T-cell immune response. These T-cell veceptor targets provide a rationale for the use of CPIs such as
anti-CTLA-4, PD-1, and PD-L1, which are illustrated with dotted-border boxes to increase immune response
and kill tumor cells. CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; PD-1/PD-L1: Programmed cell death
protein-1 and its ligand-1, respectively; APC: Antigen-presenting cell; Ag: Antigen; TCR: T-cell receptor; MHC:
Major histocompatibility complex. (Figure was designed with BioRender.com, https://help.biovender.com/en/
articles/3619405-how-do-i-cite-biorender, accessed on 7 November 2022) [135].

Early clinical trials have shown that the combination of PD-1/PD-L1 and CTLA-4
inhibitors increases the ORR and prolongs patient survival when compared to the
EXTREME regimen [25]. Nevertheless, concurrent use of two checkpoint inhibitors
also results in more severe side effects. Therefore, it is essential to put methods for
managing and minimizing treatment-related problems into place while prioritizing
therapeutic efficacy.

5.5 Combinatory approaches to overcome resistance and boost tumor-specific
responses

Combinatory methods are being actively researched to address resistance
mechanisms and improve efficacy. Currently, tumor-related antibodies are
primarily utilized in combination with chemotherapy, as their effectiveness as
monotherapies is limited [144]. The efficacy of ICI therapy can be enhanced
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through chemotherapy, which facilitates the release of neoantigens, alters the
TME by depleting Tregs and MDSCs, and diminishes PD-L2 expression on DCs
and tumor cells. Additionally, chemotherapy may stimulate the maturation of
APCs and elevate MHC-I expression [145]. An example of an approved combi-
nation regimen includes the use of pemetrexed and carboplatin chemotherapy
alongside pembrolizumab, which shows minimal overlapping toxicity with the
chemotherapeutic agents [146].

Other combinations being investigated include the use of nivolumab and ipi-
limumab as standard therapy for first-line treatment of HNSCC (NCT02741570)
[147]. However, it is important to note that chemotherapy may cause side effects that
interfere with the mechanism of action of ICIs, for example, inhibiting the clonal
expansion of effector lymphocytes. Therefore, the potential effects of chemotherapy
must be carefully considered when formulating treatment strategies.

According to recent research, individuals with advanced HNSCC may have a
much higher ORR and progression-free survival if pembrolizumab is combined
with chemotherapy, such as cisplatin and 5-FU [148]. Induction chemotherapy
with TPF (docetaxel, platinum-based medications, and 5-FU) has also been
shown to increase PD-L1 expression in tumor cells and immune cells that infiltrate
tumors [149]. Additionally, in locally advanced HNSCC, it raises the density of
CD8+ T cells. A successful treatment method for HNSCC patients may involve
combining induction chemotherapy with anti-PD-1/PD-L1 immunotherapy, as
higher levels of PD-L1 and CD8+ T cells enhance the interaction between tumors
and immune IClIs.

Coadministration of TLR agonists and PD-1 inhibitors has demonstrated
promise in boosting antigen presentation and reactivating TAMs, hence promot-
ing tumor-specific immune responses [150]. Similarly, it has been shown that
CD8+ T-cell function in the TME can be restored when cetuximab and PD-1
inhibition are combined [151]. Strategies that target immune evasion pathways,
such as downregulating MHC class I, have also drawn more interest. Through
STAT3 activation, MEK inhibitors such as trametinib have been demonstrated to
upregulate MHC class I and PD-L1 [152]. In preclinical settings, this dual strategy
inhibits tumor growth and encourages CD8+ T-cell infiltration when paired with
PD-L1 inhibition.

Radiotherapy is commonly used to treat solid tumors; more than 50% of patients
receive this treatment. The advantage of radiotherapy over chemotherapy is that it
minimizes systemic toxicity [153]. When combined with ICIs, radiotherapy has a
synergistic effect that helps normalize tumor vasculature, enhances the expression
of leukocyte adhesion molecules on endothelial cells, and stimulates the secretion of
chemokines that attract CD8+ T cells [154].

ICI therapy is indicated for patients with R/M HNSCC who have previously
responded to radiotherapy, particularly those whose immune cells have shifted to an
immunosuppressive and radioresistant phenotype. A phase II study (NCT02641093)
showed that the use of pembrolizumab as adjuvant radiotherapy improved survival in
patients with locally advanced HNSCC [155]. In some patients, following radiother-
apy may induce somatic mutations, leading to the generation of new tumor-associ-
ated antigens (TAAs) that can generate a more robust immune response against these
antigens. Concomitant administration of radiotherapy with ICIs, such as nivolumab
(NCT02684253 and NCT03349710), is generally safe and does not cause significant
immune-related adverse reactions in HNSCC [156].
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6. Conclusions

In advanced stages, when traditional therapy approaches frequently fail, HNSCC
remains a major clinical problem. Multimodal strategies, such as postoperative
chemoradiotherapy and neoadjuvant treatments followed by surgical resection, have
shown promise in turning incurable tumors into ones that can be removed. Despite
their potential, these approaches are frequently constrained by significant disad-
vantages, including a lower quality of life following surgery, extreme toxicity from
chemotherapy and radiation, and a generally poor prognosis in later stages of the
disease. The necessity for novel treatment paradigms is highlighted by the persistent
concerns about metastasis and recurrence [157].

In this regard, immunotherapy has become a game-changing alternative that gives
HNSCC patients new hope. In recent years, with an in-depth understanding of cancer
immunology, cancer immunotherapy for HNSCC has become increasingly important.
This innovative approach is changing the treatment landscape of HNSCC. Both
immune monotherapy and combination therapy can reduce morbidity and prolong
the survival of HNSCC patients compared with traditional treatments. However,
there are still many challenges in the field of cancer immunotherapy for HNSCC, and
we are still in the early stages of exploring the optimal combination of surgery, che-
motherapy, radiotherapy, and immunotherapy. Therefore, challenges such as tumor
immune resistance, immune escape, and immune-related side effects need to be
studied to clearly understand the basic principles of immune regulatory mechanisms
in HNSCC and progress in this field [16].

Clinical trials have demonstrated promising outcomes for ICls, especially those
that target the PD-1/PD-L1 and CTLA-4 pathways [158]. The therapeutic effect is
still only available to a tiny percentage of patients, though. The widespread use of
these treatments is severely limited by the variability of TME, the absence of reli-
able prognostic biomarkers, and the frequency of immune-related adverse events
(irAEs).

Given that it is extremely immunosuppressive and drug-resistant, the TME in
HNSCC continues to be a major challenge. It is, nevertheless, also a useful thera-
peutic target. The TME of HNSCC is composed of many different cell subsets that
infiltrate the tumor and interact with tumor cells or each other through different
networks.

They play crucial roles in mediating immune surveillance and controlling tumor
growth and contribute to the immunosuppressive TME of HNSCC. A better under-
standing of the various factors that play key roles in HNSCC tumorigenesis and tumor
growth may help identify novel targets to develop more effective immunotherapies
for HNSCC patients. The development of the next generation of immunotherapy for
HNSCC treatments that are not only more efficient and long-lasting but also custom-
ized to each patient’s particular biology will ultimately depend on our ability to better
comprehend tumor-immune interactions and overcome existing constraints.
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Abstract

The microbiota is a complex ecosystem composed of bacteria, viruses, fungi, and
protists that colonize gut, skin, oral cavity, and vagina. Microbiota plays a crucial role
in maintaining health by regulating the immune system and producing metabolites
such as short-chain fatty acids (SCFAs), which contribute to the modulation of
immune response. Its interaction with the immune system occurs through metabo-
lites and the involvement of immune cells such as regulatory and dendritic T-cells,
influencing inflammatory processes and the anticancer response. Several studies
demonstrate that the microbiota also affects the efficacy of immunotherapy, par-
ticularly immune checkpoint inhibitors (ICIs) used in cancer treatment. Modulating
the microbiota represents a promising therapeutic strategy to improve the response
to immunotherapy. Methods such as the use of probiotics, prebiotics, antibiotics,
and fecal microbiota transplantation (FMT) have been studied to restore a favorable
microbiota, enhancing treatment efficacy.

Keywords: gut microbiota, immune system, cancer, immunotherapy, chronic
inflammation

1. Introduction

The gut microbiota represents a complex ecosystem consisting of a wide range
of microorganisms, including bacteria, viruses, fungi and protists, that colonize the
gastrointestinal tract. Bacteria represent the principal component of the microbiota,
with Firmicutes, Bacteroidetes, and Actinobacteria being the most prominent phyla
[1]. This system of microorganisms plays a crucial role in maintaining the balance of
human health, contributing to protection against pathogens through the production
of metabolites, including short-chain fatty acids (SCFAs), such as acetate, propionate
and butyrate that result from the fermentation of dietary fiber by gut bacteria [2, 3].
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One of the most relevant functions of microbiota is its ability to regulate the immune
system by inhibiting pro-inflammatory immune cells and stimulating the differentia-
tion and function of immunosuppressive cells. Due to these fundamental functions,
the healthy state of microbiota, known as eubiosis, is essential for maintaining
homeostasis. Alterations in the composition and diversity of microbiota, known as
dysbiosis, have been associated with several diseases, particularly chronic inflamma-
tory conditions such as inflammatory bowel diseases (IBDs), but also with mecha-
nisms of carcinogenesis of colorectal cancer (CRC) [3]. The composition of the gut
microbiota is shaped by numerous factors, including diet, environmental conditions,
individual’s gender, geographical location, and the use of specific drugs (Figure1).
Aging can alter the balance and diversity of the microbiota. From the earliest
moments of life, microbial colonization of the gut is influenced by multiple elements,
such as the mode of delivery (vaginal or cesarean), breastfeeding, and maternal

diet [4]. These factors play a crucial role in the development of the infant’s immune
system and metabolism, laying the foundation for future health [5]. Over the years,
the abundance of beneficial bacteria tends to decrease, while potentially pathogenic
species may increase. One of the main element that modulates the composition of the
microbiota is diet. Western diets high in saturated fats, refined sugars, and ultra-
processed elements and low in fiber cause an increase in pro-inflammatory bacteria
in the gut [6]. Conversely, fiber-rich foods such as fruits and vegetables, whole grains,
and probiotic-rich foods promote a microbiota rich in beneficial bacterial species that
exert an anti-inflammatory effect [7]. When discussing diet, it is essential to consider
not only the types and quality of nutrients consumed but also mealtimes and overall
eating habits. These factors significantly influence gut microbiota. For example,
irregular eating patterns, prolonged fasting, or frequent snacking can disrupt the
circadian rhythm of the microbiota, leading to imbalances in microbial composition.
In contrast, consistent meal timing and a balanced dietary routine support microbial
diversity and stability. Therefore, both what we eat and how we eat play a crucial role
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Figure 1.
The interaction between lifestyle factors, microbiota, and immune system.
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in shaping the gut microbial ecosystem and, consequently, in maintaining overall
health [8]. The benefits of a healthy diet in modulating gut microbiota are ampli-
fied when combined with other lifestyle habits: not smoking, maintaining a healthy
weight, drinking alcohol in moderation, and engaging in regular physical activity

[5]. In fact, regular physical activity has also been shown to positively influence the
composition and diversity of the gut microbiota. Specifically, it enhances microbial
biodiversity by increasing the abundance of beneficial bacterial species involved in
maintaining gut homeostasis [9]. Moreover, physically active individuals tend to have
a more resilient and stable microbiota, better equipped to adapt to stressors such as
dietary changes or illness [10]. Thus, incorporating regular exercise into one’ lifestyle
not only benefits cardiovascular and muscular health but also supports a balanced and
diverse gut microbial ecosystem. Moreover, the aging process involves a progressive
loss of muscle mass and strength, a phenomenon known as sarcopenia, which typi-
cally begins around the age of 40. However, engaging in regular physical activity can
significantly delay muscle loss and the accumulation of body fat, thereby helping to
prevent sarcopenia. This condition is associated with low-grade systemic inflamma-
tion and metabolic dysfunction, both of which can disrupt the balance of gut micro-
biota, promoting dysbiosis and negatively affecting overall health. Furthermore, the
increased body fat often accompanying sarcopenia has also been linked to alterations
in gut microbiota composition [11]. Other factors that can induce dysbiosis include
chronic comorbidities such as obesity and type 2 diabetes. These conditions are

often characterized by systemic low-grade inflammation, insulin resistance, and
metabolic dysfunction, all of which can negatively affect the gut microbiota [12]. In
individuals with obesity, for example, there is often a reduction in microbial diversity
and an imbalance between beneficial and pathogenic bacterial species [13]. This
altered microbial composition may further exacerbate inflammation and metabolic
disturbances, creating a vicious cycle. Similarly, in type 2 diabetes, dysbiosis has been
linked to impaired glucose metabolism and increased intestinal permeability, which
can allow endotoxins to enter the bloodstream and trigger immune responses [14].
These findings highlight the bidirectional relationship between chronic diseases and
the gut microbiota, where each can influence and worsen the other. Another critical
factor is drug intake, which can significantly alter the composition of the microbiota.
Antibiotics can drastically alter the microbiota, reducing its diversity and promoting
the growth of resistant pathogen strains [15]. Other drugs can also significantly alter
the composition of the gut microbiota, like proton pump inhibitors (PPIs), metfor-
min, and statins. PPIs, commonly used to treat acid-related disorders, reduce gastric
acid secretion, leading to an increased gastric pH. This change can allow the survival
and proliferation of normally suppressed bacteria, resulting in an altered microbial
composition in the upper gastrointestinal tract and contributing to overall dysbiosis.
Long-term use of PPIs has been associated with reduced microbial diversity and an
increased risk of infections such as Clostridioides difficile [16]. Given its systemic
relevance, and particularly its capacity to interact with the immune system, the gut
microbiota, especially dysbiotic states, constitutes an emerging factor in numerous
medical contexts, with particular emphasis on oncology.

2. Relationship between microbiota and the immune system

The interaction between the gut microbiota and the immune system has been
studied for several years; it has been observed that the development and proper

145



Cancer Immunotherapy — Cellular Mechanisms, Therapeutic Advances and Emerging Frontiers

functioning of the immune system largely depend on the balance of the gut micro-
biota [17]. Studies in microbiota-free (germ-free) animal models have shown that the
absence of microbiota impairs the development and function of the immune system,
underscoring the importance of the microbiota in immune maturation. Specifically,
the absence of microbiota impairs the formation of gut-associated lymphatic tissue
(GALT) and reduces the production of immunoglobulin A (IgA), which is essential
for mucosal protection. Gut bacteria produce metabolites such as SCFAs, including
butyrate, acetate, and propionate, from the fermentation of dietary fiber. These
metabolites have significant immunomodulatory effects, particularly inhibiting the
production of pro-inflammatory cytokines such as IL-6 and TNF-a, contributing to a
less inflammatory immune environment. In addition, SCFAs influence the differen-
tiation of regulatory T cells (Treg) and helper T cells (Th17), modulating the immune
response and maintaining intestinal homeostasis. The gut microbiota also modulates
the function of dendritic cells (DCs), which are critical for the activation of immune
responses, influencing the maturation of DCs and their ability to present antigens.
Influence is also and especially exerted on the intestinal barrier: the microbiota
contributes to the maintenance of the integrity of the intestinal barrier, preventing
the translocation of pathogens and pro-inflammatory molecules into the systemic
circulation. Through the production of metabolites and interaction with the mucosal
immune system, the microbiota can modulate the immune response at the systemic
level as well, influencing the onset of autoimmune and inflammatory diseases [17, 18].

3. Involvement of the microbiota in carcinogenesis

The alteration of the composition of the microbiota is involved in the establish-
ment of chronic inflammatory state, and it has been associated with an increased
risk of developing various neoplasms. The microbiota can influence gene expres-
sion through the production of bioactive metabolites. Pathogenic bacteria, such as
Escherichia coli, can produce “genotoxins” like Colibactin, causing DNA damage [19].
The oral Gram-negative bacterium Fusobacterium nucleatum is among the most exten-
sively researched and referenced microbial species in multiple systemic diseases, with
special focus on its role as an oncogenic bacterium. Multiple studies have elucidated
the dualistic role of F. nucleatum as both a commensal microorganism and an oppor-
tunistic pathogen. Recent evidence has suggested that significant modulation of F.
nucleatum virulence is likely driven by perturbations in the oral microbial community
[20]. Several data have demonstrated that F. nucleatum facilitates the adenoma-to-
carcinoma transition by inducing nuclear translocation of p-catenin and upregulating
the expression of the regenerative gene (REG) Ia, which encodes proteins that exert
proliferative and anti-apoptotic effects on inflammatory and neoplastic lesions within
the gastrointestinal tract, in particular in CRC. Moreover, by negatively modulating
the anti-tumor immune response, F. nucleatum can activate oncogenic pathways such
as Wnt/p-catenin and NF-xB [21]. However, E nucleatum is not only involved in CRC
but has also been found in esophageal, gastric, pancreatic, and gynecological cancers
[22]. In the same way, Adherent-Invasive Escherichia Coli (AIEC) can contribute to
carcinogenesis through interaction with intestinal epithelial cells and the production
of Reactive Oxygen Species (ROS) and Nitric Oxide (NO), exacerbating local chronic
inflammation that can lead to the development of CRC [23]. Recent evidences have
also suggested the involvement of the microbiota in the context of lung cancer: a true
pulmonary microbiome exists also in the respiratory tract. This environment can
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be altered with a predominance of pro-inflammatory bacteria such as Streptococcus,
Prevotella, or Veillonella, capable of stimulating the production of cytokines such as
IL-6 and IL-17 and promoting tumor growth, angiogenesis, and metastasis. Pro-
inflammatory bacteria may also interact with pulmonary epithelial cells by activating
receptors such as Toll-like receptors (TLRs) and triggering oncogenic pathways [24].
The role of the gut microbiota has not only been described in the mechanisms of
carcinogenesis but is also increasingly emerging as a prognostic and predictive factor.
Several studies, in fact, have demonstrated that increased abundance of F. nucleatum
in CRC tissues has been associated with reduced patient survival [25]. Moreover, it
appears that the gut microbiota may influence the response to conventional antican-
cer therapies through the production of specific metabolites. For example, in a state
of eubiosis, certain microbial-derived SCFAs, such as butyrate and propionate, have
been shown to enhance the efficacy of chemotherapeutic agents and immune check-
point inhibitors (ICIs). Conversely, dysbiosis and the loss of beneficial microbial
functions may impair drug metabolism or promote resistance, ultimately reducing
treatment effectiveness [26].

4. Influence of microbiota on immunotherapy

Immunotherapy revolutionized cancer treatment, particularly with ICIs such
as anti-PD-1, anti-PD-L1, and anti-CTLA-4 antibodies. However, not all patients
respond effectively to such therapies and numerous studies have shown that the
microbiota plays a key role in these differences in response [18]. In particular, it has
been observed that patients who respond positively to ICIs have a microbiota char-
acterized by specific bacteria capable of stimulating anti-tumor immune responses
[27]. Research efforts have led to the description of several Gut OncoMicrobiome
Signatures (GOMS) that could become prognostic and predictive markers across
several cancer types. Preliminary evidence indicates that cancer patients who are
more likely to respond to immunotherapy tend to harbor a gut microbiota resembling
the prototypical healthy GOMS [28]. Among the most studied bacteria in this field,
Akkermansia muciniphila has been shown to improve clinical outcomes and prolong
progression-free survival in patients with advanced non-small-cell lung cancer
(NSCLC) treated with immunotherapy [29]. Similarly, in patients with advanced
melanoma, Bifidobacterium longum, Collinsella aevofaciens, and Enterococcus faecium
were correlated with a better response to anti-PD-1 [30]. Studies in mouse models
show that the transfer of a mixture of IFN-y-producing bacteria enhances the effi-
cacy of anti-PD-1 by promoting the infiltration of CD8+ T-cells into the tumor [31].
Conversely, a state of dysbiosis may compromise the intestinal barrier, promoting
chronic inflammation and reducing the efficacy of immunotherapy [27, 32]. As previ-
ously mentioned, drugs such as antibiotics and PPIs can significantly affect the com-
position of the intestinal microbiota and, consequently, response rates and tolerability
to ICIs [33]. In a recent study published by Elkrief et al., the role of concomitant anti-
biotic use was evaluated in patients with advanced lung cancer undergoing chemoim-
munotherapy or monotherapy with ICIs. A total of 2028 patients were included in
the study, and antibiotic exposure was associated with a lower objective response rate
(ORR: 27% vs. 40%, p = 0.001), shorter progression-free survival (PFS: 3.9 months
vs. 5.9 months; hazard ratio [HR] 1.35, 95% CI: 1.1-1.6, p = 0.0012), and reduced
overall survival (OS: 10 months vs. 15 months; HR 1.50, 95% CI: 1.2-1.8, p = 0.00014)
[34]. Regarding PPIs, a meta-analysis conducted by Lopes et al. demonstrated that
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the concomitant use of this widely prescribed drug class can significantly impair the
efficacy of immunotherapy, regardless of cancer type [33]. In addition to their impact
on treatment efficacy, recent studies have suggested that PPIs may also influence
immune-related toxicity. For example, in a retrospective study by Lasagna et al.,
chronic PPIs use was associated with a significantly increased incidence of gastro-
intestinal immune-related adverse events (GI irAEs) in patients treated with ICIs.
Among 363 patients, 92% of those exposed to PPIs developed GI irAEs, compared to
only 8% of unexposed patients. (hazard ratio [HR] 13.22, 95% confidence interval
[CI] 3.11-56.10, p < 0.000) [35]. These results highlight the need for prospective stud-
ies to better elucidate the causal relationship between dysbiosis and immunotherapy
outcomes. A deeper understanding of these interactions is essential to optimize treat-
ment strategies, minimize adverse effects, and ultimately improve the clinical benefit
of immune checkpoint inhibitors across different cancer types.

5. Modulation of the microbiota

Considering the influence of the microbiota on therapeutic outcomes, its modu-
lation could represent an opportunity to develop new personalized therapeutic
approaches in cancer treatment. Strategies to modify the microbiota include the
use of probiotics, prebiotics, antibiotics, and fecal microbiota transplantation
(FMT) [36]. A central role is also played by lifestyle changes, particularly diet: the
Mediterranean diet is one of the most effective for promoting intestinal microbiota
balance, due to its high intake of fiber, polyphenols, unsaturated fatty acids, and a
low presence of ultra-processed foods. It stimulates the growth of beneficial bacteria
like Bifidobacterium and Lactobacillus, improving intestinal health, strengthening
the epithelial barrier, and reducing chronic inflammatory states [37]. Probiotics, live
microorganisms that colonize the intestine, and prebiotics, nondigestible substrates
that promote the growth of beneficial bacteria, are additional tools to improve
microbiota composition [38]. In a phase 1 trial by Ebrahimi et al., the integration of
probiotics like Bifidobacterium with ICIs for metastatic renal cell carcinoma has dem-
onstrated improvement in ORR [39]. One of the most extensively studied approaches
in this context is FMT. FMT involves the transfer of microbes from healthy donors
to patients with dysbiosis via endoscopy, enema, or oral capsules [40]. The effect of
FMT on the response to ICIs was initially investigated in preclinical mouse models,
where it was shown to have the potential to reverse resistance to ICIs [41]. In a phase 1
study by Routy et al., the safety and efficacy of FMT in combination with nivolumab
or pembrolizumab were evaluated in 20 treatment-naive patients with advanced
melanoma, demonstrating that the combination with single-agent anti-PD-1 therapy
was well tolerated. Furthermore, the observed ORR was 65%, significantly higher
than the 45% reported in historical controls [42]. This study marked a pivotal
advancement in the FMT/ICI field, demonstrating that FMT from healthy donors can
enhance the antitumor efficacy of immune checkpoint inhibitors and significantly
improve the feasibility of FMT as a scalable therapeutic strategy. Other studies are
evaluating the use of microbiome ecosystem therapies (MET) that combine specific
bacterial strains with anti-PD-1/PD-L1 therapies to optimize immune response and
improve clinical outcomes, increasing tolerability compared to FMT [43]. These
data suggest that manipulating the intestinal microbiota could be a promising strat-
egy to improve responses to oncological therapies, address treatment resistance,
and optimize the overall survival of patients. The combination of microbiota and
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Study (NCT) Objective Cancer type Microbiota-related Phase
intervention

NCT03341143 Evaluate whether FMT improves Advanced Fecal microbiota Phase 2
pembrolizumab response in PD-1-  melanoma transplant +
refractory melanoma pembrolizumab

NCT04729322 Evaluate FMT + rechallenge with Metastatic FMT capsules + Phase 2
pembrolizumab/nivolumab in colorectal cancer anti-PD-1
non-responding dMMR CRC (dMMR)

NCT04975217 Assess safety/tolerability of FMT Resectable Colonoscopy-based Early
in resectable pancreatic cancer pancreatic cancer  and capsule FMT Phase 1
patients

NCT05865730 Test Oncobax®-AK (A. NSCLC, Oral Akkermansia Phase 1/2
muciniphila) to enhance ICI metastatic renal muciniphila
efficacy in Akkermansia-deficient  cell carcinoma (capsules)
NSCLC/RCC

NCT06349590 Evaluate whether a fiber-rich, Resectable 3-week standardized Phase 1/2
low-fat diet reduces recurrence primary high-fiber, low-fat
post-surgery in CRC colorectal cancer  diet

NCT03819296 Study FMT from healthy donors Multiple FMT capsules from Phase 1/2
+ immunotherapy in various (melanoma, GU, healthy donors + ICI
advanced solid tumors lung)

NCT04163289 Evaluate FMT capsules in Metastatic renal FMT from donor Phase 1
metastatic RCC treated with cell carcinoma + anti-PD-1/
nivolumab/ipilimumab to reduce anti-CTLA-4

occurrence of immune-related
toxicities

NCT04758507 Test FMT capsules from ICI- Advanced renal FMT capsules + Phase 1/2
responders donors in combination  cell carcinoma immunotherapy
with ICI in advanced RCC
Table1.

Ongoing clinical trials on microbiota and cancer.

immunological therapies could offer new approaches for cancer treatment, with
potentially more durable and less toxic results. Several clinical trials are currently
evaluating the efficacy of microbiota modulation in improving responses to cancer
treatments, particularly immunotherapy (Table1).

6. Conclusion

Scientific evidences show that the gut microbiota plays a key role in regulating
health and immune response. Its composition directly influences intestinal homeo-
stasis, protection against pathogens, and modulation of inflammatory responses.
Alterations in the microbiota may contribute to the development of chronic and
oncological diseases, influencing disease progression and response to therapies.

The microbiota is a key element to determinate the efficacy of immunotherapy,
particularly ICIs. The presence of specific beneficial bacteria was associated with an
increased likelihood of treatment success, whereas a microbial imbalance may hinder
the positive effects. So, modulation of the microbiota could be a promising strategy
to optimize therapeutic approaches. The mediterranean diet, the use of probiotics,
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and FMT represent innovative tools to improve the immune response and increase

the efficacy of cancer therapies. Therefore, future research should focus on a deeper
understanding of the mechanisms by which the microbiota interacts with the immune
system, with the aim of developing personalized strategies for the prevention and
treatment of cancer and immune diseases.
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Abstract

According to the Central Brain Tumor Registry of the United States (CBTRUS)),
malignant primary brain tumors cause more than 15,000 deaths per year. The annual
incidence is approximately 7 per 100,000 individuals and increases with age. The five-
year survival rate is approximately 36%. Gliomas are the most prevalent and aggressive
adult-type primary tumors of the central nervous system (CNS). These tumors range
from lower-grade gliomas (LGGs) to the highly malignant glioblastoma multiforme
(GBM), defined as isocitrate dehydrogenase (IDH)-wild-type diffuse glioma.
Anatomic magnetic resonance imaging (MRI) and fluid-attenuated inversion recovery
(FLAIR) are the gold standards for diagnosing and following up on GBM, provid-
ing macrostructural anatomical information. Despite many therapeutic strategies
involving maximal surgical resection, radiotherapy, and alkylating chemotherapy, the
prognosis remains poor. Gliomas are very low-immunogenic tumors, called “immune-
cold,” located in a T-cell and other immune cell-poor CNS compartment, due to poor
infiltration of cytotoxic T lymphocytes (CTLs) and the dominance of immunosuppres-
sive myeloid populations. The extracellular matrix (ECM) and the blood-brain barrier
(BBB) play a relevant role in maintaining the immunosuppressive tumor microenvi-
ronment (TME). It predominantly consists of microglia and macrophages, but it also
includes other myeloid cells, such as bone marrow-derived macrophages (BMDMs),
neutrophils, and myeloid-derived suppressor cells (MDSCs). Immunotherapy for CNS
tumors, along with trials involving immune checkpoint inhibitors (ICIs), therapeutic
vaccines, adoptive cell therapy, monoclonal antibodies, oncolytic viruses, and other
molecules, promises to be an exciting avenue of research; however, novel approaches
are needed. Classical immunohistochemical techniques or those combined with confo-
cal microscopy can open up new frontiers in diagnostics and immunotherapy planning.

Keywords: glioblastoma, innate and adaptive immunity, immune tumor
microenvironment, immunotherapy, instant digital pathology, antibodies

1. Introduction

According to the 2021 World Health Organization (WHO) classification of
Tumors of the Central Nervous System, 5th Edition (CNS5), low-grade gliomas
are more common in children (pediatric type), with only a 7% rate of malignant
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transformation from low-grade gliomas [1]. In contrast, adult-type gliomas are more
commonly linked to high-grade gliomas and have a transformation rate of at least
50%, resulting in a higher incidence 14.5% of secondary glioblastoma multiforme
(GBM) [2, 3]. Histology, immunohistochemistry (IHC), and molecular profiling
are the three different approaches on which the WHO classification of CNS tumors
is based. Adult-type diffuse gliomas, mainly GBM isocitrate dehydrogenase (IDH)-
wild-type and astrocytoma IDH-mutant tumors, represent the most significant
neoplasms in the practice of adult neuro-oncology [3, 4].

For the evaluation of brain tumors, the preferred imaging modality is magnetic
resonance imaging (MRI), performed before and after the administration of a
gadolinium-based contrast agent. A tumor biopsy, considering histopathological
and molecular characteristics, is necessary for a diagnosis [5]. Treatment varies by
tumor type, but the first-line therapy for GBM is surgery, followed by radiation and
the alkylating chemotherapeutic agent temozolomide [1, 6]. Resection as extensive as
safely possible is the cornerstone of treatment in most gliomas and is now also recom-
mended early in the treatment of patients with radiological evidence of histologically
low-grade tumors [1]. Despite the adoption of multimodal therapeutic strategies,
the prognosis remains poor, with GBM patients facing a median survival of approxi-
mately 15 months and a two-year survival rate of 26-33% [1, 4, 6]. Some treatments
can only improve progression-free survival, such as the addition of bevacizumab to
standard treatment [6, 7].

Recent advances in molecular diagnostics—particularly, the classification of
gliomas based on IDH mutation and short arm of chromosome 1 (1p)/long arm of
chromosome 19 (19q) codeletion status—have provided better prognostic stratifica-
tion and more targeted therapeutic options [4, 8]. Actually, a curative treatment
is not available; however, for some patients with IDH-mutant tumors, combined
modality therapy has resulted in long-term survival. Dose-intensified temozolo-
mide or lomustine, in patients with progressive GBM, is used in cases of MGMT
(O6-methylguanine-DNA-methyltransferase) promoter methylation, considered a
strong prognostic biomarker. Only a minor role in the treatment of adult-type diffuse
glioma has targeted treatments based on molecular alterations, today limited to
patients with a genetic mutation that involves the substitution of a valine residue [V]
with glutamic acid [E] at codon 600 (V600E) of the protein encoded by the B-Raf
proto-oncogene, serine/threonine kinase (BRAF) gene [1].

Unlike other solid tumors, such as melanoma or non-small cell lung cancer
(NSCLC), gliomas have shown limited responsiveness to immune checkpoint
inhibitors (ICIs) and other immunotherapy regimens. Gliomas generally exhibit an
immunosuppressive environment, called “immunologically cold,” with lower levels
of T cells and neutrophils. By contrast, IDH-wild-type gliomas and brain metastases
exhibit a more heterogeneous immune landscape that includes a significant presence
of monocyte-derived macrophages, neutrophils, and adaptive immune cells, leading
to more complex immune interactions [5]. This unresponsiveness can be attributed
to several factors: the relative immune-privileged nature of CNS, the presence of the
blood-brain barrier (BBB), the low tumor mutational burden (TMB) of gliomas, and
the presence of an immunosuppressive tumor microenvironment (TME) [9].

The neoplastic cells and cells of the TME actively interact with each other. This
interplay assists in increased immunosuppressive environment, with enhanced tumor
aggressiveness and migratory potential [1]. The immunosuppressive environment not
only limits the efficacy of immunotherapies but may also contribute to resistance to
other therapies, including standard-of-care treatments [5, 10].
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Targeting the TME has demonstrated potential, with immunotherapies such as
checkpoint inhibitors and neoadjuvant therapies enhancing immune responses [5].
Overall, combinatorial and personalized strategies are likely necessary to overcome
the intrinsic resistance of gliomas to immune attack.

This chapter explores the immune landscape of gliomas, focusing on innate and adap-
tive immune players, their interactions with tumor cells, current immunotherapeutic
strategies, and opportunities for diagnostics and therapy. Emphasis is placed on the inte-
gration of immunology and diagnostics for the study of neoplasia, through the behavior
of the TME, as well as on emerging and promising digital diagnostic approaches.

2. The glioma immune microenvironment

The TME is a dynamic and integral component of solid tumors, comprising not only
malignant cells but also various supportive elements, such as stromal cells, glioma cells,
fibroblasts, immune cells, neurons, astrocytes, the BBB, and components like the extra-
cellular matrix (ECM) [10]. The TME plays an important role in tumor progression,
immune evasion, and resistance to therapy in various cancers, including gliomas [5].

The glioma immune TME is a unique and complex structure characterized
by restricted immune surveillance, dominance of innate immunity, and active

Figure 1.

Expression of markers in a high-grade glial neoplasm by immunohistochemistry. 20x microscope acquisitions.
(A) Hematoxylin and eosin stain. The glioma presence is shown on the left, near a fragment of cerebral cortex on
the right with aspects of veactive gliosis. (B) Image of the same tumor sample immunolabeled with an anti-GFAP
(Glial Fibrillary Acidic Protein) monoclonal antibody (Positive). (C) Immunolabeling with an anti-CD20
(cluster of differentiation 20) monoclonal antibody (Negative). (D) Immunolabeling with an anti-CD8 (cluster
of differentiation 8) monoclonal antibody (some lymphocytic elements in the neoplastic tissue are positive). (E)
Immunolabeling g with an anti-CD4 (cluster of differentiation 4) monoclonal antibody (a single element in

the neoplastic tissue is positive). (F) Immunolabeling with an anti-CD68 monoclonal antibody (several positive
elements can be seen in the context of the neoplasm, including at the perivascular level).
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immunosuppression. In fact, immunologically it is called a “cold tumor” due to its
low lymphocytic infiltration, the absence of cancer-associated fibroblasts, and the
distinct morphology of vascular endothelial cells that contribute to the BBB [10, 11].
Owing to these attributes, efficacious evidence-based treatments for GBM are exceed-
ingly scarce, and the prognosis remains dismal [11, 12].

Microglia and bone marrow-derived macrophages (BMDMs) together constitute up
to 30-50% of the glioma mass within the glioma immune microenvironment in some
high-grade tumors [7]. These cells adopt tumor-supportive phenotypes that facilitate
invasion, angiogenesis, and immune escape. Notably, gliomas are poorly infiltrated by
effector CD8+ T cells and natural killer (NK) cells, while regulatory T cells (Tregs),
tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs)
are prominent. Antibodies directed against scavenger receptors, such as cluster of dif-
ferentiation 68 (CD68) and cluster of differentiation 163 (CD163), the transmembrane
protein 119 (TMEM119), and CD49D/ITGA4 (Integrin Subunit Alpha 4), could be used
to differentiate microglia from other types of macrophages (Figure1) [5, 7, 11].

The glioma microenvironment also exhibits elevated levels of immunosuppressive
cytokines, such as transforming growth factor beta (TGF-p) and interleukin 10 (IL-
10), and low levels of pro-inflammatory mediators like interferon gamma (IFN-y).
Additionally, tumor cells secrete chemokines that attract suppressive myeloid popula-
tions while repelling effector cells. The cumulative effect is a highly immunosuppres-
sive milieu that promotes tumor progression and resistance to therapy [10, 12].

Spatially resolved transcriptomic studies have revealed heterogeneity in immune
cell localization and function within gliomas, suggesting that localized modulation of
immunity could be an effective therapeutic avenue [10, 13].

3. Extracellular matrix and physical barriers

The ECM is a dynamic set of molecules produced by the cellular components of
normal and pathological tissues in both embryos and adults. ECM acts as a critical
regulator in various biological processes, such as differentiation, cell proliferation,
angiogenesis, and immune control [9].

Core components include collagen for strength, elastin for elasticity, fibronectin
and laminin for adhesion, glycosaminoglycans for hydration, and enzymes such as
matrix metalloproteinases (MMPs), which degrade ECM components to facilitate
invasion and release immunomodulatory fragments, as well as lysyl oxidases (LOX)
for ECM remodeling and maintenance, and other signaling molecules [5, 9].

The ECM in gliomas is not only a scaffold but also an active regulator of immunity.
The brain’s ECM is distinct from those of other organs due to its high concentration of
glycosaminoglycans (GAGs), such as hyaluronic acid (HA), tenascin-C (TNC), and
periostin (POSTN), which contribute to physical barriers that exclude immune cells
from tumor nests, along with proteoglycans that modify tissue stiffness and limit T-cell
mobility [5, 9]. A chondroitin sulfate proteoglycan, neural/glial antigen 2 (NG2), is
implicated in GBM cell proliferation and epidermal growth factor-receptor (EGFR) sig-
naling. A pivotal role in mediating this resistance, by promoting reactive oxygen species
(ROS) scavenging and facilitating DNA damage repair, is carried out by peroxiredoxin-1
(PRDX-1). A 13- to 14-fold increase of perlecan/HSPG2 (heparin sulfate proteoglycan 2)
was markedly identified. Within the HA-rich ECM, GBM cells employ cluster of differ-
entiation 44 (CD44)-dependent microtentacles (McTNs) for adhesion and migration,
creating a physical barrier that limits drug penetration and reduces efficacy [5].
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Circulating ECM proteins have emerged as promising biomarkers that reflect the
general immune landscape of the TME and may represent useful tools in assessing
disease activity [9]. Moreover, ECM proteins can bind and sequester cytokines and
chemokines, altering immune cell recruitment. Targeting the ECM through enzy-
matic degradation or blockade of ECM receptors may enhance immune infiltration
and synergize with immunotherapies.

The CNS was classically considered an “immune-privileged site,” lacking the
potential for immunosurveillance due to the presence of the BBB and the absence of
a conventional lymphatic system [14]. The BBB maintains the optimal microenviron-
ment in the CNS and is a major reason brain endothelial cells lack the expression of
leukocyte adhesion molecules, preventing the entry of immune cells from the blood
into the parenchyma, resulting in a paucity of immune cells in the brain microen-
vironment [5, 15]. However, this paradigm has recently been challenged, and it is
becoming increasingly clear that the CNS interacts dynamically with the systemic
immune system [11, 13].

Data indicate that leukocytes can traffic to the CNS, even with an intact BBB, and
that CNS antigens can reach peripheral lymph nodes by draining cerebrospinal fluid
(CSF) [10]. Brain tumors represent a particular case in which the BBB is disrupted
to varying degrees, impeding the recruitment of peripheral immune cells [16].
Therefore, acquired and innate immunity may play a role in the development and
growth of neoplasia [7]. Finally, the presence of specialized resident immune cells,
such as microglia, shapes a distinct immunological landscape [11].

4. Myeloid cells in gliomas

Emerging evidence has highlighted the critical contribution of the immune micro-
environment to tumor development and progression [11, 13].

Within the glioma TME, myeloid cells are the dominant immune population and
include microglia, BMDMs, neutrophils, and MDSCs.

These cells secrete immunosuppressive cytokines, remodel the extracellular matrix,
suppress T-cell activity, and adopt tumor-supportive phenotypes. For example, tumor-
associated microglia and BMDMs strongly influence glioma progression [5].

4.1 Microglia

An important role in the crosstalk between tumor cells and the immune system is
played by microglia. It appears in a histological section of normal brain tissue, stained
with hematoxylin and eosin, in the form of ubiquitous, small, dark, elongated nuclei
[7]. Two types of cells are present in the CNS: perivascular microglia and classic
resident microglia [5, 11].

Tumor-associated microglia and BMDMs represent two ontogenetically distinct
myeloid cell populations with similar immune regulatory features and the expres-
sion of several common antigens/markers [11]. The infiltrating BMDM population
intermingles with tissue-resident microglia and becomes indistinguishable; however,
microglia are defined as CD11b+/CD45"" (or CD45™), whereas macrophages are
defined as CD11b+/CD45"&" [5, 11].

Glioma invasion is facilitated by brain-resident microglia that modulates the
TME and enhances tumor proliferation through the release of cytokines, growth
factors, and ECM-degrading enzymes. The proliferation of Neurofibromatosis Type
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1 (NF1)-deficient astrocytes, via the secretion of hyaluronidase, is promoted by
Neurofibromatosis Type 1 (NF1) heterozygous microglia [5]. Similarly, chemokine
(C-C motif) ligand 5 (CCL5) promotes the growth of NF1-associated low-grade
gliomas [10].

A direct link between the innate and adaptive immune systems is made by microg-
lia. The induction of an inflammatory response by M1-like microglia/macrophages is
tightly regulated through a subsequent polarity transition from a pro-inflammatory
M1-polarized phenotype to an anti-inflammatory M2-like one. This results in the
downregulation of immune responses, prevents tissue damage, and supports healing
processes through the secretion of a series of anti-inflammatory and immune-regulat-
ing factors [11]. Glioma cell-derived factors, such as TGF-f and macrophage colony-
stimulating factor (M-CSF; alternative name colony-stimulating factor 1 (CSF-1)),
promote the upregulation of several M2 markers (CD163 and cluster of differentiation
204 (CD204) and thereby actively contribute to the M2-like polarization [17]. Microglia
survival is critically dependent on CSF-1 receptor (CSF-1R) signaling. Macrophage
survival is supported by glioma-secreted factors such as granulocyte-macrophage
colony-stimulating factor (GM-CSF) and IFN-y in the presence of the CSF-1R inhibitor.
Additionally, macrophage-derived insulin-like growth factor 1 (IGF-1) activates IGF-1
receptor (IGF-1R) and phosphoinositide 3-kinase (PI3K) signaling pathways in tumor
cells, which promotes tumor recurrence following CSF-1R inhibition.

In preclinical GBM models, combining IGF-1R or PI3K inhibition with CSF-1R
blockade markedly improves therapeutic outcomes and prolongs survival. An
adenosine-enriched microenvironment in GBM is fostered by the spatial interaction
between microglial cluster of differentiation 39 (CD39) and tumor-expressed cluster
of differentiation 73 (CD73); it facilitates immune evasion and poor outcomes [5].
Similarly, tissue factor pathway inhibitor 2 (TFPI2) secretion has been demonstrated
to actively recruit and polarize microglia toward an immunosuppressive phenotype
through activation of the cluster of differentiation 51 (CD51)-Signal Transducer and
Activator of Transcription 6 (STAT6) signaling pathway [17].

Microglia, furthermore, are more prevalent in IDH-mutant gliomas, and higher
levels of CD68-, CD163-, and cluster of differentiation 206 (CD206)-positive glioma-
associated microglia and macrophages correlate with prolonged survival in GBM
patients without the genetic mutation that involves the substitution of an arginine
residue [R] with a histidine residue [H] at codon 132 (R132H) in the IDH1 gene,
suggesting that modulation of these immune populations could have therapeutic
benefits [5].

4.2 Bone marrow-derived macrophages (BMDMs)

A comprehensive study has analyzed the TME of the brain and demonstrated sig-
nificant enrichment of tumor-associated myeloid cells/macrophages (TAMs) between
glioma subtypes and brain metastasis [4]. BMDMs are predominantly localized to
perivascular and perinecrotic regions of the tumor parenchyma of glioma [5, 11].
These cells suppress adaptive immunity, promote tumor growth, and contribute to
neoangiogenesis.

Macrophage polarization is currently considered to be a major mechanism of
escape from immune control of cancer growth [7]. Immunohistochemical studies
have shown that in gliomas, most TAMs display anti-inflammatory M2-like polariza-
tion, marked by high CD163 and CD206 expression and low inducible nitric oxide
synthase (iNOS) and cluster of differentiation 80 (CD80) levels.
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Classically activated M1 macrophages are characterized by the expression of high
levels of pro-inflammatory cytokines, like tumor necrosis factor (TNF), interleukin 1
(IL-1), interleukin 8 (IL-8), and interleukin 12 (IL-12), which influence lymphocyte
activation, proliferation, and generation of effector cells; upregulation of cell surface
molecules necessary for antigen presentation (including major histocompatibility
complex (MHC) class IT and costimulatory molecules like CD80 and cluster of
differentiation 86 (CD86); promotion of T helper type 1 (Thl) response; and strong
tumoricidal potential [7, 17].

In contrast, alternatively activated M2 macrophages are involved in promoting tis-
sue remodeling and tumor progression, displaying immunosuppressive functions via
both the production of the immunosuppressive cytokines IL-10, interleukin 6 (IL-6),
interleukin 23 (IL-23), and TGF-p and the downregulation of MHC class II, CD80,
and CD86 [7, 17, 18].

TAMs play a pivotal role in GBM progression by facilitating creatine biosynthesis
and transfer within hypoxic tumor niches [5]. Solute carrier family 6 member 8
(SLC6A8)-mediated creatine uptake supports GBM cell survival and stemness under
metabolic stress [7].

The recruitment of TAMs to the tumor site is driven by specific chemotactic
signals, including CSF-1/CSF-1R, C-X-C chemokine receptor type 4 (CXCR4)/C-X-C
motif chemokine ligand 12 (CXCL12), and hepatocyte growth factor (HGF)/mesen-
chymal-epithelial transition (MET) pathways [7, 18]. Periostin (POSTN) is secreted
by glioblastoma stem cells (GSCs), and it acts as a chemoattractant for circulating
monocytes that infiltrate the tumor and differentiate into M2-like macrophages via
integrin avp3 signaling [5]. These M2 macrophages establish an immunosuppres-
sive niche, promoting GBM progression [5]. Targeting macrophage recruitment
and polarization via CSF-1R or C-C chemokine receptor type 2 (CCR2) inhibitors is
currently under investigation as a therapeutic approach.

Additional work has highlighted the role of macrophages in inducing a mesen-
chymal-like state in GBM, showing that macrophage-derived oncostatin M (OSM)
interacts with its receptor on glioma cells, which in turn promotes the mesenchymal
state via Signal Transducer and Activator of Transcription 3 (STAT3) signaling [17].
The Janus kinase 2 (JAK2)/STAT3 pathway regulates many cellular processes in GBM,
including cell survival, proliferation, invasion, anti-apoptosis, and immune evasion,
making STAT3 a possible target for therapy [7].

Mechanisms by which TAMs facilitate the intravasation of tumor cells are medi-
ated via molecular interactions that involve a paracrine loop in which epidermal
growth factor (EGF), produced by TAMs, increases the invasiveness and migration of
cancer cells expressing the EGF receptor (EGFR) [7].

A reprogramming of myeloid cells toward an immature, immunosuppressive
phenotype, which diminishes antigen presentation and facilitates tumor immune eva-
sion, is further induced by IDH mutations [5]. For instance, tryptophan metabolism
through the kynurenine pathway promotes immunosuppressive myeloid cell states in
IDH-mutant gliomas, contributing to the circumvention of immune responses [4].

A substitution to methionine in the variant of histone-3 (H3.3) at lysine 27
(H3.3K27M) in diffuse midline gliomas are strongly associated with increased TAM
infiltration, heightened immune suppression, and reduced survival compared to
other histone variants [5].

These immune-related biomarkers may have the potential to predict patient
outcomes and therapy responsiveness and thus have inspired numerous microen-
vironment-targeted therapies in multiple tumors [12]. For example, genetic and
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pharmacological interventions targeting chemokine receptors such as C-C chemokine
receptor type 1 (CCR1) and C-C chemokine receptor type 5 (CCRS5) have demon-
strated efficacy in disrupting macrophage recruitment and enhancing anti-tumor
immune activity, ultimately extending survival [18].

4.3 Neutrophils

In the glioma microenvironment are present other myeloid cells, such as neutrophils.
The role of these leukocytes in the tumor context was not investigated until a few years
ago; they were considered innocent bystanders in the tumor stroma. On the contrary,
emerging evidence indicates that neutrophils can play an important role in tumors, hav-
ing both pro-tumoral and anti-tumoral functions [14]. Neutrophil phenotype is altered
within the brain TME; they are more abundant in human brain metastases (BrMs) than
in primary gliomas and are also present within the tumor lesions [19]. Brain tumor-
associated neutrophils (TANs) differ significantly from blood neutrophils and have a
prolonged lifespan and immunosuppressive and pro-angiogenic capacity [14].

TANs exhibit a distinct inflammatory gene signature, driven by a combination of
soluble inflammatory mediators, such as tumor necrosis factor alpha (TNF-«) and
ceruloplasmin, which are more pronounced in TANs from brain metastases than
gliomas. This signature becomes more pronounced in BrMs but not in gliomas. Spatial
TME analyses reveal the association of TANs with programmed death protein-1 (PD-
1) + CD8+ T cells and endothelial cells [19].

The number of circulating and infiltrating neutrophils correlates with the severity
of the disease, tumor growth (via the production of arginase I (ARG1)), and resis-
tance to antiangiogenic therapies, indicating a prognostic and possible pro-tumoral
role. Baseline neutrophil count in blood, in fact, predicts bevacizumab efficacy in
GBM patients and the acquired resistance to anti-VEGF (vascular endothelial growth
factor) therapy. Activation of neutrophils, measured by increased surface expression
of CD11b, is also an early predictor of tumor progression [14]. In the tumor tissue,
like macrophages, neutrophils are present in different polarized states: the neutrophil
subtype (N1) anti-tumoral phenotype induced by interferon beta (IFN-f) stimula-
tion and the neutrophil subtype (N2) pro-tumoral phenotype induced by TGF-p and
granulocyte colony stimulating factor (G-CSF) stimulation [19].

Recent data indicate that neutrophils can be activated to directly kill tumor cells or
to orchestrate the anti-tumoral response [11]. TANs also produce MMPs that facilitate
ECM degradation and tumor invasion. Neutrophils are recruited to the tumor site by
C-X-C motif chemokine ligand 8 (CXCL8) produced by Fas ligand (FasL) triggering
on glioma cells. Immunosuppressive neutrophils are also recruited by the chemotactic
agent macrophage migration inhibitory factor (MIF) produced by glioma cancer stem
cells. At the tumor site, neutrophils secrete elastase that can aid glioma infiltration
and can directly induce the proliferation of GBM-initiating cells by producing S100
calcium-binding protein 4 (S100A4) [14, 19].

Moreover, mutant IDH1 glioma tumors that have longer survival compared to
wild-type IDH1 have reduced neutrophil infiltration [4]. Consideration should be
given to the possibility of improving monoclonal antibody therapies by combining
them with treatments that promote the differentiation of neutrophils into an anti-
tumor phenotype with higher ADCC (antibody-dependent cellular toxicity) activity.
Interestingly, two treatments, type I interferons (IFNs) and TGF-f targeting, which
can promote neutrophil differentiation toward an anti-tumoral phenotype, are
involved in glioma regression [14].
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Targeting neutrophil recruitment (e.g., C-X-C motif chemokine receptor 2
(CXCR?2) inhibitors) may offer new therapeutic angles. Finally, the ability of neutro-
phils to migrate into the inflamed brain can be exploited to deliver anti-cancer drugs
in gliomas after surgery, reducing the regrowth of tumors [14].

4.4 Myeloid-derived suppressor cells (MDSCs)

A class of immune cells, able to differentiate into immunosuppressive TAMs under
the effect of hypoxia and hypoxia-inducible factor 1-alpha (HIF-1a), called MDSCs,
is present in elevated numbers in the bone marrow, blood, and spleen of glioma tumor
patients [11].

MDSCs are a minority (4-8%) of CD45+ cells in GBM and play a central role
in fostering immune evasion and propelling tumor progression, angiogenesis,
invasion, and metastasis. Tumors can secrete specific chemokines, such as CXCR4-
CXCL12, CXCR2-CXCL5/8 (C-X-C motif chemokine ligand 5/C-X-C motif che-
mokine ligand 8, and CCR2 (C-C chemokine receptor type 2)-CCL2 (C-C motif
chemokine ligand 2), to facilitate the recruitment of MDSCs [5]. Thus, heightened
infiltration within the TME of MDSCs is associated with a poorer prognosis [10].

MDSCs express surface markers such as cluster of differentiation 11b
(CD11b), vascular non-inflammatory molecule 2 (VNN2), and Granulocyte
Receptor-1 (Gr-1) but lack the expression of MHC class II antigens and are a mixed
population of monocytic and granulocytic cells [7].

MDSCs can be categorized into two types: monocytic myeloid-derived suppressor
cells (M-MDSCs) and polymorphonuclear (PMN)-MDSCs [5]. In high-grade IDH-
mutated gliomas, PMN-MDSCs are the predominant subset [4]. Currently, cluster
of differentiation 49d (CD49d) is considered a specific marker for M-MDSCs, while
lectin-like oxidized low-density lipoprotein receptor 1 (LOX1) is becoming a novel
specific marker for PMN-MDSCs [7].

MDSCs exert their immunosuppressive effects by inhibiting the release of inflam-
matory factors and activating immunosuppressive cells; by interacting with tumor-
associated B cells or regulatory B cells (Bregs) through extracellular vesicles (EVs);
by transmitting programmed cell death ligand-1 (PD-L1) to regulate B-cell function
and consequently inhibiting the typical immune function of CD8+ T cells. MDSCs are
involved in various pathways, including Toll-like receptor (TLR) signaling, certain
pro-inflammatory cytokines (like interleukin 13 (IL-13), interleukin 4 (IL-4), pros-
taglandin E2 (PGE2), IFN-y, and interleukin 1 beta (IL-1p)), activation of nuclear
factor kappa B (NF-kB) signals facilitating inducible nitric oxide synthase 2 (iNOS2)
expression, and exosome secretion. Additionally, ROS, peroxynitrite (PNT), inositol-
requiring enzyme 1o (IREla), human-activating transcription factor 6 (ATF6), and
activation of endoplasmic reticulum stress (ERS), which increase the expression of
ERS-related proteins (C/EBP Homologous Protein [CHOP], LOX1, Death Receptor
5 [DR5]), interleukin 6 (IL-6), CCAAT/enhancer-binding protein beta (C/EBPp),
and phosphorylated Signal Transducer and Activator of Transcription 3 (pSTAT3),
further enhance MDSC recognition and targeting of immune cells in the TME [5, 18].

Conversely, TNF-a and IFN-y can promote the formation of a pro-inflammatory
phenotype in the GBM microenvironment by reducing MDSC numbers. This process
is activated by the Janus kinase-Signal Transducer and Activator of Transcription
(JAK/STAT) signal, inducing Interferon Regulatory Factor 1 (IRF1) downregulation,
promoting the secretion of PD-L1, and altering the immune-escape microenviron-
ment [5]. However, the upregulated expression of FAT atypical cadherin 1 (FAT1)
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enhances IL-1, IL-10, PD-L1, IL-6, and HIF-1a secretion through the Activator
Protein-1 (AP-1) signal [11].

Understanding the interplay between GBM and MDSCs provides a compelling
basis for therapeutic interventions. If aimed at blocking MDSC recruitment to tumors
by targeting specific chemokines or cytokines, therapeutic interventions may have
limited impact; instead, a potentially more effective approach could involve targeting
specific chemokine receptors, as certain receptors can interact with multiple chemo-
kines [10].

5. Adaptive immune resistance and lymphoid cells

The adaptive immune response in gliomas is markedly impaired. Effector T cells,
especially cytotoxic CD8+ T lymphocytes, are typically scarce within the TME.

Macrophages induce a series of changes that cause the production of an immuno-
suppressive environment, favoring tumor growth; in fact, microglia/macrophages
cannot induce T-cell proliferation to limit tumor growth [7]. The consequences are
T-cell inhibition/activation, proliferation, anergy, and apoptosis [15].

In a mouse model of glioma, both tumor-infiltrating macrophages and microglia
were reported to express high levels of PD-L1 and accounted for 50% of the FasL-
expressing cells, enough to be considered a major cause of the induced apoptosis of
lymphocytes [20].

T-cell activation and proliferation in gliomas are inhibited by the production of
immunosuppressive molecules, such as IL-10, TGF-f1 [85-87], and IL-6 [88]. IL-10
also downregulates the HLA-DR (Human Leukocyte Antigen D-Related) expression,
an MHC (major histocompatibility complex) class II cell surface receptor expressed
by monocytes. HLA-DR associates with and presents peptidic antigens to the immune
system to regulate T (helper) cell responses [21].

The inhibition of T-cell activation and expansion as well as B-cell anergy also
results from the absence of costimulatory molecules on microglia/macrophages,
such as CD86, cluster of differentiation 80 (CD80), and cluster of differentiation 40
(CDA40). Those present often express exhaustion markers such as PD-1, lymphocyte
activation gene 3 (LAG-3), and T-cell immunoglobulin and mucin domain 3 (TIM-3),
indicating functional anergy. On the other hand, human leukocyte antigen G (HLA-
G), human leukocyte antigen E (HLA-E), and PTGER2 (Prostaglandin E Receptor 2)
expression leads to reduced activity of NK cells, cytotoxic T lymphocytes (CTLs), and
T-cell proliferation [7]. Moreover, the inhibitory effects of cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) act to inhibit T-cell effector function and enhance the
inhibitory activity of Tregs in a murine glioma model [22].

IDH-mutant gliomas tend to have even lower lymphocyte infiltration compared to
IDH-wild-type tumors [4]. Moreover, these tumors often exhibit hypermethylation
of immune-related gene promoters, including PD-L1, resulting in reduced checkpoint
ligand expression and diminished immune recognition [20].

Other actors can play opposing roles: data concerning lymphocyte infiltrate and
prognosis of gliomas indicate a beneficial role of immune T-cell infiltration inside the
tumor in GBM patients, despite multiple tumor immune-escape mechanisms. Indeed,
increased CD3+ T-cell infiltration is associated with prolonged survival independent
of age [7]. Overall, the lack of robust T-cell infiltration and the dominance of suppres-
sive lymphoid populations severely limit the effectiveness of adaptive immunity in
glioma patients.
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Single-cell RNA sequencing has revealed that glioma-infiltrating T cells co-express
cytotoxic markers and NK-cell genes, suggesting the presence of hybrid T-cell states
with distinctive functional properties. These T cells express cluster of differentiation
161 (CD161), an inhibitory receptor that reduces their cytotoxic potential through
interaction with CLEC2D (C-type lectin domain family, 2 member D) on tumor
and myeloid cells. Genetic or antibody-mediated blockade of CD161 significantly
enhances T-cell-mediated killing of glioma cells. Furthermore, tumor-derived
fibrinogen-like protein 2 (FGL2) suppresses the differentiation of CD103+ dendritic
cells (DCs), thereby impairing CD8+ T-cell-mediated immune responses against GBM
[5]. Lad et al. discovered that GBM recruits immature neutrophils from the skull bone
marrow, which differentiate into antigen-presenting hybrid neutrophils capable of
activating T cells [23]. The study identified a unique dendritic-like TAN phenotype
that suppressed GBM growth through MHC-II-dependent T-cell activation mecha-
nisms [5].

T helper cells are skewed toward a T helper type 2 (Th2) phenotype, secret-
ing anti-inflammatory cytokines that further suppress cytotoxic responses. Tregs,
characterized by Forkhead box P3 (FOXP3) expression, are frequently enriched and
contribute to immune evasion by suppressing CD8+ T-cell proliferation and dendritic
cell activation [18].

6. Molecular drivers of immunosuppression

The immunosuppressive glioma microenvironment, particularly within the
context of cell-mediated immunity, is orchestrated by multiple molecular mediators
[5]. The systemic immunosuppression is driven by the overexpression of soluble
factors by glioma cells. Among these, TGF-f plays a central role by inhibiting T-cell
proliferation and NK-cell cytotoxicity while promoting Treg differentiation and M2
polarization of macrophages. IL-10, secreted by tumor cells and TAMs, suppresses
antigen presentation and cytokine production by dendritic cells. Arginase and
indoleamine 2,3-dioxygenase (IDO) contribute to the metabolic suppression of T cells
through the depletion of arginine and tryptophan, respectively. Prostaglandin E2
(PGE2) and adenosine signaling further dampen T-cell activation. It occurs, there-
fore, as a decreased T-cell responsiveness to pro-inflammatory signals and ineffective
presentation of tumor antigens by antigen-presenting cells (APCs). Additionally, the
same mediators drive the recruitment of immunosuppressive cells, such as regulatory
T cells and myeloid suppressor cells, to the TME. Moreover, corticosteroids (often
used in glioma patients to diminish cerebral edema) are immunosuppressive, and
temozolomide chemotherapy and radiotherapy can trigger prolonged lymphopenia.
Several immunosuppressive alterations do occur within the glioma microenvironment
[14]. Glioma cells can downregulate their own MHC-I (major histocompatibility
complex class I) complexes, thus becoming “invisible” to the adaptive immune
system, as well as increase the expression of immune checkpoint regulators, such as
PD-1 and cluster of differentiation 47 (CD47), in response to environmental stress
and oncogenic signaling [10].

Epigenetic changes, including promoter methylation and histone modification,
play a role in regulating immune-related gene expression, especially in IDH-mutant
gliomas [4].

Together, these molecular pathways form a robust immunosuppressive network
that poses significant barriers to immunotherapy.
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7. Current immunotherapeutic approaches

The idea of tumor immunotherapy is to deploy the immune system as a tool to
treat cancer. Immunotherapy offers great hope for a cure in cancer treatment by reed-
ucating and harnessing the patient’s immune response to the tumor. Comprehensive
analysis of the brain TME suggests that modulating the diverse phenotypes of
immune cells, rather than depleting them, could enhance the effectiveness of immu-
notherapies for brain cancers [5]. Current immunotherapeutic strategies used to treat
cancer are mainly based on ICIs, therapeutic vaccines, adoptive cell therapy, mono-
clonal antibodies, and oncolytic viruses [24].

ICIs consist of monoclonal antibodies that neutralize immunosuppressive signal-
ing and enhance immune responses against tumor cells by targeting costimulatory
and inhibitory molecules, which can regulate the activation and effector functions of
T lymphocytes [9]. ICIs such as pembrolizumab and nivolumab are anti-programmed
cell PD-1; durvalumab, atezolizumab, and avelumab are anti-PD-L1; and ipilimumab
is anti-CTLA-4 [13]. Particularly, PD-1/PD-L1 immunotherapy has been confirmed
to be successful [24]. Toll-like receptor (TLR) agonists can be used as immunomodu-
lators to avoid dose accumulation, boost the efficiency of other therapies, and, by
upregulating PD-1, reinforce delayed immune checkpoint resistance against PD-1/
PD-L1 inhibition [21]. Therefore, the use of TLR agonists can lead to PD-L1 overex-
pression, which, in turn, enhances the efficacy of immune checkpoint inhibitors and
triggers potent anticancer immune responses [20, 24].

Inhibiting the JAK/STAT pathway and the vascular endothelial growth factor
receptor (VEGFR) is effective in transforming “cold tumors” into “hot tumors” [12].

ICIs, previously deemed less effective in GBM, may warrant reevaluation of their
utility when used in conjunction with these therapies [13].

One of the major translational barriers for TAM-targeting therapies in GBM is
effective delivery across the BBB. Several delivery strategies include nanoparticle
and liposome-based formulations, which can improve BBB traversal and target
specificity, as well as focused ultrasound-assisted BBB disruption, which tran-
siently increases vascular permeability in a controlled and localized manner [18].
Immunomodulatory cytokines like TNF-a and interferon alpha (IFN-«) can traverse
the BBB and have been demonstrated to be effective at reversing GBM-induced
immunosuppression [10].

Multiple strategies against gliomas to overcome immunosuppression and boost
anti-tumor immune responses are now under evaluation in clinical trials, includ-
ing vaccination with tumor-specific or tumor-associated peptides (or with the
administration of autologous APCs pulsed with such peptides), immunomodulatory
monoclonal antibodies that target T-cell inhibitory signaling pathways to enhance
physiological anti-tumor responses, and adoptive T-cell transfer, which involves ex
vivo clonal expansion or genetic engineering of T cells [13].

Vaccination strategies targeting tumor-specific antigens (e.g., epidermal growth
factor receptor variant III (EGFRvIII), IDH1 R132H) have been tested in early-phase
trials, with modest results. More recently, neoantigen-based personalized vaccines
have emerged as a promising but complex approach. Cell-based therapies, includ-
ing chimeric antigen receptor (CAR) T cells targeting interleukin 13 receptor alpha
2 (IL13Ro2) or EGFRVIII, face challenges related to trafficking, persistence, and
immunosuppression in the TME. Identification of novel therapeutic targets will
emerge through advances in single-cell and spatial transcriptomics; these will further
elucidate glioma heterogeneity [5]. Emerging modalities such as engineered immune
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cells, oncolytic viruses, and therapeutic immune modulatory microRNAs (miRs), and
nanotechnology-based drug delivery hold promise for overcoming glioma’s resistance
mechanisms [17].

In addition to strategies aimed at T-cell activation, efforts were also made to
target tumor-associated macrophages to inhibit glioma progression by myeloid cell
reprogramming [14]. Inhibiting macrophage chemotaxis and the polarization of
macrophages from a pro-tumoral (M2-like) to a pro-inflammatory (M1-like) pheno-
type is considered a promising approach for various types of tumors [17, 18]. Several
approaches have been performed using CD40 agonists, phosphoinositide 3-kinase y
(PI3Ky) inhibitors, TLR or stimulators of interferon genes (STING) pathway activa-
tors, inhibitors of the CSF-1 receptor (cluster of differentiation 115 (CD115), or
TGF-p blockers [18]. Inhibition of M-CSF has been identified as a significant thera-
peutic target for GBM in numerous studies and its anti-tumor effect was enhanced
when it was combined with radiation therapy [12].

Key inhibitors aimed at reprogramming the TME are those of CSF-1R (e.g.,
(PLX3397 [pexidartinib]), BLZ945 [sotuletinib]), CXCR4 antagonists (e.g., AMD3100
[Plerixafor]), NOX-A12 [olaptesed pegol]), an RNA-based aptamer that binds to
CXCL12 and blocks its interaction with the CXCR4 receptor and other molecular
inhibitors. Crizotinib and Cabozantinib are multikinase inhibitors that target the
MET receptor along with vascular endothelial growth factor receptor 2 (VEGFR2),
rearranged during transfection (RET), and Anexelekto (AXL). Foretinib is an oral
multikinase inhibitor targeting several receptor tyrosine kinases (RTKs), including
MET, AXL, and VEGFR2. Onartuzumab (MetMADb) is a monoclonal antibody that
targets the c-Met (c-mesenchymal-epithelial transition factor) receptor. Capmatinib
is a small-molecule tyrosine kinase inhibitor that selectively targets the MET receptor
[18].

The personalized and combinatorial strategies that integrate immunotherapy,
metabolic modulation, and microenvironment-targeting agents will be future thera-
peutic approaches for glioma treatment [5].

8. Immunology in diagnostics

The application of immunology to the diagnostics of gliomas represents a
rapidly evolving field today, with an increasing impact on clinical practice. This
approach allows not only for refining diagnostic accuracy and speed but also for
improving and facilitating the early identification of potential therapeutic targets,
contributing to defining increasingly targeted and personalized treatment strategies.
Immunohistochemical techniques, integrated with advanced digital technologies,
enable detailed qualitative and morphological analysis of neoplasms, highlighting
the presence and distribution of immune cell subpopulations and the expression of
specific molecular markers.

This paragraph explores the immunological foundations that guide glioma
diagnostics, focusing on the currently most used methodologies and the new oppor-
tunities made possible by the integration of digital technologies and intraoperative
diagnostics. The goal is to provide an updated and consistent view of the potential
offered by an increasingly accurate, timely, and personalized diagnostic approach.

Gliomas represent the most important primary brain tumors from a clinical
perspective [3]; they are characterized by marked cellular, molecular, and immu-
nological heterogeneity. The integration of immunology and diagnostics allows

169



Cancer Immunotherapy — Cellular Mechanisms, Therapeutic Advances and Emerging Frontiers

for the study of neoplasia not only from a morphological point of view but also, as
previously illustrated, the behavior of immune system cells present in the TME.
Immunohistochemistry has been a turning point in the classification of brain tumors
since 1993, with the release of the second edition of the WHO classification [2].
Applied immunology to diagnostics, using labeled antibodies and immunohis-
tochemistry (IHC) techniques, allows for the specific identification of molecules
expressed by tumor cells or infiltrating immune cells, providing fundamental support
for traditional histopathological diagnosis and enabling useful therapeutic assess-
ments such as the expression of PD-L1 [24], whose evaluation seems to take on new
importance. In this context, digital technologies for diagnostics are also included,
such as the VivaScope system, which allows for rapid and real-time assessments of tis-
sue and cellular characteristics through confocal microscopy and immunohistochem-
istry. In the context of neuropathology, the diagnosis of gliomas has progressively
evolved by integrating immunological approaches that allow for a more thorough
delineation of the biological and functional profile of the neoplasm.
Immunohistochemistry represents a fundamental tool for identifying antigens
specifically expressed by tumor cells, as well as for assessing markers associated
with the immune response of the local microenvironment. Among the main markers
used, Glial Fibrillary Acidic Protein (GFAP) is employed to confirm the glial origin
of the tumor, particularly of the astrocytic or ependymal type. The IDH1 or isocitrate
dehydrogenase 2 (IDH2) mutations are a molecular marker of significant diagnostic
and prognostic value, widely used in the classification of gliomas according to the
criteria of the World Health Organization (Figure 2A). The proliferative marker
Ki-67 provides indications on the percentage of cell replication, proving useful in
estimating the degree of aggressiveness of the tumor. The loss of expression of the
alpha-thalassemia X-linked intellectual disability (ATRX) protein is frequently asso-
ciated with somatic mutations in glial neoplasms and is clinically relevant, especially
in low-grade diffuse gliomas. The overexpression of the tumor suppressor protein p53,
which is involved in the regulation of the cell cycle and the response to DNA damage,
is generally indicative of a potentially oncogenic mutation. Many of these markers
are also useful in distinguishing non-neoplastic glial proliferation from neoplastic
proliferation. Finally, the PD-L1 marker is used to evaluate the activation of immune
checkpoint mechanisms, thus representing a potential target for immunomodulatory
therapies (Figure 2B). The integration of these immunohistochemical markers into
diagnostic practice contributes to the definition of personalized therapeutic strategies
and to the improvement of patient prognosis.
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Figure 2.

Expression of markers in glioma by immunohistochemistry. 40x microscope acquisitions. (A) Expression of the
product of R132H-mutated IDH1 gene in astrocytoma grade 2. (B) Expression of the PD-L1 protein in GBM
cancer cells. The antibody localizes on the cell membrane.
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Early, some aspects of the immune response may become part of routine diagnos-
tic practice, contributing to the definition of prognosis in patients with glioma.

The immunological profile of these neoplasms, characterized, for example, by
a predominance of Treg, M2 polarization of macrophages, or reduced expression
of PD-L1, has been associated with unfavorable clinical outcomes, suggesting the
presence of an immunosuppressive microenvironment [2, 13]. Particularly, the gene
expression of specific subtypes of immune cells appears to be closely related to the
mutational status of IDH and the degree of tumor aggressiveness [4, 13].

In recent years, digital diagnostics have profoundly transformed the intraoperative
context and the practice of histopathological reporting, bringing significant advan-
tages in cases where the speed of diagnostic evaluation is essential, such as during
the surgical removal of a neoplasm. Among the most advanced technologies, laser

Figure 3.

In_gunt diagnosis of high-grade glial neoplasia by immunohistochemistry carried out with VivaScope equipment.
(A) Explicative schema of immunohistochemistry analysis by VivaScope instrument. A tumor sample is

stained with Acridine Orange, then incubated with a fluorescent antibody to mark the protein of interest (e.g.,
AlexaFluor 647) and analyzed using VivaScope instrument. (B) Digital simulation of hematoxylin and eosin
stain, observed after treatment with Acridine Orange. (C) Digital image of tumor sample immunolabeled with
an AlexaFluor 647-conjugated anti-GFAP monoclonal antibody (Red-positive). (D) Digital image of tumor
sample immunolabeled with an AlexaFluor 647-conjugated anti-IDH1 (mutant R132H) monoclonal antibody
(Red-negative).
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confocal microscopy systems stand out, capable of acquiring high-resolution images
in real time on fresh tissues. These tools allow for immediate detailed morphological
information, preceding the insights provided by traditional histological procedures
(Figure 3).

The clinical advantage of equipment like the VivaScope instrument lies in its
ability to guide surgical decisions in real time, increasing the safety and accuracy
of biopsy sampling and potentially avoiding incomplete or unnecessary resections.
Rapid immunofluorescent staining can become an essential tool for intraoperative
immunophenotypic characterization, for example, enabling accurate differentiation
during surgery between a primary neoplasm and a secondary one.

Figure 3 depicts the standard procedure and the case of a 69-year-old patient
affected by brain neoplasia, in which the final diagnosis of wild-type GBM corre-
sponds to that which can be made at that time using confocal technology [25, 26]. The
procedure allows for the instant diagnosis of wild-type GBM.

Applied immunology in the diagnosis of gliomas continues to represent a funda-
mental and constantly evolving pillar. Despite advancements in knowledge and tech-
nology, the contribution of immunohistochemical analyses remains central, today
enriched by the potential offered by digital diagnostics. The integration of innovative
and traditional approaches allows for a more comprehensive and dynamic evaluation
of the tumor, improving diagnostic accuracy and opening up new perspectives for a
more precise prognosis and the definition of increasingly personalized therapeutic
strategies.

9. Future perspectives

Innate immunity in brain tumors must be explored further to better understand
the mechanisms of progression and growth of these neoplasms, and because immu-
notherapy may play a larger role in future therapeutic protocols [7].

As our understanding of glioma immunology deepens, several promising
avenues are emerging. A combined analytic approach, which can evaluate both
lymphocytic and macrophagic components, could help to stratify the patient
population more effectively at the prognostic level [7]. Future efforts should focus
on establishing more accurate correlations between genetic markers and microen-
vironmental/functional patterns to assist therapy settings and formulate prognostic
evaluations [7, 12].

Patient stratification based on immune signatures, IDH status, and spatial
immune profiling could guide more targeted interventions. The application of single-
cell and spatial transcriptomics offers unprecedented resolution in dissecting the
glioma immune microenvironment [4].

Novel targets, such as cluster of differentiation 47 (CD47) (“don’t eat me” signal),
T-cell immunoglobulin and mucin domain 3 (TIM-3), and T-cell immunoreceptor
with immunoglobulin (Ig) and ITIM (immune receptor tyrosine-based inhibitory
motif) domains (TIGIT), are being investigated [13].

Additionally, epigenetic therapy to reverse immune gene silencing or meta-
bolic reprogramming to enhance immune cell function is under early exploration.
Engineered oncolytic viruses and nanoparticles offer platforms for delivering immu-
nostimulatory agents directly into the tumor, bypassing systemic barriers. Finally,
integrating immunotherapy with standard-of-care treatments in a rational, tempo-
rally optimized manner holds promise to unlock therapeutic synergy [10].
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10. Conclusions

Gliomas remain one of the most challenging malignancies from an immunologi-
cal standpoint. The complex interplay between tumor cells, immune infiltrates, and
the surrounding stroma creates a formidable barrier to effective immune-mediated
clearance.

However, growing insights into the glioma immune microenvironment and
the molecular pathways driving immunosuppression are paving the way for new
diagnostic and therapeutic opportunities. Precision immunotherapy, tailored to the
molecular and immune profile of individual tumors, represents the future of glioma
treatment.
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Abstract

Melanoma, an aggressive type of skin cancer, has historically posed significant
therapeutic challenges when diagnosed in an advanced stage. The advent of
immunotherapy over the recent decades has fundamentally transformed treatment
strategies for melanoma. This chapter explores the evolution of immunotherapeutic
approaches for cutaneous melanoma and their mechanism of action, focusing mainly
on immune checkpoint inhibitors (ICIs), such as CTLA-4, PD-1, and PD-L1 inhibi-
tors. Immunotherapy agents, such as ipilimumab, pembrolizumab, and nivolumab,
have demonstrated substantial improvement of overall and progression-free survival
in clinical trials, while their combination regimens offer enhanced efficacy at the cost
of increased toxicity. Emerging modalities, such as intralesional therapies (T-VEC),
personalized mRNA vaccines, and tumor-infiltrating lymphocyte (TIL) therapy, are
currently being tested for their potential to overcome the resistance mechanisms of
melanoma against ICIs and enhance the antitumor response. Immune-related adverse
events (irAEs) remain a major concern in melanoma immunotherapy, necessitat-
ing careful patient selection as well as multidisciplinary management. The role of
tumor microenvironmental (TME) factors and predictive biomarkers is also under
consideration so that personalized immunotherapy may emerge in clinical practice.
Despite the remarkable progress of immunotherapy agents and regimens, challenges
continue to persist, including resistance, toxicity, and increased treatment cost. Thus,
there is still a need for ongoing research and broader global access, along with the
integration of novel combination strategies to further improve treatment outcomes.
Immunotherapy for melanoma has shifted its prognosis from a fatal diagnosis to a
manageable chronic condition, even in advanced cases, being one of the most impor-
tant advances in modern oncology.

Keywords: melanoma, immunotherapy, immune checkpoint inhibitors,
immune-related adverse events, immunotherapy resistance, tumor microenvironment

1. Introduction

Melanoma is one of the most biologically complex and aggressive forms of skin
cancer, accounting for the majority of deaths from cutaneous cancer. Globally, the
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incidence of melanoma has risen steadily over the past several decades, particularly in
fair-skinned populations with high ultraviolet (UV) exposure. According to estimates
from 2020, over 325,000 new cases of melanoma are diagnosed around the world
each year, resulting in more than 57,000 related deaths [1-3]. Melanoma is a signifi-
cant public health challenge in many regions, including Australia, the USA, and parts
of Europe, where campaigns focused on public awareness have been implemented
and various preventative strategies have been applied [2, 4, 5]. However, if the cur-
rent trends continue, it is estimated that by 2040, there will be about 510,000 new
melanoma cases and 96,000 deaths [1].

Cutaneous melanoma consists of a group of pigmented tumors that arise from
melanocytes of the skin. These cells derive from the neural crest and commonly
migrate to the skin and hair follicles during fetal development. They are known for
their ability to produce melanin (a UV-absorbing polymer) that provides the pigment
to the surrounding keratinocytes. The malignant transformation of the melanocytes is
most likely initiated by UV light, which induces DNA mutations [6, 7].

Clinically, melanoma is mainly known for its resistance to conventional treat-
ments in later stages, as well as its high metastatic potential. Early-stage melanomas
may be cured with surgical excision; however, the outcomes are significantly worse
once it has metastasized. The presentation and progression of the disease are hetero-
geneous and influenced by a complex interplay of genetic mutations and the immune
response [5, 6].

Historically, the therapeutic landscape for advanced melanoma was bleak. Surgery
has remained the cornerstone of early-stage management, with a 5-year survival rate
of approximately 94-98% when diagnosed at the localized stage (according to the
surveillance, epidemiology, and end results program (SEER) staging) [6]. However,
metastatic disease had been treated mainly with nonspecific cytotoxic chemotherapy
agents in the past, which resulted in limited efficacy and poor prognosis [8-10]. In the
early 2010s, targeted therapies started emerging, offering improved progression-free
survival for patients. However, these therapies were limited by the development of
resistance, along with the relatively short-lived responses.

Immunotherapy emerged as a transformative approach in the treatment and
management of melanoma. Melanoma is one of the most immunogenic of human
malignancies and is characterized by a high tumor mutational burden (TMB) along
with frequent immune cell infiltration. This led researchers to observe spontane-
ous tumor regression and responses to immune-modulating agents, including
interleukin-2 (IL-2), paving the way for immunotherapy treatment for malignant
melanoma [11, 12]. In the 1990s, high-dose IL-2 proved effective in metastatic
melanoma, featuring an objective response rate (ORR) of 16%. However, from a
long-term perspective, these immune reactions could not last, while a few people
experienced intolerable adverse effects [13].

Over the past decade, the development of new immunotherapy agents and the
clinical implementation of immune checkpoint inhibitors (ICIs), mainly targeting
Cytotoxic T-Lymphocyte-Associated Antigen 4 (CTLA-4), Programmed Cell Death
Protein 1 (PD-1), and Programmed Death-Ligand 1 (PD-L1), have significantly
altered the trajectory of melanoma therapy. Overall survival (OS) has shown unprec-
edented improvement with the clinical implementation of ipilimumab, nivolumab,
and pembrolizumab, especially among those patients with advanced stages of
malignancy. These breakthroughs in melanoma treatment have not only redefined
the standard of care but have also provided proof of concept for immunotherapy for
other types of malignancies [7-9].
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This chapter will explore the mechanisms, clinical applications, and ongoing
challenges of immunotherapy as a treatment option, especially ICIs, in malignant
melanoma [7, 11, 12].

2. Immunological basis of melanoma

Melanoma is noted for its exceptional immunogenicity, resulting in a high
response to immunotherapy, mainly due to its distinct biological features, such as the
abundant neoantigen formation, high mutation burden, reactive tumor microenvi-
ronment (TME), and a dynamic interaction with the immune system, including both
immune activation and evasion mechanisms [14-18].

The high TMB is one of the main reasons that melanoma is so immunogenic, and it
is primarily driven by the DNA damage caused by UV radiation. This damage leads to
the generation of tumor-specific neoantigens, mutated proteins recognized as foreign
by the immune system [19]. These neoantigens may stimulate CD4+ and CD8+ T-cell
responses, forming the basis for an effective antitumor immunity [20].

Chronic inflammation, along with immune editing, usually shapes the melanoma
TME, a complex network of tumor, immune, and stromal cells, including dense
infiltrates of TILs, often used as a marker of preexisting antitumor immunity. In lit-
erature, high levels of TIL cells have been correlated with improved survival outcomes
[19], and they may be utilized in other therapeutic strategies, such as adoptive T-cell
transfer [21]. However, despite the high immunoreactivity of melanoma, the TME
also features strong immunosuppressive forces, such as myeloid-derived suppressor
cells (MDSCs), regulatory T-cells (Tregs), and immunosuppressive cytokines. These
elements impair T-cell activation while facilitating tumor persistence [22].

At the same time, melanoma cells use a wide variety of strategies to bypass
immune system surveillance, including the downregulation of antigen presentation
machinery (e.g., loss of human leukocyte antigen (HLA) molecules) and the upregu-
lation of immune checkpoints, such as PD-L1, resulting in binding to PD-1 on T-cells
and inhibiting their normal function. Furthermore, melanoma cells develop a wide
tumor heterogeneity through the selection of certain subclones with reduced immu-
nogenicity to thrive [23]. These immune escape strategies can significantly impair
the effectiveness of the immune response, rendering them major targets of modern
therapies. This is mainly the reason why ICIs have been so successful in melanoma
treatment, as they aim to restore T-cell function by blocking CTLA-4 or PD-1/PD-L1
pathways [12, 22, 24].

Perhaps the most direct mechanism of immune evasion is the downregulation or
loss of major histocompatibility complex (MHC) class I molecules, which are essential
for CD8+ T-cell recognition of tumor antigens. Melanoma cells can also carry epigen-
etic silencing or mutations in components of the antigen-processing machinery, like
TAP1 and p2-microglobulin, making them “invisible” to cytotoxic T-lymphocytes
(CTLs) [19].

Melanoma cells may also take advantage of immune checkpoint pathways by
upregulating ligands like PD-L1, which bind to PD-1 receptors on activated T-cells
and inhibit their cytotoxic function. This process results in T-cell exhaustion, a dys-
functional state characterized by reduced cytokine production, cytolytic activity, and
proliferative capacity [24]. The high levels of PD-L1 expression observed in malignant
melanoma tumors have been correlated with a suppressive immune environment,
especially in “inflamed” tumors with TIL infiltration [19, 22].
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3. Checkpoint inhibitors in melanoma

The implementation of ICIs in melanoma treatment has been a breakthrough,
providing additional treatment options and strategies with a good safety profile and
notable effectiveness, offering improved overall survival—especially in advanced
cases. These agents enable a durable and robust immune response against malignant
melanoma cells through T-cell activation and function. The main immune check-
points targeted in melanoma treatment strategies are CTLA-4 and PD-1, along with
their ligand PD-L1.

3.1 CTLA-4 inhibition: Ipilimumab®

Ipilimumab® is a fully humanized IgG1 monoclonal antibody that blocks CTLA-4
[25, 26]. In the late 1980s, Brunet et al. described CTLA-4 as a 223—-amino-acid
protein that belongs to the immunoglobulin superfamily [27]. It is mainly expressed
on activated lymphocytes and is co-induced along with T-cell-mediated cytotoxicity
[28]. A few years later, the human homolog of the gene was cloned [13].

3.1.1 Mechanism of action

CTLA-4 is an immune checkpoint receptor found primarily on activated T-cells
attempting to mount an immune response and on Tregs, which help suppress immune
activity and maintain immune balance [26, 29].

In essence, CTLA-4 functions as the immune system’s braking mechanism. Upon
antigen recognition, a T-cell anticipates a second signal from antigen-presenting cell
(APC) molecules, specifically the B7 family proteins (CD80 and CD86). Normally,
CD28 on T-cells binds to B7 to provide this activating signal. However, CTLA-4
competes with CD28 for B7 binding, leading to inhibition of the activation signal and
reduced T-cell activity. This interaction mainly takes place in lymphoid organs, where
naive T-cells first encounter antigens [13, 26, 29, 30].

Ipilimumab® blocks CTLA-4 ability to bind B7, removing the “brake” on
immune responses. This allows CD28 to bind B7 effectively, promoting stronger and
sustained activation and proliferation of T-cells, which can then attack melanoma
cells.

3.1.2 Clinical evidence

Ipilimumab® was developed based on the above mechanisms. On March 25, 2011,
the U.S. Food and Drug Administration (FDA) approved intravenous Ipilimumab®
at a dosage of 3 mg/kg as treatment for metastatic melanoma, regardless of prior
therapy [13, 31, 32]. It was soon recommended in the National Comprehensive Cancer
Network (NCCN) guidelines as a systemic therapy option for advanced melanoma
[33]. The European Medicines Agency (EMA) approved it in November 2013 as a
first-line treatment [34].

Ipilimumab® was the first checkpoint inhibitor approved for melanoma, with a
phase III trial demonstrating a median overall survival (OS) of 10.1 months, com-
pared to 6.4 months in the control group. Furthermore, durable responses exceeding
5 years were observed in some patients, suggesting the potential for long-term disease
control [35].

180



Immunotherapy in the Treatment of Melanoma
DOI: http://dx.doi.org/10.5772/intechopen.1011805

3.2 PD-1/PD-L1 inhibition: Nivolumab® and Pembrolizumab®

Following CTLA-4 inhibitors, PD-1and PD-L1 inhibitors were developed. These
agents—PD-1 inhibitors like Pembrolizumab® and Nivolumab® and PD-L1 inhibitors
such as Atezolizumab®—work by blocking the PD-1/PD-L1 pathway, thereby keeping
T-cells active and amplifying their cytotoxic effects [36]. Clinical trials have demonstrated
that these inhibitors improve prognosis in advanced melanoma compared to chemo-
therapy or radiation. However, tumor resistance to these agents is not uncommon [36, 37].

3.2.1 Mechanism of action

PD-1 inhibitors represent a novel strategy in solid tumor immunotherapy.
Landmark trials like KEYNOTE-006 and CheckMate-067 have shown impressive
response rates in metastatic melanoma, significantly improving both progression-free
and overall survival [36, 38, 39]. Pembrolizumab® and Nivolumab® enhance the
immune system’s tumor-specific response by restoring its ability to recognize and
eliminate malignant cells [40].

PD-1is expressed only on activated T-cells and is absent in resting ones [41-43].

In chronic infections or cancer, persistent stimulation leads to high PD-1 expression,
causing T-cell exhaustion and reduced effector function [41].

PD-1 inhibitors block the interaction between PD-1 on T-cells and its ligands (PD-
L1/PD-L2), which are often overexpressed by melanoma cells. This blockade restores
T-cell activity, enabling CTLs to efficiently recognize and lyse melanoma cells. PD-L1
inhibitors, such as atezolizumab, block the ligand on tumors and APCs, disrupting
immune evasion and enhancing T-cell function [40, 41, 44-46].

Blocking PD-1 also prevents inhibition of ZAP-70 and PI3K/AKT signaling, which
are vital for T-cell survival. This leads to elevated Tumor Necrosis Factor-alpha (TNF-o)
and Interferon-gamma (IFN-y) in the TME, amplifying the immune response [40, 47].
Moreover, PD-1 inhibitors increase chemokine secretion (CXCL9 and CXCL10), attract-
ing naive T-cells and boosting antigen presentation [40, 48].

While PD-1 inhibitors target T-cell receptors, PD-L1 inhibitors act on tumor- or
APC-expressed ligands—resulting in broader immune activation [40]. The increased
cytotoxicity leads to melanoma cell lysis via perforins and granzymes, contributing to
durable tumor control. Both inhibitor types also transform the TME from immuno-
suppressive to immunogenic [40, 49].

3.2.2 Regulatory approvals

Nivolumab® and Pembrolizumab® are the only FDA- and EMA-approved anti-
PD-1 antibodies for melanoma.

Nivolumab® received FDA approval in December 2014 for unresectable/meta-
static melanoma after prior Ipilimumab® and BRAF inhibitors (for BRAF V600-
mutated tumors). In 2015, it was approved by the EMA for advanced melanoma
regardless of BRAF status. Its indication was later expanded to adjuvant treatment
after lymph node involvement and complete resection.

Pembrolizumab® gained FDA approval in September 2014 for metastatic mela-
noma after ipilimumab, followed by EMA approval in 2015. It is approved for both
first-line and adjuvant settings.
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3.2.3 Clinical evidence

Numerous trials support the safety and efficacy of PD-1 inhibitors in advanced
and resected stage III melanoma [50, 51].

* KEYNOTE-001 (Phase Ib): Five-year OS was 34% in treatment-naive patients vs.
23% in pretreated ones. Median survival: 38.6 vs. 23.8 months [51].

* KEYNOTE-006: Pembrolizumab® vs. Ipilimumab®—12-month OS: 74.1% vs.
58.2%; ORR: 33.7% vs. 11.9% [50].

* KEYNOTE-054: Pembrolizumab® in high-risk stage IIl melanoma (adjuvant)—
RFS: 50% vs. 36%; DMFS also improved [52].

For Nivolumab®:

* CheckMate 037: Post-ipilimumab or BRAF inhibitors—ORR: 31.7% vs. 10.6%
(chemo); median OS: 16 vs. 14 months [53].

* CheckMate 066: BRAF wild-type, treatment-naive—>5-year OS: 39% (nivolumab)
vs. 17% (dacarbazine); Progression-free survival (PFS): 28% vs. 3%. Twenty
percent had complete responses; 88% remained alive at 5 years [54].

Combination Therapy Example:

* IMspire150 trial: Atezolizumab® + Vemurafenib® + Cobimetinib® improved
median PFS (15.1 vs. 10.6 months). Only effective in BRAF V600-mutated
melanoma [55].

Monotherapy with PD-L1 inhibitors, such as Atezolizumab®, is approved in
combination regimens for BRAF V600-mutated melanoma (e.g., with Cobimetinib®
and Vemurafenib®). The IMspirel50 trial showed PFS of 15.1 vs. 10.6 months with
the combination vs. control [56]. PD-L1 monotherapy showed a 36% median OS and a
45% disease control rate, especially in high PD-L1 expressers [55].

3.2.4 Neoadjuvant use

A pooled analysis of six trials with 573 patients evaluated presurgical use of
checkpoint inhibitors. Combination (PD-1 + CTLA-4) showed a stronger pathologi-
cal response, but PD-1 monotherapy had better safety. Further trials are ongoing to
assess benefits in resectable high-risk melanoma [57, 58].

3.2.5 “Cold tumors”

Low-immunogenicity tumors with minimal TIL, known as “cold” tumors, respond
poorly to PD-1 inhibitors due to a lack of effector CD8+ T-cells and an immunosup-
pressive microenvironment [59, 60]. Dense stroma, abundant Tregs, and suppressive
cytokines (e.g., TGF-f) inhibit immune activity. Hence, PD-1/PD-L1 inhibitors are
generally ineffective and contraindicated in these cases.
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Current research aims to convert “cold” tumors into “hot” by combining PD-L1
inhibitors with cancer vaccines, though evidence remains insufficient for clinical
application [55, 61, 62].

3.3 Combination therapy: CTLA-4 and PD-1 inhibition

CTLA-4 and PD-1 regulate immune responses at different stages: CTLA-4 acts
early in lymph nodes during T-cell priming, while PD-1 suppresses T-cells later in
peripheral tissues. Their combined blockade may produce additive or synergistic
effects by enhancing both T-cell activation and effector function [63].

While monotherapy with either agent yields durable responses with manageable
toxicity, a large subset of patients remains unresponsive. The CheckMate 067 trial
demonstrated that nivolumab + ipilimumab offers significantly greater efficacy in
metastatic melanoma and was approved for use in several advanced cancers.

Five-year OS rates from CheckMate 067 were 52% (combination), 44%
(Nivolumab®), and 26% (Ipilimumab®). Median PFS: 11.5, 6.9, and 2.9 months,
respectively [63, 64].

However, combination therapy comes with increased toxicity:

e Severe (Grade 3-4) immune-related adverse events (irAEs) occur in 38-55% of
patients [35, 65-71].

¢ These can lead to dose reductions or treatment discontinuation.

* Rare but serious irAEs include neurological events (encephalitis, neuropathy)
and myocarditis [72, 73].

4, Immune-related adverse events (irAEs)

Although immunotherapy is generally considered safe and effective, it is associ-
ated with a relatively high incidence of adverse events, mainly due to the broad
activation of the immune system. For Ipilimumab®, these adverse events are often
mild or moderate but occur in a high percentage of patients (70-88%) and are dose-
dependent [37, 74, 75]. Generally, PD-1 inhibitors are considered better tolerated than
CTLA-4 inhibitors. However, both categories of immunotherapy carry a significant
risk of irAEs due to immune activation.

The most common treatment-related adverse events during infusion or within
24-72 hours after infusion include nausea, vomiting, diarrhea, headache, dizziness,
fever, fatigue, and skin conditions such as rash and pruritus. These are usually mild
and require only symptomatic treatment, temporary discontinuation, or slowing of
the ipilimumab infusion. Tachycardia and hypotension have also been rarely observed
around the time of infusion [76]. Severe (Grade 3—-4) adverse events may occur in
approximately 27% of patients receiving ipilimumab as monotherapy [77]. These
toxicities often necessitate treatment interruption, corticosteroid administration, or
immunosuppressive therapy.

IrAEs may present at any point during the treatment process, but they commonly
occur during the third or fourth dose of ipilimumab. Assessing the severity of irAEs
using toxicity grading criteria is essential; treatment may include steroids and, if
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needed, discontinuation of further immunotherapy. In some cases, severe irAEs
(grade 3/4) can be life-threatening [78]. However, they are not very common (5-25%
for Ipilimumab® and 10-15% for PD-1/PD-L1 inhibitors) and are mainly dose-
related [37, 62, 74, 75, 77, 79-81].

The most common irAEs in melanoma immunotherapy may affect various organs
and systems. Cutaneous adverse events may include dermatitis, rash, or pruritus.
These are common in PD-1/PD-L1 monotherapy, affecting approximately 20-30%
of patients. The endocrine system is probably the most critical among the common
irAEs, as endocrinopathies of various types and severity may occur. These include
thyroiditis and hypophysitis for CTLA-4 inhibitors, while hypothyroidism, type 1
diabetes, or adrenal insufficiency are more common among PD-1/PD-L1 inhibitors.
Gastrointestinal tract adverse events may include diarrhea, enterocolitis, and liver
abnormalities such as hepatitis and elevated liver enzymes. Other irAEs clinicians
should be aware of, though less common, include uveitis and pneumonitis. Less
frequent irAEs may also affect the nervous system (central or peripheral deficits), as
well as the hematopoietic and cardiovascular systems.

Common irAEs affect multiple organ systems [76, 77, 80-83]:

* Skin: Rash, pruritus, and dermatitis occur in 20-30% of patients.

* Endocrine system: Endocrinopathies such as thyroiditis and hypophysitis (more
common with CTLA-4 inhibitors), hypothyroidism, adrenal insufficiency, and
type 1 diabetes (more often with PD-1/PD-L1 inhibitors).

* Gastrointestinal tract: Diarrhea, colitis, and immune-mediated hepatitis with
elevated liver enzymes.

* Other: Uveitis, pneumonitis, and rare but severe neurologic (e.g., encephalitis,
neuropathy), cardiovascular, and hematopoietic adverse events.

These adverse events mimic autoimmune conditions (e.g., autoimmune hepatitis,
inflammatory bowel disease), making them difficult to distinguish. However, the
pathophysiology of ipilimumab-induced irAEs is distinct from classical autoimmune
conditions and requires appropriate management and treatment strategies [68, 76,
84]. Primary treatment is supportive care, while more severe irAEs require high-dose
steroids and cessation of Ipilimumab®. However, permanent discontinuation of
immunotherapy is typically not necessary. Some studies have shown a correlation
between the development of irAEs and improved antitumor response [75, 76, 85, 86].
In some cases, antitumor activity continues despite steroid therapy for irAEs [86-88].
However, efficacy may be compromised; therefore, steroids should be initiated when
necessary but avoided if not essential [76].

5. Biomarkers and risk prediction

Personalized medicine, particularly in immunotherapy and cancer treatment
strategies, represents the future of oncology. Emerging evidence suggests that
biomarkers will soon become standard tools in clinical practice, with more currently
under investigation, aiming to ensure that patients receive optimal therapy for their
malignancy while minimizing the risk of severe irAEs [89].
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There are currently three main categories of predictive biomarkers for melanoma
immunotherapy: tumor-related factors, host-related factors, and the TME. These bio-
markers include a variety of components, but the most important under investigation
include gene mutations, immune cell signatures, PD-L1 expression, toll-like receptor
signaling, TNFa signaling, and microRNA biogenesis [89-91].

Three primary biomarker categories under investigation are as follows:

» Tumor-related factors (e.g., genetic mutations),
* Host-related factors (e.g., immune profiles), and
* TME characteristics (e.g., PD-L1 expression, immune infiltration).

Future prediction models may incorporate multiple biomarkers to assess both
prognosis and irAE risk in a multifactorial manner [89, 91]. Ongoing studies are
developing models capable of identifying antibody signatures that may effectively
stratify patients based on toxicity profiles, with reported sensitivity, accuracy, and
specificity above 90% [89].

6. Other novel types of immunotherapy treatment
6.1 T-VEC immunotherapy

Talimogene laherparepvec (T-VEC) immunotherapy is used in advanced
(unresectable) and metastatic melanoma via some intralesional injections. It uses
a modified oncolytic herpes virus, and it is the first intralesional therapy using an
oncolytic virus that has received approval from both the FDA and EMA [40, 92]. Its
use as a monotherapy has shown some promising results; a recent multicenter review
reported the potential for T-VEC to be used as a salvage pathway for those patients
who have limited treatment options, especially after an ineffective immunotherapy
treatment course [40, 93]. However, being a novel oncolytic immunotherapy, cost is
a burden for patient access to the treatment, while handling, storage, and transporta-
tion are also very demanding, limiting the availability among providers [94, 95].
Furthermore, there is always a consideration that the virus used for the treatment
may rapidly mutate and be pathogenic. For this reason, it should not be used without
consideration for patients on high-dose immunosuppressants or those suffering from
autoimmune disease [96]. In summary, T-VEC seems to be a significant innovation in
cancer immunotherapy, yet there are still significant challenges in terms of logistics
and production that limit its widespread availability for patients.

6.2 mRNA vaccine

mRNA vaccines have recently been developed and put into clinical testing and
practice for various conditions, including melanoma treatment. Their mechanism of
action is based on encoding tumor-specific neoantigens, promoting cellular uptake
and neoantigen presentation, and amplifying the adaptive immunity of the treated
patient. The unique mutations of a patient’s melanoma allowed the researchers to
develop the new mRNA vaccines by encoding tumor-specific neoantigens. When
exposing the immune system of the patient to these neoantigens, it results in precision
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targeting of the malignant cells, while healthy tissue stays intact, thus enforcing a
tumor-specific immune response [97].

mRNA vaccines use lipid nanoparticles (LNPs) to deliver the treatment through
mRNA encapsulation so that it can be protected from proteases’ action and be safely
delivered to APCsvia endocytosis. Subsequently, the patient’s immune system gets
activated, leveraging both acute and memory immune responses, resulting in efficacy
and targeted management of the tumor. The Phase 2b KEYNOTE-942 trial on mRNA-
4157/V940, combined with Pembrolizumab®, showed better results than traditional
chemotherapy or radiation [98].

Although the overall idea of personalized mRNA vaccines is promising, there are
still challenges that scientists need to overcome. The need for specialized scientists
for its development, the high cost of equipment, and the time-consuming process
for its development are currently burdens for its application in clinical settings.
Furthermore, there are still regulatory requirements from the FDA that need to be
addressed concerning the safety and development of the mRNA therapies [99-101].

6.2.1 mRNA vaccine + PD-1 inhibitors

The combination of mRNA vaccines and PD-1 inhibitors has already shown
some promising results in better melanoma outcomes [32]. The KEYNOTE-942
trial, a phase IIb open-label randomized clinical trial, assessed the efficacy of
Pembrolizumab® in combination with the individualized neoantigen mRNA-4157
(V940) vaccine compared to Pembrolizumab® monotherapy in patients with full
resection of high-risk melanoma [98]. The study reported better results, with longer
recurrence-free survival and metastasis-free survival in the combination therapy
group versus Pembrolizumab® monotherapy, supported by a lower recurrence and
death rate, as well as a higher 18-month recurrence-free survival. Furthermore,
the safety profile was comparable to monotherapy, with adverse events reported in
approximately 36% of patients in both groups. The authors suggested that mRNA-
4157 neoantigen therapy enhanced the anti-PD-1 immunotherapy by increasing
both endogenous and de novo T-cell responses [40, 98]. Another phase I study,
KEYNOTE-603, investigated the same individualized neoantigen therapy in com-
bination with pembrolizumab or as monotherapy among patients with completely
resected stage II-IV melanoma. It resulted in similar results as the KEYNOTE-942
trial, with enhanced clinical benefits and safety profiles, as shown in KEYNOTE-603.
Furthermore, it evaluated the immunogenicity, reporting neoantigen-specific T-cell
responses that elicited the release of TNF-a and IFN-y [102].

6.3 Tumor-infiltrating lymphocyte (TIL) therapy

TIL therapy involves an adoptive cell transfer (ACT) of the patient’s cells,
specifically T-cells, into their tumor. The main goal is to increase, in an artificial
way, the number of tumor-specific T-cells required to control tumor cell prolifera-
tion. These are already differentiated and specialized T-cells that target melanoma
antigens. These T-cells are often ineffective due to the high levels of immune
checkpoint receptor activity. Investigators have conducted trials examining the
clinical impact of the CTLA-4 blockade [103-105]. TIL therapy is enhanced by the
use of the CTLA-4 inhibitor Ipilimumab®, due to the prevention of T-cell sup-
pression. However, significantly higher immune-related adverse events have been
reported [104, 105].
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6.3.1 TIL thevapy + PD-1 inhibitors

TIL therapy in combination with anti-PD-1 inhibitors has shown promising results
in melanoma treatment. Nivolumab in combination with ACT using TILs expanded
with anti-4-1BB agonism has been clinically tested among stage III/IV metastatic mela-
noma treatment-naive patients. The median progression-free survival was estimated
at 5 months, but two out of 11 patients did not respond to therapy and developed new
metastatic lesions. Clonal divergence and intrinsic TIL dysfunction are the suspected
mechanisms of therapeutic resistance [106, 107]. Another phase I/II study investigated a
treatment course of an initial anti-PD-1 therapy, followed by two subsequent injections of
TILs, and finally a second round of anti-PD-1 therapy, showing some promising results
[108]. Thus, the TIL therapy and PD-1 inhibitor combination are a potential treatment for
metastatic melanoma, but further research is needed in order to come to safe conclusions.
However, despite the promising outcomes that were reported, it seems that prior expo-
sure to anti-PD-1 therapies may reduce the effectiveness of the TIL therapy [109, 110].

6.3.2 TIL therapy + mRNA vaccines

Although the combination of TIL therapy and mRNA vaccines represents an
intriguing area of research, there are still no clinical trials that have investigated
their synergistic potential. Future studies need to explore this combination that may
provide insights into these novel immunotherapeutic strategies for melanoma [40].

7. Challenges and limitations

Although the efficacy of immunotherapy in melanoma is established by evidence,
there are still challenges and limitations concerning its clinical implementation.
Resistance is one of the main challenges, divided into two main forms: the primary
and the acquired. Primary resistance is characterized by the inherent lack of ability
to respond to PD-1 and PD-L1 inhibitors because of the TME caused by insufficient
PD-1/PD-L1 expression, lower TMB, and disruption of the critical immune signal-
ing pathways. On the other hand, acquired resistance is characterized by resistance
developed by adaptive mutations caused by the tumor cells [111, 112].

Another limitation is the cost of the immunotherapy and the limited availability
worldwide, especially in countries that do not have the means to offer this treatment
option to all the patients for free or at low cost. Patients who may not have this treat-
ment covered by their insurance or country expenses are usually unable to support
such a high cost on their own. Toxicity and adverse events are common and even life-
threatening in some cases. Thus, the selection of patients to receive immunotherapy
should be careful and based on various factors and criteria. Finally, there are specific
populations that are underrepresented in clinical trials; thus, the efficacy and safety
are not tested as they should be. These populations include elderly people, who are
commonly affected by melanoma, as well as some ethnic groups.

8. Conclusion

Immunotherapy has fundamentally reshaped the therapeutic landscape of mela-
noma. It has transformed the way we manage a disease that was once a highly lethal
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malignancy into one that can be effectively controlled these days or even durably
suppressed in some cases. The introduction of ICIs (CTLA-4 and PD-1/PD-L1)

has extended survival and has offered long-term remission to a high percentage of
patients with advanced disease. Durable responses are now achievable both with
monotherapy and combination treatment, while there are novel emerging strategies
that continue to expand and refine these benefits.

Beyond the survival statistics, the impact of immunotherapy has affected the
quality of life of these patients, offering sustained disease control and manageable
side effects, unlike cytotoxic chemotherapy. The ability of these patients to return
to work, regain physical function, and engage in family and social life activities has
become a reality for individuals who have previously faced a terminal prognosis of
melanoma.

The complexity of melanoma treatment requires a multidisciplinary approach
that demands the expertise of various specialties, including oncologists, pathologists,
dermatologists, surgeons, radiologists, and supportive care teams or other special-
ties based on adverse effects that may occur. Early diagnosis of the adverse events,
coordinated long-term follow-up, and optimal patient selection are essential to
maximize the therapeutic success and to eliminate toxicity. Multidisciplinary collabo-
ration ensures that decisions for the treatment and follow-up are patient-centered and
up-to-date with current evidence.

Looking forward, continued research and innovation are essential for the future.
While checkpoint inhibitors have set a new benchmark in melanoma treatment,
there are still numerous challenges, including resistance, toxicities, and limited
efficacy in specific melanoma subtypes. The research on novel immune targets,
personalized immunotherapies, and biomarkers for assessment of response and
toxicity, along with combination regimens with already tested and safe systemic or
locoregional therapies, must remain a priority in scientific society. Finally, global
access to immunotherapy should be a matter of high importance, as the advances in
melanoma care should not just be limited to well-resourced healthcare systems but
also to the rest of the world.

In conclusion, immunotherapy is one of the most significant advances in mela-
noma treatment in the last couple of decades. Its integration into clinical practice has
been a breakthrough, extending lives and improving quality of care and long-term
outcomes. As we continue to build on this progress, sustained investment in global
health equity, science, and collaborative care is essential to fully realize the poten-
tial that these technological and pharmacological advancements have to offer to
humanity.
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Chapter 10

Liver Cancer Immune
Microenvironment
and Immunotherapy

Chang Liu, Yi-Jun Tu and Li Zhang

Abstract

Liver cancer, especially hepatocellular carcinoma (HCC), is induced by inflammation,
which makes HCC a representative target for immune-based approaches. The progression
of HCC is regulated by the immune microenvironment. Cytotoxic T lymphocyte protein
4 (CTLA-4), programmed cell death protein 1 (PD-1), lymphocyte activation gene 3 pro-
tein (LAG-3), B- and T-lymphocyte attenuator (BTLA), and T-cell immunoglobulin and
mucin domain-containing protein 3 (TIM-3) are the most studied immune checkpoints.
In HCC, clinical development mostly focused on CTLA-4 and PD-1/programmed cell
deathligand 1 (PD-L1) pathways. Immune checkpoint inhibitors (ICIs) against CTLA-4
and PD-1 have revolutionized cancer therapy and have gained increased interest in the
treatment of HCC. In this review, we will discuss the liver immune microenvironment
and the immunotherapeutic approaches, especially ICIs, against HCC.

Keywords: liver cancer, immunotherapy, immune microenvironment, immune
checkpoint inhibitors, combination therapy

1. Introduction

According to the global cancer statistics in 2022, liver cancer is the sixth most preva-
lent cancer and the third leading cause of cancer-related death in the world, with hepa-
tocellular carcinoma (HCC) comprising 75-85% of cases [1]. Hepatitis B virus (HBV)
and hepatitis C virus (HCV) infections account for 56% and 20% of liver cancer deaths
worldwide, respectively, making HCC an inflammation-related disease [2]. Early-stage
HCC is amenable to curative therapies—resection, liver transplantation, or local abla-
tion [3]. Ata more developed stage, HCC does not respond to classical chemotherapies
[4]. Instead, chemoembolization (for intermediate HCC) and systemic therapies, such
as tyrosine kinase inhibitors (TKIs) (for advanced HCC), have shown improvement in
patient outcomes [4]. The frontline TKIs, including sorafenib and lenvatinib, target the
RAF-mitogen-activated protein kinase (MAPK) kinase (MEK)-extracellular signal-
related kinase (ERK) cascade and angiogenesis via vascular endothelial growth factor
receptor (VEGFR) [5]. In 2007, the US Food and Drug Administration (FDA) approved
the use of sorafenib in advanced-stage HCC [4]. In recent years, three TKIs—lenvatinib,
regorafenib, and cabozantinib—have been approved [6]. Nevertheless, compared with
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placebo, sorafenib only confers a survival benefit of 2.8 months [7]. Additionally, lenva-
tinib demonstrated a slightly improved median overall survival compared to sorafenib,
with durations of 13.6 months and 12.3 months, respectively [7]. Moreover, regorafenib
increased patient survival after progression on sorafenib [8].

Over the past decade, the advent of immunotherapy has changed the way that
cancers are treated. For patients with end-stage HCC, immune checkpoint inhibitor
(ICI)-based therapy has recently become the new standard of care [9]. Although
evidence suggests that the interactions between tumor cells and immune cells in the
tumor microenvironment are responsible for the efficacy of ICI-based therapies,
these interactions remain poorly understood [10]. The various components of the
HCC microenvironment, such as infiltrating immune cells, non-immune stromal
cells, and secreted cytokines, work together to recruit immune cells into the HCC
tissue, which forms the tumor immune microenvironment of HCC [10]. The main
immunosuppressive cells in HCC are Kupffer cells, neutrophils, regulatory T cells
(Tregs), and myeloid-derived suppressor cells (MDSCs). Also, CD8" cytotoxic T lym-
phocytes (CTLs), natural killer (NK) cells, and dendritic cells (DCs) are the major
cell types for immunosurveillance. In this review, the immune microenvironment of
HCC, including the role of effector cells and regulatory or immunosuppressive cells,
will be briefly summarized, and ICI-based therapies against HCC will be discussed.

2. The immune microenvironment of liver cancer
The various components of the HCC microenvironment (Figure 1), such as

infiltrating immune cells, non-immune stromal cells, and secreted cytokines, work
together to recruit immune cells into the HCC tissue, thus forming the tumor immune

O

Liver cancer
immune

microenvironment

Figure 1.
The schematic diagram of the immune microenvironment in liver cancer.
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microenvironment of HCC [10]. Both innate and adaptive immune responses are
involved in the antitumor response [11]. An overview of these cells and their role in
HCC is provided in Table 1.

Natural killer (NK) cells, as the first-line effectors of the innate immune system,
recognize targets by a complex array of surface receptors [12]. The downregulation of
class I human leukocyte antigen (HLA) ligands on inhibitory receptors on tumor cells
triggers the antitumor response of NK cells [12]. In addition, the expression of the
stress-induced protein ligands of activating NK receptors, toll-like receptor ligands,
and cytokines also affects NK cell activity [12].

Activated DCs present processed tumor-associated antigens (TAAs), which
are bound to class Il HLA molecules, to naive CD4" T cells, triggering the adaptive
immune response [10]. The binding of antigen and HLA class II complex promotes
CD4" T cells to differentiate into interferon-gamma (IFNy)-producing type 1 T helper
(Th1) cells [10]. Th1 cells assist DCs to present antigens on HLA class I to CD8" T cells,
inducing their differentiation into effector CD8" cytotoxic T lymphocytes (CTLs)

[6]. CTLs release granzyme B, perforin, and IFNy and mediate Fas/FasL interaction
to kill tumor cells [13]. Several lines of evidence indicate that the interplay between

Cell type Characteristics in HCC Reference

Dendritic cells Present antigens to CD8" T cells to induce the differentiation of effector [6]
CD8" cytotoxic T lymphocytes.

Natural killer cells The first-line effectors of the innate immune system, the immature NK [12]
cell set, are functional impairments and were associated with worse HCC [23,24]
patient survival.

CD8" T cells Active immune recognition of tumor cells and is associated with better [20]
survival. [25]
Exhibit an exhausted phenotype and transit into memory T cells with
impairment.

Regulatory T cells Inhibit IL2-mediated T-cell activation. [26]
Produce immunosuppressive molecules, including IL-10 and TGF-. [27]
Impair the effector function of CD8" T cells. [28]

CD4" invariant Inhibit the expansion of tumor antigen-specific CD8" T cells. [29]

natural killer T cells

Myeloid-derived Dampen NK cell and T cell immune function. [30]

suppressor cells Differentiate into macrophages and prevent HCC initiation. [31]
Recruit Tregs [31]

Neutrophils Inhibit the antitumor response of T cells. [33]
Recruit CCR2+ macrophages and CCR4+ Tregs. [34]

Kupffer cells Augment HCC cell proliferation. [38]
Inhibit the antitumor response of T cells. [39]

Hepatic stellate cells Suppress CD8* T-cell function through the recruitment of Tregs and [45, 47]
MDSCs.

Liver sinusoidal Inhibit active T-cell function. [46]

endothelial cells

Cancer-associated Impair NK cell function. [48]

fibroblasts Promote the MDSC generation. [49]

Table 1.

The cell types and characteristics of immune cells in the HCC microenvironment.
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tumor cells and tumor immune microenvironment components is a key factor for the
evolution of liver cancer, especially HCC, and for the response to immunotherapies
[14]. The liver harbors a substantial reservoir of immune cells, including resident
macrophages (Kupffer cells), NK cells, neutrophils, NK T cells, and monocytes, as
well as lymphocytes that either transit through or reside within the liver [15]. These
lymphocytes encompass CD4" T cells, CD8" T cells, y3 T cells, and B cells [15].

Circulating HBV or HBV-derived antigens during chronic HBV infection would
promote T-cell exhaustion and subsequent death, which would weaken the global
immunity of the patient [16]. HCV, on the other hand, evades immune surveillance
because of the high mutation rate and counteracting DNA sensors through viral
factors [17]. The majority of HCC patients were infected with HBV or HCV, making
HCC evolve in this chronic immunosuppressive environment [15]. Decreases in T-cell
costimulatory factors lead to an increase in immune-checkpoint molecules, resulting
in impaired T cell effector functions [18]. Additionally, a number of different immune
evasion mechanisms were also present in HCC [9].

Canonically, CD8" T cells recognize tumor-related epitopes and other peptide
antigens, presented on major histocompatibility complex (MHC) class I molecules
[19]. Subsequently, they can produce cytokines and cytolytic molecules after being
activated and differentiated into effector T cells, which enable them to eliminate
tumor cells directly [19]. The infiltration of cytotoxic CD8" T cells into the liver
tumor microenvironment suggests active immune recognition of tumor cells, which
is associated with better survival [20]. However, in the context of persistent antigen
stimulation and immunoregulatory cues, CD8" T cells often become exhausted, and
the effector function is reduced [20].

It was found by van Buuren et al. that two unique liver immune microenvironments
classified as immune high and immune low were found through biopsies of the livers
of HCC patients with HBV infection [21]. After conducting a differential gene expres-
sion analysis, it was observed that these two distinct liver immune microenvironments
exhibit varying expressions of immune genes. Specifically, it was demonstrated that the
majority of immune genes are upregulated in the immune high microenvironment [21].
In addition, various immune pathways, including interferon and other inflammatory
signaling pathways, were upregulated in the high-immune microenvironment. The
immune high microenvironment showed increased cell signatures representing T cells,
B cells, and monocytes and a decrease in hepatocyte signatures [21]. Furthermore, the
transcriptome analysis indicated a significantly increased number of T cells, B cells,
and macrophages in the immune-rich microenvironment [21]. Multiplex immunofluo-
rescence also confirmed intrahepatic CD4" T cells, CD8" T cells, B cells, and CD68*
macrophages [21]. Significantly increased expression of immune checkpoint genes such
as programmed cell death protein 1 (PD-1), programmed cell death ligand 1 (PD-L1),
cytotoxic T-lymphocyte protein 4 (CTLA4), T-cell immunoreceptor with immuno-
globulin and immunoreceptor tyrosine-based inhibition motif domain (TIGIT), and
T-cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) was found
in the immune high microenvironment [21]. However, elevated expression of check-
point receptors and ligands during chronic infection is typically associated with T-cell
exhaustion and dysfunctional immune responses [21]. T-cell exhaustion represents a
common mechanism of tumor immune evasion [22]. Exhausted CD8" T cells accumu-
late in chronic infection or cancer because of persistent antigen stimulation as well as
excessive exposure to inhibitory signals [22]. The impairment of T-cell effector function
contributes to immune-mediated tumor therapeutic failure [22]. Exhausted CD8" T
cells have a distinct epigenetic landscape compared to functional effector and memory
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T cells, as well as an altered transcriptional program that includes high expression
of the transcription factor thymocyte selection-associated high mobility group box
protein (TOX) [22].

2.1 NK cells

Immature CD11-CD27-NK cells were found to accumulate more in HCC tissue
compared to adjacent non-tumor tissue or normal liver [23]. The immature NK
subset was inactive, the cytotoxicity was decreased, and IFNy-producing capacity
was impaired [23]. This dysfunctional NK cell subset was associated with worse HCC
patient survival [23].

NK cell function impairment has also been attributed to defective interactions
between their receptors and ligands. NKG2D receptors are expressed in NK cells,
and their ligands, MHC-associated chains A and B (MICA and MICB), are expressed
by HCC cells [24]. HCC cells can escape from NK cell immunological surveillance
through shedding soluble MICA to down-regulate the NKG2D receptor in NK cells
[24]. Additionally, ULBP1, another ligand of NKG2D, was decreased in HCC, which
caused immune evasion and is correlated to early HCC recurrence [24].

2.2 Infiltrating T cells

The tumor-infiltrating T-cell number has been closely correlated to the survival
of HCC patients [25]. More CD4" and CD8" T cells infiltrate into HCC in the early
stage than in the late stage, and their numbers decrease during HCC progression [25].
CD8" T cells exhibit an exhausted phenotype, upregulate co-inhibitory receptors, and
subsequently transition into memory T cells with impairment [25].

It was evidenced that the number of regulatory T cells (Tregs) in HCC tissue
and peripheral blood was inversely correlated to the overall survival [26]. Tregs are
CD4*CD25'FoxP3" T cells, which play an inhibitory role in T-cell immune func-
tion [26]. CD25, the interleukin (IL) 2 receptor a chain, can bind to IL2 with high
affinity, which inhibits IL2-mediated T-cell activation [26]. CTLA4 expression is
constitutively expressed in Tregs, and the immune-suppressive molecules including
IL10 and TGF are also produced by Tregs [27]. The infiltrating Tregs in HCC have
been proven to impair the effector function of CD8" T cells and promote tumor
progression [28].

Invariant NK T (iNKT) cells are T lymphocytes with shared properties of both T
cells and NK cells [29]. CD4" iNKT cells were reported to be enriched in liver cancer.
Their presence limited the expansion of tumor antigen-specific CD8" T cells through
the production of Th2 cytokines [29].

2.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs are immature myeloid progenitor cells dampening NK cell and T-cell
immune function in the tumor environment [30]. They suppress T-cell proliferation
by depleting arginine and releasing reactive oxygen and nitrogen species that disrupt
TCR signaling [30].

MDSCs, which are recruited by senescent hepatocytes, can differentiate into
macrophages and prevent HCC initiation [31]. On the contrary, after the development
of HCC, they lose their differentiation capacity [31]. Additionally, CD14-positive and
HLA-DR-negative MDSCs accumulate in the tumor microenvironment of HCC and
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can recruit Tregs [31]. The MDSC subset has been reported to be a prognostic factor
for HCC progression and recurrence [32].

2.4 Neutrophils

Neutrophils in the tumor microenvironment induce tumor proliferation, promote
angiogenesis, and inhibit the antitumor response of T cells [33]. The neutrophils to
lymphocyte ratio negatively correlates to the HCC patient survival [34]. Moreover,
infiltrating neutrophils can recruit CCR2" macrophages and CCR4" Tregs in HCC
[34]. The number of these cells has been identified as a negative prognostic factor in
HCC patients undergoing curative resection [35].

2.5 Kupffer cells

Liver macrophages consist of distinct populations termed KCs and monocyte-
derived macrophages. KCs express the C-Type Lectin Domain Family 4 Member
F (CLEC4F) uniquely and can be characterized as CD11b*, F4/80", TIM4", and
CLECAF" cell populations [36]. Liver macrophages are very plastic and adapt their
phenotype according to signals of the hepatic microenvironment, which explains
their manifold and even opposing functions during HCC [37].

It has been documented that KCs release different mediators, including IL-6, IL-1p,
CCL2, VEGFA, and TNF, to augment tumor cell proliferation in HCC. Also, KCs have
been demonstrated to function as incomplete antigen-presenting cells (APCs) to
induce T-cell tolerance [38]. They accumulate at the peritumoral stroma and inhibit the
antitumor response by expressing high levels of PD-L1 and galectin-9 to impede the
activating PD-L1/PD-1 and galectin-9/TIM-3 signaling in the T cells [39]. Moreover,
KCs secrete IL-10, indoleamine 2-3 dioxygenase (IDO), and upregulate PD-L1 to take
part in the immune inhibition process [40]. The interaction between PD-L1 on Kupffer
cells and PD-1 on activated T cells is implicated in T-cell dysfunction in HCC [41].

Nevertheless, macrophages also participate in HCC tumor surveillance. CCR2*
macrophages and T-cell activation result in the clearance of senescent hepatocytes,
thereby preventing HCC development [42]. However, the recruitment of CCR2*
macrophages leads to immune-suppressive tumor-associated macrophages (TAMs)
or MDSC accumulation, which inhibits the activation of CD8" T cells and NK cells to
favor tumor growth [42].

2.6 Non-parenchymal liver cells

Non-parenchymal liver cells such as hepatic stellate cells (HSCs), liver sinu-
soidal endothelial cells (LSECs), and cancer-associated fibroblasts (CAFs) are
also involved in the antitumor immune response modulation [43]. LSECs as well
as HSCs express PD-L1 to inhibit active T-cell function and induce the accumula-
tion of Tregs [44]. The overexpression of PD-L1 on LSECs inhibits the activation
of CD8" T cells and leads to immune evasion of HCC [45]. At first, LSECs present
MHC I-restricted soluble antigens to CD8" T cells to initially stimulate naive CD8"
T cells; however, subsequent overexpression of co-inhibitory B7-H1 molecules on
LSECs induced the tolerance of CD8" T cells toward tumor antigens [46]. HSCs
can also be activated by KCs, contributing to extracellular matrix remodeling
and stiffness, as well as generating an immunosuppressive microenvironment to
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suppress CD8" T cell function through the recruitment of Tregs and MDSCs [47].
CAFs in HCC secrete prostaglandin E2 and IDO to impair NK cell function [48]. In
addition, the secretion of IL-6 and stromal cell-derived factor 1a-CXCL12 in CAFs
promotes the MDSC generation [49].

2.7 Cytokines

An array of cytokines present in the HCC microenvironment plays a significant
role in tumor evolution [9]. Both parenchymal and non-parenchymal cells, as well as
infiltrating immune cells, are capable of secreting cytokines [9].

Several cytokines in the HCC tumor microenvironment are involved in HCC
progression [9]. Among them, IL-6 promotes the proliferation of hepatocytes [50]. A
higher level of serum IL-6 is correlated with an increased risk of HCC development
and metastasis [50].

IL10 is an anti-inflammatory molecule produced by innate, adaptive immune cells
and tumor cells [51]. As for the liver, IL-10 is produced by DCs, Kupffer cells, hepatic
stellate cells, liver sinusoidal endothelial cells, MDSCs, and T cells [51]. Increased
plasma IL-10 levels in HCC patients have been shown to be associated with poor
prognosis [52].

TGFp is produced by parenchymal and non-parenchymal liver cells in the tumor
microenvironment and regulates tumor cell proliferation, adhesion, and migration
[53]. In the liver tumor microenvironment, TGFp might promote the differentiation
of macrophages into pro-tumorigenic M2-type, induce the change of naive CD4" T
cells into Tregs, and inhibit CD8" T as well as NK cell immune function [53]. TGFp
also contributes to the development and progression of solid tumors [54]. TGFp could
activate hepatic stellate cells and is involved in the progression of liver inflammation
and fibrosis [54]. Hepatic stellate cells in turn are the main producers of TGFp [30]. In
the early stages of hepatocarcinogenesis, TGFp inhibits tumor cell proliferation and
promotes apoptosis [55]. However, after tumor progression, TGFf promotes apopto-
sis resistance and cell proliferation to support tumor progression and dissemination
[56]. Thus, the elevated level of plasma TGFp is correlated with decreased patient
survival in individuals with unresectable HCC [56].

IDO contributes to the conversion of tryptophan to kynurenine, which is consti-
tutively produced by various cells in the tumor microenvironment, including tumor
cells and IFNy-producing CD8" T cells [57]. In HCC, IDO overexpression is associated
with poor prognosis and tumor metastasis [58].

Macrophages can be induced into the HCC tumor microenvironment and differ-
entiated into a pro-tumorigenic phenotype by colony-stimulating factor 1 [59]. It was
reported that PLX3397 could block the colony-stimulating factor 1 receptor, inducing
the shift of macrophages toward an M1-like phenotype and promoting CD8" T-cell
infiltration [60]. This inhibition ultimately suppressed HCC tumor growth [60].

3. Immunotherapy of HCC
The immune-based approaches against HCC have been tested for many years,
mostly focusing on vaccination strategies, cytokines, or non-specific T-cell activation,

with most yielding disappointing results [61]. Nevertheless, with the FDA approval of
ICIs for cancer treatment, ICI-based therapy sheds light on HCC patients [62].
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3.11CI-based therapy

Immune cells, including B cells, T cells, DCs, monocytes, NK cells, TAMs, and
MDSCs, express immune checkpoints, which are specific subtypes of membrane-
bound molecules modulating the immune response [63].

Immune checkpoints display an immunosuppressive activity, which prevents
uncontrolled and continuous T-cell effector function upon initial stimulation to limit
collateral tissue damage [64]. Among them, PD-1, CTLA-4 (cytotoxic T-lymphocyte
protein 4), TIM-3, lymphocyte activation gene 3 (LAG-3) protein, and B- and
T-lymphocyte attenuator (BTLA) are the most studied immune checkpoint molecules
in cancer research [64].

PD-1is encoded by the Pdcdl gene, which is located on chromosome 2 (2q37) [65].
PD-1is the type I transmembrane protein of the immunoglobulin superfamily, which
contains an extracellular N-terminal IgV-like domain, a transmembrane domain, and
a cytoplasmic tail [66]. PD-1 is expressed by activated CD4" and CD8" T cells, B cells,
DC, NK cells, Treg, MDSC, and monocytes and plays a key role in the effector phase
of the immune response [67]. The ligands of PD-1 are PD-L1 and PD-L2 [67].

The PD-L1 gene is located on chromosome 9p24.1. PD-L1 is a heavily glycosyl-
ated protein, consisting of IgV and IgC domains. PD-L1 is primarily expressed in
hematopoietic cells, including antigen-presenting cells (APCs) and MDSCs, and is
also found in various types of parenchymal cells [67]. The expression of PD-L2 is
limited to hematopoietic cells [67]. PD-1 can block TCR signaling to inhibit CD8"
T-cell activation upon binding to PD-L1 or PD-L2 [68]. In addition, the binding of
PD-1 and its ligands can inhibit CD4" T-cell activation and proliferation by secret-
ing elevated IL-10 [68]. Cancer cells can evade immune surveillance by expressing
PD-L1 and PD-L2 to inhibit the function of CD8" and CD4" T cells [68]. In the tumor
microenvironment, sustained chronic exposure to TAAs prompts T cells specific to
these antigens to produce IFN-c, thereby inducing PD-1 expression on reactive T
lymphocytes [69]. However, the expression of PD-L1 increases in APCs and tumor
cells. The enhanced PD-1-PD-L1 engagements block T-cell receptor (TCR) signaling,
inhibiting T-cell proliferation and cytotoxic mediator secretion, ultimately leading to
T-cell exhaustion [69].

At the priming phase of CD4" T-cell activation, CTLA-4 is essential [70]. The
CTLA-4 gene is localized on chromosome 2q33, which consists of four exons [71].
The peptide leader, ligand-binding domain or IgV-like domain, transmembrane
domain, and cytoplasmic tail of the CTLA-4 protein are encoded by exon 1, exon 2,
exon 3, and exon 4, respectively [72]. CLTA-4 is expressed on activated T cells and
exhibits high affinity for CD80 and CD86, leading to reduced interaction with CD28,
thereby inhibiting T cell activation during antigen presentation. Tregs are CD4" T
cells, characterized by the presence of CD25, FoxP3, CTLA-4, and CD62L [70]. Tregs
constitutively express CTLA-4 to exert suppressive activity against activated T cells in
the tumor microenvironment [70]. Tregs inhibit the immune response through vari-
ous mechanisms, including (1) depletion of IL-2 and secretion of immunosuppressive
factors such as TGF-p, IL-10, and adenosine and (2) competition with costimulatory
CD28 via CTLA-4 [70].

The TIM gene is located on human chromosome 5g33.2 [73]. TIM-3 belongs to the
TIM family of type-I cell-surface glycoproteins, which contains a conserved extracel-
lular IgV domain with N-linked glycosylation sites, a transmembrane domain, and
an intracellular cytoplasmic tail with 5 tyrosines [74]. TIM-3 is broadly expressed
in innate and adaptive immune cells and interacts with various ligands, including
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galectin-9, phosphatidylserine, and others [75]. Galectin-9 is a soluble protein and
was confirmed to suppress T-cell responses [75]. Hence, TIM-3 is verified to act as

an inhibitory receptor for T cells from another perspective [75]. Furthermore, CD8
and TIM-3 double-positive T cells co-express PD-1 in animal models [75]. These cells
exhibit greater defects in terms of cell-cycle progression and production of effector
cytokines compared to those expressing PD-1 alone [75]. Thus, TIM-3 may cooperate
with PD-1 to produce severe dysfunctional CD8" T-cell phenotype in cancer [76].

Lymphocyte activation gene-3 (LAG3) is a potential cancer immunotherapeutic
target due to its negative regulatory role on T cells and its capacity, in combination
with PD-1, to mediate a state of exhaustion [77]. LAG3 is a 55 kDa type I transmem-
brane glycoprotein comprising four extracellular immunoglobulin (Ig)-like domains
(D1-D4) [78], a connecting peptide, and an intracellular region that transmits
inhibitory signals to the T cells upon binding to MHC class II and other ligands [79].
LAG-3 is a marker of exhausted T cells and is not expressed on resting T cells, and its
expression increases upon the activation of T cells [80]. LAG-3 plays a synergistic role
with PD-1 in aiding cancer cells to evade the immune system [80].

The BTLA gene is located on chromosome 3 in q13.2 in reverse orientation and
encodes a 289 amino acid long type 1 transmembrane glycoprotein (33 kD) [81]. The
BTLA protein consists of a signal peptide, an IgC-like extracellular domain, a trans-
membrane domain, and a cytoplasmic domain [82]. Several immune cells, including
T and B lymphocytes, DCs, and NK cells, express the immunoglobulin-like molecule
BTLA [83]. BTLA also inhibits T-cell proliferation and cytokine production upon
binding to its ligand [84].

ICIs disrupt the interaction between tumor cells and T cells to restore the antitu-
mor response of T cells and have contributed to a partial improvement in the survival
rates of HCC patients [85]. Currently approved ICIs for HCC treatment by the FDA
are nivolumab, pembrolizumab, atezolizumab, durvalumab, tremelimumab, tisleli-
zumab, ipilimumab, and sintilimab [86]. Camrelizumab was approved by the Chinese
Food and Drug Administration in 2020 and is expected to be approved by the FDA in
the near future [86].

Nivolumab, an anti-PD-1 IgG4 mono antibody, was approved by the FDA in 2017
as a second-line therapy for HCC patients after the failure of sorafenib treatment
[87]. In the phase I/II clinical trial CheckMate 040, which enrolled HCC patients with
varying Child-Pugh scores, nivolumab demonstrated a manageable toxicity profile
and significantly reduced tumor burden [88]. In the randomized, multicenter, open-
label, phase III trial CheckMate 459, the efficacy of nivolumab was compared with
that of sorafenib [89]. It was shown that drug-related adverse events were reported
in 12% of patients receiving nivolumab and 11% of patients receiving sorafenib [89].
The objective response rate was 15% in the nivolumab group and 7% in the sorafenib
group, respectively. However, the overall survival in the nivolumab group did not
reach the pre-defined statistical significance threshold, suggesting that nivolumab did
not improve overall survival over sorafenib [89].

Pembrolizumab, which was approved by the FDA in 2018 as a PD-1 inhibitor, was
evaluated in KEYNOTE-224 and KEYNOTE-240 in the second-line setting [90, 91].
In a phase II KEYNOTE-224 trial, the overall survival and progression-free survival
of patients treated with pembrolizumab did not reach statistical significance accord-
ing to the pre-specified criteria [90]. KEYNOTE-240 was a phase III trial conducted
in advanced HCC patients previously treated with sorafenib, who were randomized
to receive either pembrolizumab or a placebo [92]. The median overall survival and
progression-free survival of patients in the pembrolizumab group were 13.9 months
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and 3 months, respectively, compared to 10.6 months and 2.8 months in the placebo
group [92]. The toxicity profile of pembrolizumab was deemed acceptable, with 18.6%
of patients experiencing treatment-related adverse events, including seven deaths [92].

Camrelizumab, another anti-PD-1 antibody, was evaluated in a multicenter
randomized phase II trial for the treatment of Chinese HCC patients [93].
Camrelizumab, as a second-line agent for patients with advanced HCC, showed an
acceptable toxic profile with an objective response rate of 14.7% [93].

Atezolizumab is an engineered IgG1 monoclonal antibody designed to inhibit
PD-L1 specifically [94]. It was observed that the single-agent atezolizumab yielded a
median progression-free survival of 3.4 months with only mild adverse effects [94]. A
randomized phase Ib trial showed that the combination of atezolizumab and bevaci-
zumab led to improved progression-free survival in HCC patients, with a manageable
adverse reaction profile, compared to atezolizumab monotherapy [95].

Durvalumab, another anti-PD-L1 monoclonal antibody, has been administered
to unresectable HCC patients previously treated with sorafenib [59]. Durvalumab
was non-inferior to sorafenib for overall survival in a pre-specified non-inferiority
secondary endpoint analysis [96].

Tremelimumab is an anti-CTLA4 antibody [97]. The results of a phase I/II clini-
cal trial showed that tremelimumab achieved an overall response rate of 7.2%, with
a median overall survival of 15.1 months for patients diagnosed with unresectable
HCC. Furthermore, patient response was found to be closely associated with the early
expansion of CD8" T cells [98].

3.2 ICI-based combination therapy

Although ICI monotherapy has shown promising results in treating HCC,
response rates remain low [99]. In the hepatocellular carcinoma (HCC) tumor micro-
environment, multiple immunosuppressive factors exist. Therefore, it is unlikely that
ICI monotherapy, which targets only one active site, will substantially improve the
outcome for HCC patients [100]. Combining immune checkpoint inhibitors (ICIs)
with tyrosine kinase inhibitors (TKIs) or anti-VEGF monoclonal antibodies, as well
as employing dual ICI therapy, is likely to yield better patient outcomes compared to
single immune checkpoint blockade [101]. The IMbravel50 trial evaluated the com-
bination of atezolizumab and the VEGF inhibitor bevacizumab in comparison to TKI
monotherapy, with the aim of improving overall survival in advanced HCC patients.
This combination was approved by the FDA in 2020 [101]. Atezolizumab in combina-
tion with bevacizumab has become standard first-line systemic therapy for patients
with untreated advanced HCC, which is significantly superior to sorafenib [97].

The combination of ICIs nivolumab and ipilimumab, which inhibit the PD-1 and
CTLA-4 pathways respectively, was approved by the FDA in 2020 as a second-line
treatment for patients with advanced HCC [102]. The CheckMate 040 trial utilized
various dosages of nivolumab and ipilimumab to treat advanced HCC patients who
had previously received sorafenib. The trial showed promising results with manage-
able safety and an objective response rate of 32% [102].

Other therapies that combine ICIs with locoregional therapy, TKIs, or chemo-
therapy are also under clinical investigation [64]. After administering tremelimumab
following local ablative therapy, 26.3% of the HCC patients achieved a confirmed
partial response, accompanied by an increase in the number of intra-tumor CD8" cells
[103]. The probabilities of tumor progression-free survival at 6 and 12 months were
571% and 33.1%, respectively [103].
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The combination of pembrolizumab with lenvatinib showed promising antitumor
activity with manageable toxicities and no unexpected safety signals in a phase Ib
study involving 104 unresectable HCC patients [104].

Camrelizumab combined with a standard FOLFOX4 (infusional fluorouracil,
leucovorin, and oxaliplatin) regimen conferred an objective response and disease
control rate of 29.4% and 79.4%, respectively, in 34 patients with advanced HCC in
a multicenter phase Ib/II clinical trial [105]. The combined therapeutic approach
employed as the initial treatment regimen exhibited encouraging preliminary antitu-
mor efficacy alongside favorable safety profiles and tolerability [105].

3.3 Innovative immunotherapy strategies

With the advancement of CRISPR-Cas9 technology, the generation of chimeric
antigen receptor (CAR)-T cells has been revolutionized [106]. CAR-T therapy requires
the genetic engineering of the cancer patient’s own T cells [107]. When specific antigens
are recognized, CAR-T cells undergo significant expansion and can infiltrate the tumor
microenvironment to target tumor cells with high affinity [107]. However, the inhibi-
tory receptors on T cells, including PD-1, CTLA-4, and LAG-3, can impede CAR-T effi-
ciency [108]. Although no CAR T-cell therapy for HCC has been approved by the FDA,
some CARs against HCC have been developed [109]. CAR-NK cells were also used to
improve the targetability and efficacy of NK cells. In HCC, CAR-modified NK-92 cells
were used to specifically target Glypican-3 (GPC3)-positive tumor cells [110].

Several T cell receptor (TCR) engineered T cells (TCR-T) therapies were approved
for clinical use in the treatment of liver cancer. In a phase I clinical trial, HBV DNA
levels were reduced in most patients after treatment with TCR-T cells with advanced
hepatitis BHCC [111]. The mRNA-HBV-TCR-T cells were well tolerated in the treatment
of HCC patients with HBV infection and showed long-term clinical benefits [112].

Naturally occurring and genetically modified oncolytic viruses are designed to
replicate in tumor cells while sparing normal cells, thus targeting tumor cells specifi-
cally [113]. The use of the JX-594 vaccinia virus as an oncolytic virus, exhibiting
oncolytic activity, was found to be safe and demonstrated a dose-related survival
benefit in advanced HCC patients [114]. However, in a subsequent phase IIb trial,
Pexa-Vec did not improve the overall survival of advanced HCC patients treated with
sorafenib previously [115].

Cancer vaccines can activate the adaptive immune system of the patient to elimi-
nate tumors [116]. A study demonstrated that a cancer vaccine containing personal-
ized neoantigen peptides improved recurrence-free survival among postoperative
HCC patients [117].

A Phase I trial involving 17 patients suggested that intra-tumor injection of the
immune-priming agent, ilixadencel, a pro-inflammatory allogeneic DC, into patients
with hepatocellular carcinoma (HCC) elicited tumor-specific immunologic responses
[118]. In a phase I/II trial, the intradermal administration of HepaVac-101-a combined
peptide antigen and an RNA-based immunostimulator into early to immediate-stage
HCC patients was found to be safe and effective [117].

Adoptive cell therapy (ACT) is also known as cellular immunotherapy. Adoptive
transfer of NK cells from peripheral blood in combination with HCC cryoablation
improved global immune function and prolonged the progression-free survival
of advanced HCC patients [119]. NK cells can be derived from stem cells, from
peripheral blood NK cells of a healthy donor (allogeneic condition), from the patient
(autologous condition), or from the NK-92 cell line.
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A phase I study has reported that ACT of allogeneic cytokine-induced killer (CIK)
cells prevented HCC recurrence after liver transplantation [120]. Moreover, two phase
III clinical trials have demonstrated that NK-based CIK therapies were well tolerated
and improved the overall survival of advanced HCC patients [121, 122].

4. Conclusions and future perspectives

Immunotherapy has opened a new era and remains an active area of research in
treating advanced HCC. Many clinical trials are ongoing to evaluate ICIs and ICI-
based combination therapies. Despite these unprecedented and encouraging results,
only 20-30% of patients respond to immunotherapies, and so far biomarkers have
failed to clearly elucidate the responding groups [123]. The presence of multiple
alternative pathways and factors can bypass ICIs. Moreover, some patients develop
immune resistance after successful ICI therapy. The potential causes of immune
resistance in HCC patients to ICI-based therapies are complex and diverse. Resistance
to ICI-based therapy might be attributed to impairment in antigen recognition and
presentation, abnormal activation and proliferation of immunosuppressive cells,
increased secretion of inhibitory cytokines and chemokines, and exhaustion of
cytotoxic T cells. Additionally, tumor antigen deletion, tumor heterogeneity, and
gut microbiota collectively contribute to resistance against ICI-based therapies.
Nevertheless, the mechanisms of ICI-based therapy resistance are not fully elu-
cidated. Better insight into the complex immune microenvironment of HCC may
further help us pave the way to new therapeutic options. Despite these challenges,
ongoing research offers a promising path toward more efficacious and safer innova-
tive therapies. Undoubtedly, the convergence of immunotherapeutic modalities,
coupled with the continuous progress in scientific investigation, holds promise to
advance HCC patients’ care.

The current mainstream combination therapies, which involve combining ICIs
with other ICIs, TKIs, targeted therapy, chemotherapy, and local-regional therapy,
have demonstrated better outcomes. Therefore, the incorporation of immunotherapy
combinations into the HCC landscape is changing the natural history of the HCC and
will be the backbone of future drug development.
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Abstract

mRNA-based cancer vaccines have emerged as a transformative approach to
combating cancerous cells among all cancer immunotherapy options. mRNA vac-
cines that encode tumor-specific antigens (TSAs) or neoantigens are responsible for
arobust response to cancer. Unlike DNA vaccines, neoantigen-based mRNA vaccines
are the preferred choice due to ease in scalable production, flexible neoantigen design,
improved stability, structural optimization for enhanced translation efficiency, and
decreased chances of genomic integration. Encapsulation of nonreplicating mRNA
into a lipid nanoparticle-based delivery system further augments mRNA uptake
and promotes endosomal escape. Recent advancements in machine learning and
deep learning models can assist in designing solutions to the recurring problems of
neoantigen mRNA vaccines by addressing the challenges such as tumor heterogene-
ity, neoantigen variability, the discovery of novel biomarkers, antigen presentation,
and modulation of tumor microenvironment (TME) through initial experimental
validations. This chapter highlights the convergence of mRNA technology with
Al-optimized neoantigen prediction using machine learning and deep learning tools
for effective therapeutic options.

Keywords: mRNA vaccines, cancer immunology, immunogenicity of mRNA vaccines,
artificial intelligence, personalized cancer vaccines, tumor microenvironment, delivery
systems

1. Introduction

Cancer immunotherapies have challenged the conventional treatment options for
cancer that detect the tumor antigens and effectively eliminate the malignant cancer-
ous cells from the host body [1]. The passive approach for neoplasm immunotherapy
involves monoclonal antibodies and adoptive T-cell therapy [2]. The active cancer
immunotherapy approach that harnesses the power to generate a specific, robust,
long-term, and sustained immune response includes cancer vaccines [3]. Among
cancer vaccines, nucleic acid-based vaccines, such as RNA cancer vaccines, have
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attracted researchers due to the production of significant clinical outcomes in cancer
patients without prior knowledge and restriction to the patient's human leukocyte
antigens (HLAs). RNA-based cancer vaccines avoid risks like genomic integration and
infection, making them safer than DNA- or viral-based platforms. The rapid, flexible
design of RNA cancer vaccines enables personalized treatment targeting tumor-
specific antigens [4].

The promising RNA cancer vaccines encompass RNA molecules that encode
anti-tumor antigens to provoke cell-mediated and humoral immunity against the
rapidly dividing cancerous cells [5]. RNA-based cancer vaccines have two principal
approaches: direct vaccination using mRNA or RNA pulsed iz vitro dendritic cells
(DCs) as cancer vaccines [6]. The limitations and issues of DC cancer vaccines,
including vaccine dose, ways of DC vaccine administration for robust immune
response, number of antigens pulsed into DC (whether various tumor-associated
antigens (TAAs) or RNA from the whole tumor), amplification, and in vitro RNA
transcription drift, shift the focus toward mRNA cancer vaccines to achieve optimal
immune response [7].

The concept of mRNA as a vaccine was introduced by Wolf et al. when they
directly transfected the skeletal muscle cells with mRNA-encoding proteins luciferase
and chloramphenicol acetyltransferase for their expression in mice in 1990 [8].

In 1993, research commenced on preventing tumor progression using mRNA
cancer vaccines [9]. The successful induction of anti-influenza cytotoxic T lympho-
cytes (CTLs) with the help of mRNA-encapsulated liposomes encoding nucleoprotein
of influenza into mice led to the development of mRNA vaccines encoding tumor-
associated or tumor-specific antigens transfected into dendritic cells in both in vitro
and in vivo experiments [7, 9]. As technological advancements prevailed, scientists
eradicated the early drawbacks of mRNA cancer vaccines, such as low expression
efficiency and RNA instability, with the optimized structure of mRNA, increased
stability, efficient delivery methods, and lucrative clinical trials [10]. Until now,
scientists have approved and used various mRNA vaccines against infectious dis-
eases caused by the human immunodeficiency virus (HIV), rabies virus, Zika virus,
encephalitis virus, and bacterium named Mycobacterium tuberculosis [11]. For the past
few years, they have been used as protein replacement therapy for abnormal proteins
such as erythropoietin, factor IX, ornithine transcarbamylase, and follistatin [12].
mRNA vaccines ushered in a new era of rapid vaccine development when, in 2020,
researchers got the two mRNA-based COVID-19 vaccines by Moderna Inc. (mRNA-
1273) and Pfizer-BioNTech (BNT162b2) approved in an emergency from the FDA
[13]. Subsequently, the approval of other mRNA-based vaccines against SARS-CoV-2
infections produced by other companies worldwide in the next year will further
stimulate the development of mRNA-based cancer vaccines [14, 15].

The development of mRNA vaccines encoding tumor-specific antigens called neo-
antigens incessantly faces challenges due to the limited data and insufficient computa-
tional tools for neoantigen prediction, eventually influencing vaccine efficacy against
tumors. Advanced bioinformatics tools, including machine learning and deep learning,
address such challenges in vaccine development to overcome the hurdles in predictive
results. They provide accurate results through an extensive evaluation of cancer of
input data from immunological profiles. Integration of Al, machine, and deep learning
tools, such as support vector machines (SVMs), random forest plots, convolutional
neural networks (CNNs), and graph neural networks (GNNs), is crucial for refin-
ing results of mRNA secondary prediction, neoantigen prediction, novel biomarker
discovery, optimization of lipid nanoparticle (LNP)-encapsulated mRNA vaccine, and
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immunogenicity potential of vaccine candidates. This chapter describes the basics of
mRNA cancer vaccines, the challenges involved in vaccine design, and the role of deep
learning in addressing these challenges. The study aims to address the mentioned chal-
lenges in neoantigen cancer design through the role of Al-driven insights and advanced
deep learning models to design and develop personalized mRNA cancer vaccines.

2. Classification of mRINA cancer vaccines
2.1 Based on encoding antigens

Selecting an antigen with a robust yet controllable T-cell immune response with
high specificity against tumors is one of the primary steps in developing an mRNA
vaccine [16]. Since the new technologies involve the cost-effective production of
tumor sequences of in vitro transcribed mRNA, each mRNA cancer vaccine encod-
ing different tumor antigens has promising immune responses after identifying
specific tumor target sites [17]. There are three types of tumor antigens that mRNA
vaccines can encode: (@) Tumor-specific antigens (TSAs) or neoantigens: They are
overexpressed on cancerous cells due to non-synonymous mutations in the neoplastic
cell genome or aberrant posttranslational modifications (PTMs) [18]. MHC class
molecules represent them on the tumor cell surface, making them highly specific
for tumors with low central tolerance levels, strong immunogenic potential, and low
tumor regression rate [19]. They are homogeneously produced by tumor cells hav-
ing a mutational load greater than 150 non-synonymous mutations. Each tumor can
produce thousands of TSAs, as evidenced by exon sequencing analysis of 13 tumors of
different cancers [20]. Various studies reported an increased level of cytotoxic T lym-
phocytes (CTLA4), programmed cell death (PD-1), and CD8A associated with high
levels of immunogenic neoantigens, which eventually leads to a high survival rate in
endometrial cancer, as well as RNA sequence analysis from the Cancer Genome Atlas
[21]. Machine learning, next-generation exon sequencing, and automated screening
have enabled TSA prediction by identifying somatic mutations and abnormal tran-
scription and translation processes [22]. (b) Tumor-associated antigens (TAAs): They
are generally overexpressed on neoplastic cells but are also expressed at a low level in
normal cells, making them unique in tumors. TAAs comprise carcinoembryonic and
tissue differentiation antigens with low immunogenic potential, tumor specificity,
and central tolerance levels. They are non-mutated self-antigens, which cause poor
immune response in cancer immunotherapy. TAAs on normal cells also cause col-
lateral damage [23]. Currently, mRNA cancer vaccines targeting multiple TAAs are
combined with vectors and adjuvants to stimulate a robust anti-tumor response in the
tumor microenvironment in the clinical setting [24]. (¢) Viral Antigens: mRNA can-
cer vaccines encoding viral antigens are making waves in cancer immunotherapy due
to their remarkable therapeutic response in various cancer types associated with viral
infections such as HIV, human papillomavirus (HPV), hepatitis B, and Epstein-Barr
virus [25]. Current research demonstrated mRNA cancer vaccines’ strong immuno-
genic and anti-cancerous effects targeting HPV in animal trials [26].

2.2 Based on the nature of mRNA molecule

mRNA cancer vaccines are also classified into nonreplicating or conventional
mRNA, self-amplifying (saRNA), and trans-amplifying mRNA cancer vaccines
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(taRNA) based on the replicating nature of messenger RNA [27]. The traditional
mRNA vaccines consist of untranslated regions (UTRs) of mRNA alongside the
encoded antigens [28]. The benefits of conventional mRNA vaccines include specific
immune response, small RNA size, and simple structure [29]. Contrarily, self-ampli-
fying mRNA vaccines can tackle infections with maximum efficacy and minimal
effects. They contain the self-replicating single-stranded RNA (+) (ssRNA). They are
also known as virus-inspired vaccines, as the viruses contain the unique replicating
RNA that exploits host nucleotides and ribosomes to form the replicating machinery
for the virus [30]. saRNA vaccines own the alphavirus genome encoding viral non-
structural proteins (nsPs), which replace the preferred antigen to elicit an immune
response. It allows saRNA vaccines to produce multiple copies of RNA; consequently,
alarge yield of vaccine antigens is expressed [31]. A high antigen expression level
can be achieved at relatively low doses of saRNA vaccines [32]. However, they are of
lengthy sequences (9-12 kb), making their production more arduous on an industrial
level than a conventional mRNA vaccine [33].

3. Components of mRNA cancer vaccines

Generally, the mRNA cancer vaccine comprises antigens, adjuvants, and targeted
advanced drug delivery systems [34]. The tumor antigen should be highly tumor-
specific to elicit a potent and sustained cellular and humoral immune response
by the mRNA cancer vaccine [35]. The other fundamental immune component is
adjuvant, which should synergistically affect neoantigen-related immune responses
[36]. Furthermore, the delivery system and vectors are required to deliver mRNA
molecules because of the anionic, easily degradable, and low penetration nature of
mRNA molecules [37]. Subsequently, the mRNA sequence is optimized by modifying
its components to make the mRNA cancer vaccine more efficient [38]. However, the
structural integrity of the mRNA sequence should be preserved for its stability and
expression capacity in the host (Figure 1) [39].

mRNA in a cancer vaccine is a negatively charged and single-stranded molecule
generally composed of an mRNA sequence, which is made up of (i) a5’ cap (5 prime
caps), (ii) a 5" untranslated region (5 prime UTR), (iii) an open reading frame (ORF),
(iv) a 3’ untranslated region (3 prime UTR), and (v) a poly (A) tail [40]. The mRNA
sequence is modified to encode the tumor antigens translated into the targeted
protein. The in vitro transcription (IVT) process for mRNA synthesis has been much
more developed [41]. The raw products obtained from the in vitro transcription
process of linear plasmid DNA are the required mRNA, untargeted or nonspecific
mRNA, oligonucleotides, nucleotides, and various proteins [42]. Targeted mRNA
is then purified and extracted from the product mixture by precipitation methods
to remove the impurities and high-performance liquid chromatographic (HPLC)
techniques to separate it from the rest of the components [43]. The five prime cap is
one of the essential structural elements of the mRNA sequence. The 5’ cap comprises
7-methyl guanosine (7mG) attached to the 5’ end of mRNA (m7GpppN), naturally
occurring in eukaryotic organisms [44]. The cap is attached to the first nucleotide
of the five prime ends of RNA via a tripolyphosphate connection, eliminating the
phosphate-free groups, thus enhancing mRNA’ stability. It also plays a vital role in
mRNA maturation by regulating pre-mRNA splicing and export from nuclei, pro-
tecting the RNA from exonuclease degradation, and initiating its translation [45].

In addition to maturing the pre-mRNA, the m7GpppN cap helps recognize the host
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Structural Components of mRNA
« 5'cap: increases mRNA stability through capping efficiency
« 5'and 3' UTRs: regulate mRNA activity
« ORF: Directly affects mRNA translation and antigen expression
through codon optimization and sequence modification
 Poly (A) Tail: increase mRNA stability with tail length
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Open Reading Frame Encoding Tumor Associated
Antigens (TAAs) or Tumor Specific Antigens/
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5'UTR: Untranslated Region at 5'end of mRNA
3'UTR: Untranslated Region at 3'end of mRNA

Figure 1.
Structural components of mRNA-encoding tumor antigens. mRNA has a 5 cap, 5’ and 3’ untranslated regions
(UTRs), an open reading frame (ORF), and a poly(A) tail at 3end.

self mRNA molecule and its binding affinity for the eIF4F heterodimeric complex to
initiate the translation process [46]. In vitro capping of mRNA is done in two ways.
The first approach involves the addition of cap analogs, whether regular traditional
m7GpppN caps or anti-reverse cap analogs (ARCAs), together with the in vitro
transcription process. The other approach for mRNA capping is through an enzymatic
reaction following the in vitro transcription (IVT) process [47].

The conventional capping of IVT mRNA with m7GpppN made the isomers of
mRNA as cap analogs that can bind to the mRNA sequence reversibly. The formation
of RNA isomers leads to decreased mRNA translation, making mRNA vaccines less
efficient [48]. Five prime cap anti-reverse analogs were introduced by modifying
the carbon number 2 or 3, ensuring the reaction of the cap methyl group with the
hydroxyl group at the binding site during the transcription process to avoid cap
reversible addition in mRNA [49].

The in vivo mRNA expression and mRNA stability are regulated by the 5" and
3’ UTR. The regions contain codons that are not translated by translation factors in
the host. Studies have shown that both regions are vital in converting mRNA into its
secondary structures, effective recognition, and interaction by ribosomes, as well as
translation factors and components [50].

5’ UTRs directly influence the rate of translational efficacy and stability, as they
determine the translation of the subsequent open ORF sequences. To ensure accurate
translation, the 5" UTRs should avoid genome sequences identical to upstream ORF
regions or start codons. The optimization of 5 UTRs by adding specific sequences
such as GCC-(A/G)-CCAUGG revealed a targeted start of the translation process.
Researchers reported that avoiding lengthy 5' UTRs and highly stable mRNA second-
ary structures and replacing them with short and loose sequences of 5" UTRs iz vitro
transcribed mRNA are more favorable for mRNA translation [51].
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3’ UTR is present at the three prime ends of mRNA. The decay of mRNA and the
expression level of mRNA in vivo are also significantly associated with the modifica-
tion of 3' UTR [50]. The most used 3’ UTR sequence originated from human alpha
and beta globin mRNA in IVT mRNA [52]. Though 3’ UTR contains complete AU and
GU pair sequences as unstable factors, preventing such sequences and incorporating
the stable elements in 3’ and 5" UTRs directly influence the rate of translational effi-
cacy and stability, as they determine the translation of the subsequent ORF sequences.
3’ UTR significantly improves the mRNA stability and decay half-life. The attachment
of two 3' UTRs containing stable components can lucratively increase the efficacy of
mRNA translation [53].

The crucial component of the mRNA sequence is an ORF due to the presence of
translatable codons. The ORF contains readily translated codons and rare codons [54].
Therefore, researchers can employ different codon optimization strategies to increase
the yield and amplification of mRNA and proteins [55]. The introduction of highly
expressed genes in linear plasmid DNA replacement of rare codons with frequent
codons of identical sequences, which have a higher abundance of tRNA, boosts the
translation process of mRNA [56]. ORF should not have the upstream start codons
before the actual codons [57]. The translation rate is crucial to producing a high-
quality protein with an optimized and effective folding structure [58]. The presence
of rare or uncommon codons in an open reading frame ensures a delayed translation
process to yield highly folded quality proteins [59]. Hence, a high expression rate can
sometimes be detrimental, as some proteins require delayed translation of the ORF
[57]. Some antigens demand slower or higher translation rates; depending on that,
scientists apply different optimization strategies for ORF codons [60].

Poly (A) tail is another critical element that affects RNA stability, increases the in
vivo half-life, enhances translation, and prevents mRNA from degradation by RNA
exonucleases [61]. The terminal part of mRNA comprises 250 nucleotides in healthy
mammalian cells. Its length gradually decreases over time within the cytoplasm.
However, most mRNA vaccines should contain mRNA that has a poly (A) tail 100
nucleotides long. Different cells have different lengths of poly (A) tail structures in
their mRNA [62]. It was observed that well-translated mRNA usually has shorter poly
(A) tail sequences in dendritic cells, while T cells' mRNA has lengthy poly (A) tail
sequences for optimal and efficient translation [62]. Therefore, adjustments should
be made to optimize the poly (A) tail length and mRNA translation. The tail has poly
(A) binding proteins (PABP) that link with the 5’ cap with the aid of eIF4E and eIF4G
(initiation factors of translation), which helps mRNA to remain enclosed in a loop-
like structure [63]. This adjoining ultimately assists the poly (A) tail in maintaining
stability and mRNA translation efficiency [64].

4. Delivery system for mRNA cancer vaccines

Earlier experiments demonstrated that naked RNA can be inserted into the host to
reach the target site subcutaneously, intramuscularly, or intradermally. Nevertheless,
large size (approximately 106 Dalton), negative charge, longer half-life (7 hours),
and easy degradation by RNA exonucleases in dermal and other tissues hinder
the systemic absorption and uptake of naked RNA without any delivery system.
Subsequently, the translation efficacy and tumor antigen expression become insig-
nificant. Naked mRNA also faces the problem of permeation in the skin when injected
via a subcutaneous route [65]. Though various techniques such as microneedling,
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iontophoresis, jet injection, sonophoresis, and electroporation have been developed,
the administration of mRNA without any adjuvant or delivery system still has
unavoidable problems. Therefore, many modalities for delivering mRNA cancer vac-
cines in the host are being designed. The mRNA can be mediated by viral vectors and
delivery systems made of lipids and polymers [66].

Viral vector-based mRNA vaccine delivery involves delivering viruses with genetic
modifications. Typical examples are flavivirus, alphavirus, and picornavirus [67].
However, the significant drawbacks linked with viral vectors are cytopathogenicity,
host rejection response, and genetic integration into the host genome, which can go
unnoticed [68]. Hence, lipid-based and polymer-based delivery systems are needed
for mRNA cancer vaccines. With successful vaccine development for COVID-19,
LNPs comprising cationic lipids encapsulating mRNA vaccines are making waves in
cancer immunotherapy globally [69]. The lipid delivery system includes mRNA can-
cer vaccine delivery in LNPs, liposomes, solid-lipid nanoparticles, nano lipid carriers,
lipoplexes, and cationic nano-emulsions of variable sizes ranging from 80 to 200 nm
[70]. Endocytosis can move LNPs and other forms into cells [71]. The elements of
the lipid system can hold the polyanionic RNA molecule and enclose it into a 100 nm
particle size by aggregating it. Each component of the lipid system plays a significant
role in creating an efficient delivery system; the cationic lipid assists in releasing the
RNA through ionization into the cytoplasm, polyethylene glycol (PEG) prevents the
LNP-mRNA complex from degradation and increases the half-life of the complex,
cholesterol enhances the structural compatibility and stability of LNPs enclosing the
mRNA vaccine, and phospholipids allow the nanoparticle complex to make a lipid
bilayer structure for its smooth transfer across the lipid cell membrane [72]. The
frequently used cationic lipids to deliver mRNA are DOTAP and DOTMA [48, 73].
The different administration routes of LNPs can induce different immune responses.
The high yield of mRNA is achieved through IV injections of LNPs, while local effects
can be mediated through dermal or topical delivery routes, which are subcutaneous,
intradermal, and intramuscular in metastases treatment [74]. Currently, LNPs having
mRNA targeting various TSAs (neoantigens) as monotherapy or combined therapy
with a monoclonal antibody named pembrolizumab are being investigated in the
treatment of cutaneous melanoma, solid tumors, gastrointestinal cancer, pancreatic
cancer, non-small cell lung cancer (NSCLC), and colorectal cancer [75]. The polymer
delivery system involves the encapsulation of mRNA between the strong binding of
cationic polymers and anionic nucleic acids such as RNA [76]. The bonding prevents
the breakdown of RNA through ribonucleases, thus playing a vital role in mRNA
translation efficiency and stability. Examples of polymers include polyesters such as
poly lactic glycolic acid (PLGA), PEI, dendritic polymers, and polyamino acids [77].
The polymers are beneficial in terms of extended half-life, long shelf life, aggregation
of nanostructures in water conditions, and lyophilization. The polymer is combined
with a lipid delivery system for tunable targeting of tumor antigens encoded by the
mRNA cancer vaccine in various cancers [78]. However, the polymers used in the
delivery systems are potentially more toxic than the LNP complex. They do not get
engulfed quickly by cytoplasm, thus having a lower transfection rate [79]. A lipo-
polyplex is a hybrid delivery system in which a lipid shell encapsulates a complex of
anionic mRNA with a cationic lipid molecule [80]. It tends to avoid agglomeration
more than conventional lipid systems. It provides remarkable stability and efficiency,
less toxicity, increased genome transfer, and facilitated endocytosis in antigen-
presenting cells (APCs) [81]. A lipoplex vaccine named BNT111 targeting four TSAs
is evaluated for its efficacy in advanced melanoma [82]. The same lipoplex vaccine
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is also assessed as monotherapy or combined therapy with anti-PD-1 cemiplimab
against refractory terminal melanoma in clinical trials [83]. Lipoplex-encoding
tumor-specific antigens known as BNT122 are also evaluated for their efficacy against
solid tumor diagnoses and treatment in different phases [84].

5. Mechanism of mRNA vaccines
5.1 mRNA release and antigen presentation

Generally, mRNA cancer vaccines activate the immune system through the same
pathways as mRNA vaccines work against infections. A cancer vaccine encompasses
adjuvant and immunogenic components. The immunogenic or antigenic component
encodes the protein, and the adjuvant stimulates an innate immune response and
T-cell activation [85]. In mRNA cancer vaccines, the delivery system, such as ioniz-
able LNPs, encapsulates mRNA, which can function as both an immunogen and an
adjuvant. The LNP and mRNA complexes are highly effective adjuvants. When LNPs
with mRNA-encoding tumor antigens enter the human body, two types of immune
responses are produced: (i) an innate immune response and (ii) an adaptive immune
response [86]. The ionizable lipid molecule, a critical adjuvant in mRNA cancer vac-
cines, allows the infusion with the host cell cytoplasm and delivers the mRNA through
endocytosis. It also promotes mRNA cellular uptake and escape from an endoscope.
Other than ionizable lipids, mannosylated lipids encapsulated mRNA, causing mRNA
to accumulate into APCs rapidly and, consequently, increasing mRNA uptake by
APCs [87]. A strong anticancer response is initiated when antigen-presenting cells
mature and show increased antigen-presentation sites on their surfaces. The toll-like
receptor 4 (TLR-4) fuses with LNPs, thus mediating internalization and endocytosis
through fusion with endosomes [88].

Both types of mRNA cancer vaccines encode TAA and TSA, which follow the exact
core immune activation mechanism [89]. Once mRNA enters APCs, it undergoes
endocytosis by fusing with early and late endosomes. Some endosomes are recycled
and removed from the cells by exocytosis [90]. The other route is mRNA degradation,
when mRNA is trafficked into lysosomes [90]. The small amount of mRNA from LNP
can escape the heavy traffic of endosomes to stimulate both types of immunity [91].
mRNA undergoes translation to make antigens, which degrade into smaller peptide
fragments. The peptides bind to major histocompatibility molecules, which appear on
the outer surface of APCs. The nonimmune nucleated cells uptake mRNA and attach
the resulting peptide fragment after antigen expression through MHC I molecules.
However, APCs can induce an immune response by presenting antigens through MHC
I'and IT molecules. Off-targeting, along with immunological tolerance, is a significant
problem in the case of mRNA vaccines encoding TAAs, which can cause antigen
expression across several types of tumors. However, tumor-specific antigen-coded
mRNA vaccines, such as those targeting KRAS mutations, play a significant role in
tumor specificity with less chance of producing off-target effects. KRAS-mutated
antigens break into smaller peptide fragments, bind to MHC I molecules, and activate
cytotoxic T lymphocytes (CTLs) and memory T cells [92].

In mRNA cancer vaccines, adjuvants also play a critical role in the rate and amount
of antigen expression by initiating mRNA translation and releasing signal molecules
[93]. For example, enrichment of mRNA with modified nucleotides such as meth-
ylpseudouridines and codon optimization in an open reading frame makes efficient
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mRNA translation paired with boosted antigen presentation in cancer immunother-
apy. Similarly, adjuvants assist in antigen presentation to dendritic cells by stimulating
TLR and interferon (IFN) gene pathways through MYD88, nuclear factor kappa B
(NF-KB), and cyclic GMP-AMP synthase (cGAS) to elicit adaptive immunity [94].

5.2 Innate and adaptive immunity

A complex cascade of intracellular pathways stimulates innate immunity. The
mRNA acts as an exogenous motif or pathogen-associated molecular pattern (PAMP)
in the human body when it utilizes the host ribosomes to make the target antigenic
proteins [66]. The pattern recognition receptors (PRRs), including retinoic acid-
inducible gene-I-like (RIG-I-like) receptors (RLRs), RNA-dependent protein kinase
receptors (PKRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs),
ZBP1, and oligoadenylate synthetase (OAS), are particularly expressed in APCs,
including macrophages, DCs, and B lymphocytes, and are responsible for initiating
and regulating the immune signaling pathway led by chemokines and pro-inflamma-
tory cytokines [66, 95].

TLR 7 and 8 receptors, which reside on endosomal surfaces other than PRRs,
mediate the activation of transcription factors. These factors move into the nucleus to
kickstart the translation and expression process of interferon type I, III, and pro-
inflammatory cytokines [96]. RLRs initiate the same cascade, as some receptors reside
in the nucleus beside the cytoplasm. The activation of PRRs and TLRs significantly
increases the functional capacity of dendritic cells, thus causing enhanced maturation
and activation of T cells. This recognition further stimulates the release of interferon
alpha and gamma (IFN-a, y), interleukin-12 (IL-12), and tumor necrosis factor-o
(TNF-a) (Figure 2) [97].

When mRNA escapes the endosomes, it undergoes translation and is processed
into either type of tumor antigen. mRNA goes under degradation afterwards, which
is carried into two pathways. The breakdown of mRNA by proteasomes produces
intracellular peptide fragments, which combine with the MHC I to form a complex on
APCs. Subsequently, the peptide-MHC I complexes are identified by CTLs, causing
them to differentiate and mature, thus mediating the direct killing of cancerous cells
by CTLs. The secreted antigens undergo endocytosis by lysosomes, joining with MHC
II molecules to form complexes, causing differentiation and maturation of CD4+
T lymphocytes. The lymphocytes then stimulate the B lymphocytes to produce the
corresponding antibodies, eventually destroying the tumor cells. mRNA vaccine
efficiency also depends on generating memory B and T cells through tumor antigen
expression to prevent metastasis or tumor recurrence relapse [98]. The administration
of BNT162b, following the second dose in leukemia patients, resulted in persistent
activation of T memory cells and CD8+ cells. Once innate immunity is activated,
IFN-I impairs mRNA translation and accelerates the adaptive immune response
development. After draining into lymphatic nodes, the mRNA vaccine molecules
reached B cells, immature T cells, and monocytes [99]. B cells recognize the mRNA
and undergo genetic mutations to produce diverse and specific immunoglobulins
against the antigens [100].

On the other hand, naive T cells mature into follicular T-cells (TfH) when they
reach secondary lymphatic organs known as germinal centers [101]. The mutated
B-cells, called follicular B cells, then interact with the follicular T-cells to undergo a
further process of robust cellular division and hypermutation in the germinal center.
Additionally, this interaction assists the selection and survival of high-affinity B cells
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Figure 2.

Immune mechanisms of mRNA cancer vaccine. mRNA is endocytosed by TLR 4 receptor and recognized by TLR 7
and 8 receptors to produce cytokines, interferons, interleukins, and TNF-a. mRNA translates into TAAs or TSAs,
which degrade into peptide fragments by proteosomes or lysosomes to bind with MHC I and MHC II molecules on
the cell surface. MHC I and II complexes induce cytotoxic T lymphocyte-mediated killing of cancerous cells using
CD8+ and CD4+ pathways, respectively.

from apoptosis. The critical evolutionary step differentiates B cells into high-affinity,
long-lasting plasma cells (LLPCs) and germinal center long-term memory B-cells
(MBCs). The plasma cells secrete two types of antibodies: the ones that will fight the
immunogen and the neutralizing antibodies that will sterilize the immunity [102].
Contrarily, the MBCs generate a burst of high-affinity B cells after exposure to exog-
enous molecules [103]. mRNA vaccines also provoke class switching of antibodies,
primarily of immunoglobulin G isotypes, ultimately leading to enhanced stimulation
of defensive complement proteins and opsonization by antibodies or plasma proteins
against neoplastic cells [104].

6. Benefits of mRNA cancer vaccines

mRNA cancer vaccines are drawing attention as a novel approach that utilizes
genetic information to direct cells to express tumor antigens and trigger defensive
cells to destroy the tumor cells [102]. mRNA molecule, the smallest genetic molecule,
is safe, well-tolerated, noninfectious, and non-integrational, and it potentially
encodes any tumor antigen. It is highly flexible and allows the smooth modification
of the final product after the translation process [105]. Many approaches are avail-
able that modulate the immunogenic potential of mRNA, resulting in a safe immune
response against tumors. Novel drug delivery approaches are the desired vehicles to
safely carry and transfer the mRNA into cells, saving it from RNA exonucleases and
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immediate degradation [106]. Furthermore, the manufacturing process of mRNA,
particularly the in vitro transcribed process, is rapid, economical, and scalable. The
supportive results from ongoing preclinical and clinical trials of mRNA cancer vac-
cines have shown their potential against several cancers, such as breast, melanoma,
and prostate [107].

7. Examples of mRNA cancer vaccines

Since the revolutionary breakthrough of COVID-19 vaccines, the FDA has
approved two mRNA vaccines that can be used prophylactically in cancers associ-
ated with viral infections due to their remarkable efficacy in preventing the chances
of tumor cell growth [108]. The first vaccine is designed to cure HPV infections and
prevent the associated cervical cancer. The other vaccine treats hepatitis B and can be
used to prevent the likelihood of associated liver cancer [106, 109].

8. Challenges of mRNA cancer vaccines

Based on an extensive literature survey, the following drawbacks are considered
highly crucial in order to make mRNA-based cancer vaccines.

8.1 mRNA stability issues

The relatively more straightforward and more efficient manufacturing process
of mRNA produces mRNA in less time. Nevertheless, the final product is highly
susceptible to instability due to extracellular RNA nucleases and high temperatures
during storage and transportation. The storage, transportation, and administration
conditions for mRNA delivery are super cold chain temperatures at -20 or -70°C
and a sterile RNA degradative enzyme-free environment [110]. Also, mRNA hydro-
lyzes at a pH higher than 5 [111]. Therefore, RNA cancer vaccines must be stored in
a slightly acidic medium. Apart from iz vitro stability, the inherent in vivo stability
of mRNA is also a significant challenge in preserving its integrity while reaching
immune and nonimmune cells safely. The physicochemical properties of mRNA
majorly affect the stability of the mRNA molecule. The physical degradation of
mRNA involves the natural tendency of mRNA to form agglomerates, leading to
compromised translation [112]. Chemical degradation involves the breaking down
of mRNA by RNA 5’ exonucleases, endonucleases, acids, polymerases, helicases,
ribozymes, and chaperones [113]. The current modified approaches to stabilize
mRNA structure are capping, optimization of the 5" and 3’ UTRs, optimization of
codons in the translation region of mRNA, enrichment of GC content, and addition
of a poly(A) tail [114]. However, these approaches may potentially impact immuno-
logical recognition [115]. Furthermore, the optimum and stabilized formulation of
an mRNA cancer vaccine should comprise sodium phosphate, sucrose, adjuvants,
and encapsulation into LNPs [116].

8.2 mRNA delivery issues

Due to poor in vivo cellular absorption and deterioration by extracellular nucle-
ases, successfully delivering mRNA into cells remains a significant challenge [117].
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The stability and efficacy of the delivery system holding mRNA are paramount. It
employs the successful delivery of mRNA to immune-stimulating cells. The malfunc-
tioned delivery system does not effectively deliver the mRNA to target sites [118].
Self-amplifying and circular mRNA technologies are novel approaches to address

the limitations of conventional nonreplicating mRNA. All forms of mRNA, whether
nonreplicating, circular, or replicating, are not safe from degradative enzymes [119].
Therefore, a delivery system such as LNPs can enhance mRNA stability, distribution,
and safe transportation to target tumor tissues. LNPs facilitate the targeted reach

of mRNA to antigen-presenting cells and release mRNA intracellularly without any
degradation. Among LNPs, ionizable lipids are preferred over other non-ionizable
lipid components due to their potential for being relatively safe, carrying a neutral
charge in blood after administration except when entering cells [120]. However, they
still can potentially cause unintended inflammatory reactions [119].

8.3 Overcoming the immunosuppressive tumor microenvironment (TME)

The immunosuppressive milieu that many cancer types produce reduces the
effectiveness of mRNA vaccines by preventing T-cell activation and antigen presenta-
tion in the TME [121]. The term tumor microenvironment came into the spotlight
in the late 1800s, and researchers investigated the significant impact of TME on
the aggressive growth of tumors and its circumvention by immune cells [122]. The
extracellular matrix (ECM) and signaling molecules around tumor cells encumber
the core functions and overall activation of natural killer cells and T-cells, obstructing
the infiltration of T-cells in cancerous cells [123]. Hence, it indirectly reduces mRNA
cancer vaccine efficacy [124]. A combination of mRNA with checkpoint inhibitors
is being investigated to combat this problem. This combination attacks the TME
and releases all the hindrances of T-cells reaching the tumor, reviving the efficacy
of mRNA translation [125]. Adoptive T-cell therapy is another powerful approach to
combining mRNA with a patient’s tumor T-cells and its modification to encode mRNA
with the targeted patient’s cancer antigens [126].

8.4 Inefficient antigen presentation

APCs must effectively digest and deliver the encoded antigen for an mRNA vacci-
nation to trigger an immune response through T-cell sensing [127]. Antigen presenta-
tion and processing (APP) pathway is directly responsible for the interaction between
tumor and immune cells [128]. T cell recognition of APCs depends on their expression
of a spectrum of peptides bound to MHC I and MHC II molecules. Although nonim-
mune cells present only the MHC II complex on their surface to be detected by T
lymphocytes, the professional APCs present MHC I and II on their surfaces to activate
naive or follicular T-cells. CD8+ cells only recognize the MHC I complex to destroy
the cancerous cells [129]. The amyloid precursor protein (APP) pathway is a complex
series of processes, initiating from the breakdown of intracellular tumor-encoding
antigens or defective proteins by proteasomes or lysozymes cytoplasm, triggering
the release and exposure of inflammatory cytokines to cells, resulting in boosted
antigen presentation by converting normal proteasomes into immunoproteasomes.
Subsequently, the conversion leads to a transition into MHC I stock in cells, specificity
of proteasomal cleavage, and ligand production for MHC I [130]. If they survive fur-
ther degradation, the generated peptides relocate to the endoplasmic reticulum (ER)
through the transporter antigen process (TAP). This process detects peptides with
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9-16 amino acid residues and transports them to the ER, where they get assembled
on the MHC I molecule on its groove site through a peptide loading complex (PLC).
The groove site of the MHC I molecule has a space for 8-11 amino acid residues [131].
PLC and other proteins select the suitable antigen epitope and validate the quality of
peptide and MHC I stable binding [132]. The Golgi apparatus transports the formed
stable complex to the cell surface to be sensed by T-cells [131].

The aberrant and abnormal change in tumor cells’ antigen-processing machinery
(APM) resulted in immune evasion and cancer progression. The defective APM
causes alteration of peptide and MHC I repertoire and downregulates the expres-
sion of MHC I molecule on the cell surface [133]. Several tumor types also reported
abnormalities and alterations in different steps of the APP pathway, which leads to an
unstable MHC I complex, downregulation of proteins involved in antigen editing, and
MHC I assembly with suitable peptides, resulting in an ineffective immune response
and increased resistance to mRNA cancer vaccine therapy alone or in combination
with immune checkpoint inhibitors [134]. In conclusion, the regular and effective
APM and APP pathways in tumors should remain intact for efficient mRNA transla-
tion and a robust immune response [135].

8.5 Biomarker identification

Conventional anticancer therapies rely on targeting and eradicating cancer-
ous cells, and radiotherapy directly measures the destructive response. However,
mRNA cancer vaccines indirectly generate an immune response through transla-
tion into encoded tumor antigens, which radiotherapy does not detect easily [136].
Furthermore, the mRNA cancer vaccine’s immunogenic potential and efficacy as a
monotherapy are considerably significant in low-burden tumors. The radiographic
evaluation is not noticeable with mRNA cancer vaccines due to the above reasons
in the terminal stages of cancer [137]. Therefore, quantifying the immune response
generated by mRNA cancer vaccines is possible only by using established biomarkers
to examine the efficacy of vaccines. It is a significant challenge to identify and devise
such biomarkers that determine the vaccine doses that produce optimal response
and prevent cancer recurrence [138]. Multiple pieces of research have reported the
use of different biomarkers, such as chemokines, flow cytometry analysis, enzyme-
linked immunospot assay (ELISPOT), tetramer analysis, single-cell RNA sequencing
technology (scRNAseq), and circulating tumor DNA (ctDNA) test, which have been
previously established to evaluate the immune response to vaccines. However, various
limitations must be rectified to measure the exact response [138]. Therefore, an hour
is needed to identify and establish novel biomarkers to check the optimal doses and
select effective mRNA cancer vaccines to surpass initial clinical trials for personal-
ized cancer immunotherapy in the late stages of disease [136, 137]. By identifying
biomarkers that can forecast immunotherapeutic response, Al-driven clinical and
genetic data analysis improves personalized treatment strategies [139].

8.6 Tumor heterogeneity and neoantigen variability

The tumor heterogeneity significantly influences vaccine efficacy. Since tumors
are highly heterogeneous, distinct cancer cells may express various antigens within
the same tumor and between individuals [140]. There are two types of heterogeneities
in tumors: the variation in tumor subclones, called neoantigen variability or spatial
heterogeneity, and the evolution of the tumor genome with the advancement of the
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cancer stage. This diversity makes universal neoantigens appropriate for vaccine
development more obscure [140]. The tumors with high temporal heterogeneity also
have high cancer resistance rates to immunotherapy. Conversely, the neoantigen vari-
ability is due to the presence or absence of neoantigens in different subclones within
the same tumor, resulting in higher cancer progression rates and resistance [141].

The small sampling from tumors has limited genomic data to encode for each type of
neoantigen, making the efficacy of mRNA cancer vaccines on heterogeneous tumors
more challenging and uncertain [142]. Sampling neoplastic cells from different tumor
regions can be a promising solution for neoantigen variability. The temporal hetero-
geneity can be reduced by careful monitoring and adjusting the treatment options
available. However, if these strategies were employed to combat temporal heterogene-
ity and neoantigen variability, the vaccine design, administration, cost, and clinical
trials would be more complex and unfathomable. The artificial intelligence tools and
next-generation sequencing (NGS) computationally evaluate various heterogeneity
parameters to predict the neoantigens based on tumor genomic profile [139].

9. Challenges of mRNA cancer vaccine development and role of machine
learning and deep learning approaches to address them

Recent research in immunotherapy and immunoinformatics has illustrated
striking revelations about improvements through an amalgamation of deep learning
and machine learning algorithms. These approaches can potentially provide robust,
efficient, and scalable solutions.

9.1 Enhanced vaccine design

Machine learning and deep learning optimized tools can improve mRNA
sequences regarding immunogenicity, efficient translation, and immunogenicity due
to insufficient knowledge of forecasting which of the four RNA nucleotides make the
base pairs in secondary structures. For instance, these techniques can conveniently
predict RNA secondary structures, codon optimization, and 3D modeling. They have
been proven instrumental in forecasting mRNA sequences and structure prediction
to generate neoantigens with high affinity. Conventionally, AI models are categorized
into three categories for structure prediction: nearest neighbor models, probabilistic
generative models, and deep learning models [143].

9.1.1 Conventional models

The traditional models frequently used for predicting secondary structures
are nearest neighbor models [144]. They can forecast the structure based on loop
structures by closing base pairs in mRNA. The energy parameters characterized by
the components in primary loop structures of RNA are evaluated through wet-lab
experiments, thermodynamics-based models, and machine learning models [145].
Models that employ free energy parameter values data directly obtained from lab
experiments are RNA structure [146], RNAfold present in the Vienna RNA package
[147], UNAfold, or Mfold [148]. These thermodynamic-based models predict the
secondary structure through Turner’ free energy parameters [149], comprising up
t0 12,700 different energy parameters. The vast majority of RNA secondary struc-
ture prediction technologies, including RNAfold, function under the assumptions
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of thermodynamic equilibrium, which might not accurately represent the dynamic
folding of RNA within cells. Lorenz et al. recognized that computationally predicted
static structures are not the same as real-time RNA folding in vivo [147]. Because
Al-enhanced structure predictors are trained on existing RNA sequences, they may
not accurately predict novel RNA structures. Sato et al. emphasized that RNA struc-
tural deep learning models lack high-quality training data [150].

Another approach to determining free energy parameters in RNA is machine
learning. Examples of the nearest neighbor models utilizing machine learning through
training of large datasets of RNA base pair sequences to predict the secondary struc-
tures are Contextfold [151] and CONTRAfold [152]. Although these models provide
detailed knowledge of free energy parameter values, machine learning involves
accurate parameterization with remarkable accuracy of relatively fewer Turner’ free
energy parameters. Contextfold, also known as the fine-grained secondary structure
of RNA, can train up to 2,00,000 energy parameters [151]. Meanwhile, CONTRAfold
employs conditional log-linear models (CLLMs), capable of training 300 free energy
parameters with machine learning techniques [152]. The limitation of these models is
an increased risk of overfitting the data, which is not observed for unknown data [153].

Probabilistic generative models such as Pfold employ context-free grammars
known as stochastic context-free grammars (SCFGs) to determine the RNA second-
ary structure [154]. TORNADO is another advanced tool that combines context-free
grammar with Turner’s energy parameters to infer results comparable to nearest
neighbor models [155]. However, the level of computational complexity in these
models and the limited scope of determining complex features of RNA secondary
structure make them impracticable in the structure prediction of RNA [156].

Hybrid models incorporating both of the above approaches are SimFold [157],
MZXfold [158], and MXfold2 [159]. These models modify the thermodynamic free
energy parameters with data training through deep learning for the RNA triplet
sequences, free energies, and their secondary structures, making them robust and
highly accurate models, overcoming the limitations of the above models with mini-
mum risk of overfitting the data [159].

9.1.2 Advanced models

Unlike conventional computational models, deep learning models are making
a breakthrough in predicting the secondary structure of mRNA. They predict the
secondary structure based on the binary classification of RNA sequences instead of
making false assumptions about the structure, as the previous models do. Models
that solve the problems of binary classification across RNA through deep learning
approaches are IPknot [160], E2Efold [161], UFold [162], and SPOT-RNA [163]. The
first three train data sets use inter-programming and integer programming to predict
the RNA base pairs. In contrast, SPOT-RNA determines the triplet RNA sequences,
including other parameters, to avoid overfitting of data [163]. However, deep learning
models require data training for many data sets, as they are designed by simply split-
ting the test and training datasets [164].

Among all the above models, the best fit to forecast the secondary structure is
MXfold2 [159]. It integrates deep learning approaches and thermodynamics-based
techniques, eventually becoming an advanced nearest neighbor model. It is based on
the Zuker algorithm to determine the free energy value parameters, which allow high
accuracy in evaluating stable secondary structure energies and free energies utilizing
Turner’s parameters.
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The latest revolutionary deep learning model to break the barriers in neoantigen
vaccine design is next-level DeepFoldRNA [165], which predicts the tertiary struc-
ture of RNA on the atomic level through geometric configurations. It overcomes the
limitations of old models, which cannot predict the structure from sequences and
require comparative simulations based on trained datasets for RNA prediction. It
is based on self-attention neural networks coupled with gradient-based structure
folding simulations to construct 3D structures from sequence alone. It observes and
locates the restraints in geometric structures to process the sequences to build the
RNA structure with Fletcher-Goldfarb-Shanno minimization computational analysis
(L-BFGS) [166]. The working of DeepFoldRNA encompasses various steps: input
feature generation, spatial geometric restraint prediction based on neural network
architecture, and, lastly, L-BFGS simulations. The model repetitively searches the
multiple sequences of RNA in databases through rMSA. Self-attention neural link-
ages create the inter-residue torsion angles and base pairwise distances. The neural
network architecture comprises two transformers with multiple sequence alignment
(MSA), encoded sequences on their surface, and positional embeddings of base pairs.
The resultant geometric constraints are transformed into composites with the help
of binned probability predictions and antilogs to direct the folding simulations in
advance [165, 166].

Two types of datasets are evaluated through DeepFoldRNA: overly complex, non-
redundant, and foldable 105 sets of structures of sequences of 70-250 nucleotides
derived from 32 Rfam families. The other was a dataset of 17 non-redundant mono-
meric RNA structures obtained from a community-wide RNA puzzles experiment
[165]. Researchers made 17 RNA puzzle experiments, out of which DeepFoldRNA
made a breakthrough by obtaining the highest accuracy rate in 15 puzzle experiments.
It achieved an average 2.69 RMSD score and 0.743 TM score in these experiments by a
large margin compared to other models. The average errors were also negligible [165].
Although this model was launched two years ago, the updated version 2.0 is under
development by experts to overcome the limitations [165, 166].

9.2 Optimization of vaccine delivery systems

To improve the efficiency of delivery and endosomal escape mechanisms, DL
models can replicate interactions between LNPs and cellular membranes.

9.2.1 LNP delivery and Al-optimized nanoparticle design

Computational models mimic the behavior of LNP in biological systems to adjust
their composition for effective distribution. They make the generative design of a
lipid particle-based drug delivery system. iDRO-algorithms [167], Linear Design
[168], UTR-LM, MXfold2 [169], and CNNs are the deep learning models applied to
optimize the RNA sequences and LNP encapsulation efficiency with minimum risk
of tangling of the RNA 2D structure. The first DL algorithm, Linear Design [168], is
based on dynamic programming. Zhang et al. proposed the gene sequence DL model
to optimize the mRNA gene sequence for the COVID-19 vaccine for the first time.
This tool also improved mRNA half-life and protein expression by optimizing mRNA
stability and codon use. It increased protein expression in mice by 128 times, along
with mRNA half-life [168].

Integrated DL-based optimization algorithm (iDRO) [167] employs RNA-Bart
and bidirectional long short-term memory networks (BiLSTMs), the two most
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advanced types of neural networks, to optimize the RNA sequences, which exhibit
about 1.2 times more translational efficiency than a-globins. RNA-Bart, in this
algorithm, determines the mRNA sequences from validated design datasets through
transformer-based learning. While BiLSTMs analyze the data sequences to predict
mRNA sequences with long-range dependencies. MXfold2 also plays a vital role in
improving mRNA stability and LNP formulation by predicting mRNA secondary
structures [169].

CNN tools effectively evaluate mRNA sequences to identify mRNA secondary
structures, motifs, knots, abundance, and other vital features directly affecting
mRNAS’ translation efficiency and stability [170].

Wang et al. proposed a 5’ UTR language model to identify the UTRs present at the
5’ site in mRNA sequences for the prediction of mRNA secondary structures, mean
ribosome loading (MRL), minimum free energy, protein expression level, and trans-
lation efficiency. Scientists created a dataset of 211 new 5" UTRs that can be decoded
to achieve higher protein expression levels. The best-designed 5" UTR sequence
obtained a 32.5% increase in protein expression level [171].

LNP simulations based on artificial intelligence frequently overlook intricate bio-
logical interactions that impact the immunity and viability of mRNA [172]. According
to Mitchell et al., experimental validation is required to ensure that Al-designed LNPs
function as anticipated [173]. Large datasets are necessary for deep learning models
employed in LNP creation. However, there is currently a slight variation in the lipid
formulations that are accessible [174].

9.3 Modulation of TME

Tumor microenvironment cell functions and their phenotypes are highly depen-
dent on the cell interactions and precise cell allocations in spatial dimensions with
the surrounding cells. In order to address the obstacles imposed by TME, artificial
intelligence-mediated algorithms can provide suitable combination therapies that
synergize with mRNA vaccines [175]. ML and DL tools are applied to modulate the
tumor microenvironment in extremely malignant cancers. AI models are capable of
estimating TME cell spatial distribution, cell classification, cell detection, identifica-
tion, localization, quantification, gene expression variation, and disease-associated
biomarkers [175].

9.3.1 Conventional models

Single and fusion ML and DL models for multidimensional characterization
of TME are applied for cells’ spatial characterization. A CNN developed by Zhu
et al. implies the combination of spatial, multimodal, and boundary TME data to
evaluate the brain tumor interrelationships and location with nearby tissues on
MRI. Moreover, the model was validated to generate accurate results with enhanced
efficiency [176].

CIBERSORTYX, an extension of CIBERSORT, is one of the ML tools that examine
the makeup of immune cells in tumors and helps create TME-modulating tactics
in the mapping of TME through siRNA sequences in addition to mRNA vaccines
by identifying the dominance of resistant M2 macrophages in mRNA vaccine
therapy and also proved to be validated in melanoma trials [177]. However, the bulk
RNA sequencing data used by CIBERSORT and related techniques may not have a
single-cell resolution, which could result in inaccurate cell-type deconvolution and
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incorrect immune cell population classification [177]. Despite the extended version of
CIBERSORT to address the above limitations, the updated ML tool still has its limita-
tions during TME analysis, which are reliance on predefined sequence RNA data,
ignoring nonlinear genome interactions, failure to predict the spatial arrangement

of tumor and immune cells, and inability to process the large omics datasets above
1,00,000+ cells.

9.3.2 Advanced models

The three types of deep learning models are working to overcome the limitations
of the ML tools. Deep TME implies a CNN that predicts the tumor components’ spa-
tial dimensions. A DL tool based on MultiOmyx analysis [178] classifies and segments
the TME images and calculates TME cell phenotypes, densities of cell phenotypes,
biomarker information, and the morphological nature of TME cells. Additionally,
the complex cell interaction in TME is determined by cell phenotype clustering
patterns predicted by this model’s advanced spatial analysis feature [178]. The fusion
DL model, TransSea [179], containing CNNs with Transformers learning, can obtain
90.84% and 86.32% scores from BraTS2021 and BraTS2020.

Spatial transcriptomics data ensures in-depth knowledge and analysis of tumor
and TME cells; however, complex use and high cost limit the usage of such data in
clinical cases. A fusion deep learning model was proposed by Gao et al. to overcome
the limitations of transcriptomics data usage. This model combines the power of
GAN (IGI-DL), known as Generative Adversarial Network, to predict and analyze the
transcriptomics data by processing structural features and image pixel intensities of
hematoxylin eosinophil-stained images to ultimately predict the tumor heterogeneity
and cancer prognosis. This model benchmarks against DeepSpace and HisToGene by
showing the 179 predictive target genes and optimal performance in validated and
test datasets. It can remarkably characterize the TME [180].

9.4 Biomarker discovery

The need for novel biomarkers and existing biomarkers for mRNA vaccine design
is critical in the advanced stages of cancer. The transcriptome, genomic, and multi-
omics data analysis results in the precision of cancer diagnosis and early-stage preven-
tion [181]. Al-driven analysis of clinical data can discover potential new biomarkers
for the assessment of therapeutic responses, ultimately enhancing the evaluation of
vaccine safety and efficiency. Several types of biomarkers, such as genetic, imaging,
and liquid biomarkers, can be discovered and predicted using machine learning
and deep learning algorithms. Cerebro [182], one of the Al tools used to determine
somatic mutation, is operated by rainforest algorithms with a high positive predic-
tion value of 98% to estimate the level of circulating tumor DNA in the blood as a
potential biomarker. The promising mRNA-based biomarker was established using
arandom survival forest algorithm and Cox proportional hazards regression to treat
cutaneous melanoma [182].

DeepMirTar uses deep learning to discover miRNA-based biomarkers that affect
tumor growth and vaccination response [183]. The miRNA prediction ultimately
determines the tumor antigens. It combines long-term and short-term memory net-
works with CNNs to estimate potential miRNAs that modulate neoantigen immune-
eliciting pathways. It is trained on cancer genome data with enhanced performance
compared with other models [183].
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9.5 Personalized mRNA-based cancer vaccines

Machine learning and deep learning algorithms can efficiently design promising
personalized mRNA-based cancer vaccines based on varying tumor genomic data of
individual patients. Both models can train on data and guide iz silico tools to predict
accurate results. ML and DL models such as NetMHCpan [184], MHCflurry [185],
and DeepNeo [186] have integrated various features and algorithms to determine
the neoantigens according to real-time patient data. However, vaccine customization
requires in-depth analysis of all kinds of input data.

Heterogeneous datasets are incorporated via platforms such as Deep Genomics
(https://www.deepgenomics.com/) to customize vaccine designs according to tumor
profiles unique to each patient [172]. The main drawback of Deep Genomics and
related platforms is their poor interpretability; deep learning models function as
“black boxes,” making it challenging to comprehend the decision-making procedures
underlying tailored vaccine recommendations [172].

9.6 Anticipation of neoantigens to cater to tumor heterogeneity

It is a fundamentally complex problem to locate the neoantigens that can elicit
an immune response due to the presence of several factors, such as tumor hetero-
geneity, complexities in neoantigen-MHC-TCR interactions on the structural level,
dynamic tumor evolution, scalability and practicality of personalized vaccines, and
data sparsity through transfer learning. The conventional neoantigen identification
algorithms consider all other features besides MHC-peptide binding affinity, such
as mutation calling, MHC/HLA typing, TCR-peptide-MHC binding estimation, and
forecasting of immunogenicity of promising neoantigens. They are based on artificial
intelligence, machine learning, or neural networks [187].

Contrarily, deep learning-based models can potentially comprehend tumor
genomic data to forecast neoantigens, aiding in overcoming tumor heterogeneity
by identifying crucial biomolecular targets across various cancerous domains with
enhanced precision and an accurate degree of neoantigen prediction. The high self-
programming models can evaluate large multi-omics datasets such as RNA sequences,
HLA typing, and whole exome sequencing (WES) to generate a robust immune
response. These models identify and locate the potential neoantigens that are derived
from gene fusions, insertions or deletions, alternative splicing events, and single-
nucleotide variants (SNVs) by employing the convolutional neural networks (CNNs)
and graph neural networks (GNNs) to broadly predict the neoepitopes that are less
common across the tumor clones and subclones. Moreover, DL tools allow lower
chances of human errors with modern computational technology’s accelerated and
dynamic approach toward results with fewer material and labor costs.

9.6.1 Neoantigen prediction from somatic mutations

The typical somatic mutations comprise single-nucleotide variants (SN'Vs), gene
fusions [188], insertions or deletions (indels) [189], splice variants [190], intron
retentions [191], non-coding regions [192], exon-exon junctions [193], and human
endogenous retroviruses.

The most common source of neoantigen prediction is SNV. The machine learn-
ing tools for forecasting neoantigens are LumosVar [194], DeepVariant, GATK 4.0
[195], Cerebro [196], and SpeedSeq [197]. LumosVar, also known as the Bayesian
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tumor-only somatic variant caller, predicts the variant by analyzing the mutational
rate between somatic and germline tumor samples. However, it is highly dependent
on sequencing depth and sample purity. However, the predicted neoantigens are not
more immunogenic than those predicted from non-SNV sources, as the latter source
involves rapid mutations in protein sources. The paired tumor samples from humans,
such as standard adjacent and tumor samples, cannot always be analyzed [198]. Wood
etal. implied a random forest approach to evaluate the large dataset to generate a
reliable confidence value for each mutation. The model provides accurate results with
a predictive value of 98% compared to other models due to its automation, which uses
accurate word training data from representative sources. The only limitation of NGS
datasets [196].

Google employed deep neural networks in DeepVariant [197] to predict the
genetic mutations of sequenced input through a tumor image classification model. It
benchmarks against SpeedSeq and GATK 4.0, a standard computational model for
predicting neoantigens due to high F-score values such as 99.40% from indels and
99.96% from SNVs, as reported by the FDA [195]. DeepVariant constructs side-by-
side images of standard and tumor samples at each mutation site. The convolutional
neural network recognizes image models to detect the biological variations in
sequences. However, data analysis and neoantigen prediction are very time-consum-
ing. Its updated version, DeepVariant-on-Spark [199], takes relatively less time due
to its upgraded feature, which optimizes and distributes the input data in less time.
NeuSomatic [200] is another DL tool composed of nine deep convolutional neural
network layers in the network architecture. Other features, such as data alignment
for model training to directly extract information from raw sequencing data, are
present in this tool, unlike in DeepVariant. It takes feedback from other detection
methods and integrates results into its input compared to its version, Neusomatic-S.
Furthermore, operating on 156 CPU core-hours for data training, more than 1000
CPU core-hours, supporting GPUs, and inferring output results in PyTorch are the
additional features that make it outperform in determining neoantigen in smaller
allelic tumor samples. However, NeuSomatic relies on a higher processing time than
DeepVariant [200].

The most accurate DL model is DeepNeo, which applies multiple models of deep
learning to integrate several features, such as mutations in allelic frequencies, gene
expression, and structural interactions. It operates on transfer learning and attention
networks comprising 3D CNNs and GNNss to train peptide and TCR sequences. The
optimistic prediction value is 94% in comparison with other models. The clinical
trials demonstrated a 44% success rate in melanoma patients administered with
vaccines designed on this model [201]. It is believed that neoantigen candidates
originating from non-SNVs are potentially more immunogenic and can influence
cancer immunotherapy effectively. Still, much work is required to predict the fusion
gene-derived neoantigens using artificial intelligence [202].

9.6.2 Neoantigen prediction from HLA typing

MHC alleles vary individually in the population and, thus, can affect the peptide-
MHC binding affinity. MHC class I and class II have different binding grooves for
peptides on their binding site, which HLA genotyping affects. MHC class I hasa
closed binding groove at both ends, which targets unvarying sequences at the back-
bone of a peptide with 8-11 amino acids to assist the neoantigen in binding with TCR
from the MHC I complex to TCR through its variable sequences [203]. Conversely,
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an open binding groove is present at MHC II, which facilitates the binding of MHC
IT with large peptides having 12-20 amino acid sequences. The open binding groove
causes difficulty in accurately estimating the binding affinity of the peptide-MHC
II complex [198]. Predicting the patient alleles through HLA typing is crucial before
estimating peptide-MHC binding affinity. HLA typing directly generates different
MHC haplotypes with varying degrees of affinity for neoantigens. PCR-SBT is a
standard tool for estimating HLA genotyping but cannot analyze heterozygous or
polymorphic HLA alleles [204].

The traditional ML algorithms, such as seq2HLA [205], OptiType [206],
PolySolver [207], and PHLAT [208], ensure an economical approach and provide the
highest accuracy rate compared with the gold standard using RNA or DNA sequences.
OptiType is an extremely sensitive tool that selectively predicts HLA type I with WES
or RNA sequence data. Seq 2HLA predicts HLA type I and II using RNA sequences
[205]. PHLAT also predicts HLA I and II genotypes from RNA sequences or WES
data [208]. PolySolver is a widely used HLA I prediction tool using WES data, but it is
limited [206].

The deep learning tool is HLAScan [209], which processes raw sequencing data
with CNNs and predicts HLA class I alleles with a 99% positive prediction rate.
ATHLATE: bidirectionally employ long short-term memory networks (LSTMs) to
predict HLA T and II. The most accurate DL tool combines CNNs and GNNs to process
the polymorphic HLA I and II genotypes. It makes a graph for each allele, taking edges
as linkage disequilibrium and nodes encoding exons using whole genome sequencing
(WGS) data. It quickly identifies HLA alleles in the population dataset and predicts
the neoantigen peptide binding region. It improves the estimation of neoantigen
prediction with an 18% success rate in designed vaccines against melanoma [209].

9.6.3 Neoantigen prediction from peptide-MHC I ¢ II binding affinity

It is an essential feature to extract neoantigens by estimating the binding affinity
of neoantigens with MHC I and II. The previous tools were solely based on matrix-
based approaches and linear regression models. The current approaches to predicting
peptide-MHC binding affinity apply ML and DL models, which evaluate the nonlin-
ear relationship between MHC molecules and neoantigen sequences.

In order to predict how well neoantigens bind to MHC molecules, which isa
crucial step in initiating an immune response, tools such as NetMHCpan 4.0 [210]
employ allele-specific artificial neural networks (ANNs) and machine learning
algorithms on peptide-HLA binding data. It is trained on approximately 180,000
mass spectrometry HLA-peptide binding affinity quantitative data. One of the most
significant drawbacks of this tool and similar methods is reduced universality to
uncommon or new HLA alleles due to excessive dependence on training datasets,
which tend to lean toward well-characterized and already reported alleles [211].

To find putative cancer neoantigens, EpiToolkit [212] is a neoantigen prediction
pipeline that analyzes whole genome sequencing (WGS), whole exome sequenc-
ing (WES), and RNA-seq data, i.e., single-nucleotide variants (SN'Vs) and indels.
It utilizes NetChop [213] (an artificial neural network) for proteasomal cleavage
analysis and NetMHC [214] (an artificial neural network (ANN)) for peptide-MHC
binding affinity prediction. It facilitates the identification of immune-stimulating
structures by investigating HLA types and peptide sequences [212]. The pipeline
supports immunological research by concentrating on MHC class I neoantigen
predictions [212].
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EpiToolkit’s accuracy in predicting odd or unique neoantigens could be
limited by its reliance on pre-established HLA binding affinity models [212].
Furthermore, it does not incorporate posttranslational modification (PTM) stud-
ies, which can influence the projected neoantigens’ capacity to elicit an immune
response [212].

In order to predict MHC class I neoantigens, pVAC-Seq analyzes WES and RNA-
seq data [215]. It assesses sequence coverage and predicts the peptide-MHC binding
affinity via NetMHC v3.4 [216]. The pipeline recruits Cufflinks [217] for gene expres-
sion profiling and bam-readcount [218] for allele variation frequency exploration.
This all-encompassing method improves the discovery of neoantigens for tailored
cancer immunotherapy. Since peptide processing efficiency and posttranslational
modifications are essential for precise neoantigen identification, pVAC-Seq mainly
depends on projected MHC binding affinity and variant allele frequency [215].
Sequencing discrepancies and inconsistencies in variant calling might also impact
its performance [215]. FRED2 [219] predicts both MHC class I and II neoantigens by
employing WES and RNA-seq data and evaluates the peptide-MHC binding affinity
through the integration of several methods, such as NetMHC [216] and NetMHCpan.
Protease cleavage prediction, mutation coverage, frequency of mutant alleles, gene
expression, and assessment of TAP transport efficiency are further aspects of this
approach. This multistep system incorporates a variety of pathogenicity param-
eters to improve neoantigen detection [219]. Although FRED?2 incorporates several
forecasting approaches, it is still constrained by the completeness and quality of the
available training data, which could result in errors in the ranking of neoantigens.
Furthermore, it fails to consider the intricacies of antigen presentation and process-
ing, which may lead to false-positive results [219].

With an emphasis on SNV-based neoantigen prediction, CloudNeo [220] examines
variant call format (VCF) files for mutations and BAM files for HLA typing and
assesses the peptide-MHC class I binding affinity using NetMHCpan. The process
detects plausible neoantigens by combining mutation and HLA type data [220]. This
simplified method predicts immunogenic peptides to assist in tailored cancer immu-
notherapy [220]. Prediction accuracy may be decreased by CloudNeo’s inadequate
incorporation of peptide structural and biological properties, which is centered
on SNV-based neoantigen prediction. Furthermore, it uses NetMHCpan to predict
binding affinities, which might not adequately account for the complexity of antigen
presentation across a range of HLA [220].

Tlminer [221] calculates the peptide-MHC binding affinity leveraging RNA-seq
data, particularly SN'Vs. RNA-seq readings are fed into the Kallisto tool [222], which
measures gene expression in the first phase; then, taking peptide sequences and HLA
type as input, the NetMHCpan tool determines the peptide-MHC binding probabil-
ity. To better comprehend the interactions, the model concentrates on MHCI binding
affinities. TIminer does not thoroughly evaluate elements essential for immunoge-
nicity, such as peptide processing, transport, and posttranslational modifications,
and instead concentrates on MHC I binding prediction. Its dependence on RNA-seq
data may also generate biases because of sequencing errors and variability in expres-
sion [221].

The INTEGRATENeo [223] pipeline uses RNA-seq and WGS data to emphasize
gene fusions. The NetMHC4 tool employs peptide sequences and HLA type as input
to predict the peptide-MHC binding affinity. In order to shed light on how peptides
and MHC molecules interact for both classes of MHC, the model forecasts both MHCI
and MHCII binding affinities [223].

246



Neoantigen mRNA Cancer Vaccines: How Deep Learning Is Advancing Design and Breaking...
DOI: http://dx.doi.org/10.5772/intechopen.1011567

Gene fusion-derived neoantigens are the primary focus of INTEGRATENeo,
which may miss important immunogenic targets due to its weak ability to predict
neoantigens from SNVs and indels [223]. Furthermore, it uses NetMHC4 to forecast
binding affinities, which might not adequately account for the intricacies of antigen
presentation and processing [223].

SNVs, indels, and splicing variations are the primary objective of the
NeoantigenR [224] process, which employs DNA and RNA-seq data. The NetMHC
tool analyzes peptide sequences and HLA type as input to predict the peptide-MHC
binding affinity, and by examining peptide-MHC interactions, the model forecasts
explicit MHCI binding affinities to identify putative neoantigens. NeoantigenR
[224] does not include structural modeling of peptide-MHC interactions, which
can influence immunogenicity estimates, instead concentrating on SNVs, indels,
and splicing changes. Furthermore, because rare HLA alleles are not well covered
in training datasets, their reliance on NetMHC for binding affinity prediction may
induce biases [224].

SNVs and indels are the key objectives of the MuPeXI [225] process, which
employs WES data, and by considering peptide sequences and HLA type as input
files, the pipeline leverages the NetMHCpan 3.0 tool to predict peptide-MHC binding
affinity. Along with taking into account the frequency of mutant alleles, the standard
exact match penalty, and the number of mismatches between mutant and normal
peptides, it also incorporates gene expression data. In order to determine possible
neoantigens and their immunogenicity, the model focuses on MHCI binding affini-
ties. Although alternative splicing events and posttranslational modifications can
affect neoantigen immunogenicity, MuPeXI concentrates on SNV and indel-derived
neoantigens. Furthermore, biases could arise from the dependence on NetMHCpan
for peptide-MHC binding affinity predictions, especially for rare HLA alleles [225].

The Vaxrank [226] pipeline targets SN'Vs and indels, deploying RNA-seq data.
Peptide sequences and HLA type are inputs, and the NetMHCpan tool is recruited to
predict the peptide-MHC binding affinity. Gene expression analysis is included in the
list of possible neoantigens to further scrutinize the list of possible neoantigens. The
model primarily looks for interesting vaccination candidates based on MHCI binding
affinities. Vaxrank ranks neoantigens according to their MHC binding capacity and
RNA expression, but it ignores elements vital to immunogenicity, such as peptide
processing, stability, and posttranslational modifications. Furthermore, biases may be
introduced by its extensive reliance on NetMHCpan for binding predictions, espe-
cially for uncommon HLA alleles [226].

This pipeline focuses on indels and employs RNA-seq data [227], where both the
NetMHC and NetMHCpan utilize peptide sequences and HLA type as input to predict
the peptide-MHC binding affinity. Using the Ensembl Variant Effect Predictor tool
[228], which examines recognized indels, the pipeline additionally considers the
variant allele frequency and the fold difference between wild-type and mutant alleles.
The model evaluates possible neoantigen candidates by focusing on MHCI binding
affinities [227].

Peptide processing and transport systems, essential for antigen presentation, are
not entirely incorporated by ScanNeo, which concentrates on indel-derived neoan-
tigens [227]. Furthermore, biases may be introduced by its reliance on NetMHC and
NetMHCpan for binding predictions, especially for uncommon HLA alleles with little
training data [227].

This pipeline, which emphasizes SNVs and indels, benefits from somatic vari-
ant calls. The NetMHCpan tool combines peptide sequences and HLA type as input
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feed to predict the peptide-MHC binding affinity. By determining the amplitude

of the ratio of the relative probabilities of binding for the wild-type and mutant
epitopes to MHC I molecules and a metric of resemblance to pathogenic peptides,

it also evaluates the potential for neoantigen recognition. In order to forecast
neoantigen recognition, the model relies on MHCI binding affinities. While post-
translational modifications and non-coding RNA-derived peptide molecules might
affect immunogenicity, NeoPredPipe mainly concentrates on SNV and indel-derived
neoantigens. Furthermore, because rare HLA alleles are not well represented in the
training datasets, their reliance on NetMHCpan for binding predictions may create
biases [229]. SN'Vs and indels are the primary motivations of the Neoepiscope [230]
pipeline, which employs DNA-seq data. Both the MHCflurry neural network [185]
and the NetMHCpan tool recruit peptide sequences and HLA type as input to estimate
the peptide-MHC binding affinity. In order to determine possible neoantigens and
their immunogenicity, the model forecasts MHCI and MHCII binding affinities [230].
Although Neoepiscope incorporates multivariant phasing for neoantigen prediction,
it does not entirely consider the impact of peptide breakdown or posttranslational
changes, which can alter immunogenicity [230]. Furthermore, because of the
restricted diversity of HLA alleles in training datasets, its reliance on NetMHCpan
and MHCflurry for binding predictions may induce biases [230].

With an emphasis on SN'Vs, indels, and gene fusions, the pVACtools pipeline
renders utilization of somatic variant calls, and by using peptide sequences and
HLA type as input, it ranks the peptide-MHC binding affinity using techniques like
MHCflurry, NetMHC, NetMHCpan, and NetMHClIpan [231]. Using the Ensemble
Variant Effect Predictor tool, the pipeline additionally ranks the protein variant
allele percentage, mutant allele expression, and fold change between mutant and
wild-type alleles. In order to evaluate neoantigen potential, both MHCI and MHCII
binding affinities must be considered. Although it offers a complete toolkit to
forecast neoantigens, pVACtools is constrained by its dependence on anticipated
MHC binding affinity, which does not necessarily indicate true immunogenicity.
Furthermore, the pipeline does not completely incorporate elements that can impact
neoantigen appearance and recognition, such as alternative splicing or posttransla-
tional modifications.

The neoANT-HILL [232] method targets SNVs and indels, deploying WGS, WES,
or RNA-seq data, and utilizes the Kallisto tool to process RNA-seq readings and
perform gene expression analysis. With peptide sequences and HLA type as input,
peptide-MHC binding affinity is predicted using MHCflurry, NetMHC, NetMHCpan,
and NetMHCIIpan. The model predicts probable neoantigens by concentrating on
MHCI binding affinities [232]. NeoANT-HILL aims to find putative neoantigens
but does not fully integrate posttranslational modifications and antigen-processing
kinetics, essential for precise immunogenicity predictions. Furthermore, because dif-
ferent algorithms provide different predictions, their dependence on several binding
prediction tools, like NetMHCpan, could result in discrepancies [232].

The NeoFuse platform emphasizes gene fusions utilizing RNA-seq data and pro-
cesses RNA-seq readings along with gene expression analysis using the STAR [233]
and featureCounts [233] bioinformatic programs. The MHCflurry neural network
uses peptide sequences and HLA type as input to estimate the peptide-MHC binding
affinity. In order to find possible neoantigens, the model focuses on MHCI binding
affinities.

The ASNEO [234] pipeline prioritizes alternative splicing and employs RNA-seq
data. With peptide sequences and HLA type as input, the NetMHCpan-4.0 tool
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estimates the peptide-MHC binding affinity. Along with a combined score of bind-
ing affinity, proteasomal C-terminal cleavage, and TAP transport efficiency using
NetCTLpan [235], the pipeline also considers the number of mismatches between
mutant and standard peptides. It combines a T-cell recognition score with a hydro-
phobicity value based on peptide hydrophobicity. MHCI binding affinities are the
primary focus of the model [234].

ASNEO concentrates on neoantigens formed from alternative splicing but does
not fully incorporate other mutation types like SN'Vs and indels, which could lead to
omitting important immunogenic targets. Furthermore, biases may be introduced by
the dependence on NetMHCpan for binding affinity predictions, especially for rare
HLA alleles in training datasets [234].

SNVs and indels are the primary concerns of the VENUS [236] pipeline, incor-
porating WES and RNA sequencing data. It examines the number of transcripts
containing mutations and the allele frequency of those mutations. The consensus
technique from IEDB2.17 software [237], which evaluates MHCI binding affinities to
predict neoantigen potential, is used to predict peptide-MHC binding affinity.

Although VENUS incorporates transcriptome data for enhanced neoantigen pre-
diction, it fails to account for peptide breakdown or posttranslational changes, which
can affect immunogenicity [238]. Furthermore, biases may be introduced by the
dependence on consensus approaches for predicting MHC binding affinity, especially
for uncommon or poorly understood HLA alleles [236].

The NeoSplice [239] pipeline focuses on alternative splicing and leverages RNA-
seq data. With peptide sequences and HLA type as input, it uses NetMHCpan-4.0
and NetMHClIpan-3.2 to predict peptide-MHC binding affinity. In order to evaluate
possible neoantigens, the model forecasts both MHCI and MHCII binding affinities
[239]. NeoSplice concentrates on neoantigens generated through alternative splicing,
but it does not entirely incorporate SN'Vs and indels, therefore missing important
immunogenic targets. Furthermore, biases may be introduced by the dependence on
NetMHCpan and NetMHClIIpan for binding capacity estimates, especially for uncom-
mon HLA alleles with little training data [239].

Neoantigens are ranked according to their immunogenic potential by algorithms
like DeepImmuno [240], which aid in prioritizing vaccine development candidates.
This model utilizes graph neural networks (GNNs) on neoantigen-MHC structural
complexes to generate the structural immunogenicity by modeling 3D neoantigen
peptide-MHC interactions. This DL tool benchmarks against other models because it
integrates the T-cell receptor (TCR) recognition pattern and model and predicts the
3D dynamics of peptide-MHC.

The graph neural networks and attention architecture prioritize peptide-HLA
binding and focus on high-affinity binders in DeepImmuno. It creates the graph of
the peptide-MHC complex, where the edges represent complex physicochemical
and spatial interactions. In contrast, nodes encode for amino acid residues, allowing
TCR docking alignment for immunogenicity, flexibility in conformational structures
of neoantigen binding grooves, and allosteric site flexibility of PTMs. It is validated
and trained on GTEx and TCGA datasets, where it predicts the binding energy with
a2 0.2 A RMSD accuracy value, obtaining 93% prediction of potential neoantigens
compared to other models with a false-positive rate of 7%. It also allows for incor-
porating other model features such as cryo-EM, single-cell RNA sequence data, and
mass spectrometry, thus creating multimodal training for datasets. DeepImmuno
model-based vaccines have shown a success rate in 40% of patients undergoing
melanoma trials compared to 18% response via NetMHC-based vaccines. In the
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ELISPOT assay, the predicted neoantigens demonstrated 2.5 times T-cell activation.
It also rapidly identifies the MHC II neoantigens to overcome the stromal barriers in
pancreatic cancer.

According to Marzella et al., peptide-MHC predictions are still limited by a lack
of experimentally validated empirical binding data, even with advancements in
geometric deep learning. DeepImmuno, along with other deep learning-based algo-
rithms such as pVAC, tends to overfit existing datasets, which reduces their accuracy
in predicting unknown neoantigens [241]. According to Kim et al., experimental
confirmation or structural data is essential, as InmunoDeep still has trouble with
false-positive predictions [241]. These limitations can be tackled by combining GNNs
of DeepImmuno with pVACtools for maximum coverage and analysis of neoantigen-
MHC II complexes. Furthermore, the neoANT-HILL integration allows the adoption
of scRNA sequences to predict clonal neoantigens.

9.6.4 Neoantigen prediction from TCR-pMHC binding affinity

Once the potential neoantigen is explored, validating through in vitro or in silico
tools is essential to predict whether the candidate neoantigens can stimulate T-cells to
eradicate cancerous cells. The available machine learning and deep learning tools for
peptide-TCR binding affinity prediction are NetTCR 2.0 [186], pMTnet [242], and
ERGO [243]. However, several tools are being evaluated due to inadequate informa-
tion being available.

NetTCR 2.0 uses CNN to predict peptide-TCR binding affinity by utilizing the
paired data of TCR « and p. The input data of peptide CDR3 o and p units are added
to CNNs. The BLOSUM 50 matrix encodes amino acids. Max pooling and one-dimen-
sional convolutional layers encode the amino acid, and the sigmoid function generates
output results in dense layers. NetTCR provides accurate results with a 79% positive
prediction value and a 2% false rate compared to other models. Despite training both
sets of TCR o and f, the main limitation of this model is the analysis of specific types
of 9mer peptides and HLA-A*02:01 [186].

The transfer learning-based tool to predict TCR affinity with the pMHC
complex is pMTnet [242], which uses the recognized antigens originating from
the MHC sequence, T lymphocyte and cancerous cell complex binding, and TCR
sequence. It is applied in deep learning models for their training. Its accuracy was
reported to be up to 0.827 when an independent dataset was used. Due to biased
results, pMTnet is highly accurate compared to other models such as TCRGP,
NetTCR, and TCRGP [242].

Springer developed deep learning methods such as ERGO [243] to evaluate the
interaction between peptide-TCR complexes. It used a short-term memory deep
learning algorithm to encode whole peptide sequences and CDR3 for neural network
training. Two output conditions are set: O represents no binding, and 1 represents
peptide binding with TCR. Its performance and accuracy are similar to the other
standard methods. MHC data is inapplicable in this model, which causes its limited
application in peptide-TCR binding prediction [243].

9.6.5 Candidate neoantigen immunogenicity prediction

The in-depth mechanism of an epitope eliciting an immune response by T-cells
is still unclear. However, researchers reported that the immunogenicity of predicted

250



Neoantigen mRNA Cancer Vaccines: How Deep Learning Is Advancing Design and Breaking...
DOI: http://dx.doi.org/10.5772/intechopen.1011567

neoantigens is dependent on several factors, including epitope sequence, the
molecular size of the peptide, amino acid polarity, peptide entropy, the hydropho-
bic nature of the peptide and TCR, tumor abundance potential, and the potential
contact of amino acid pair residues. Various features are integrated into AI tools
to determine the accurate estimation of the immunogenic potential of candidate
neoantigens.

Neopepsee [244] employs NGS data to identify the immunogenic potential
through ML classifiers such as random forest, SVMs, Gaussian Naive Bayes, and
locally weighted naive Bayes. The nine immunogenic features are added, ranging
from hydrophobicity, charge, polarity, immunogenicity score, combined scores,
ICso value of pMHC binding interaction, percentage rank of pMHC binding affin-
ity, similarity index to known neoantigens, differential agretopicity index (DAI),
and amino acid pairwise contact potential (AAPP). Using an independent dataset,
Neopepsee demonstrated improved results in patients with chronic lymphocytic
leukemia (CLL) and melanoma with an F-score of 0.48-0.56 [244]. pTuneos [245] is
a 20 times faster iz silico approach than Neopepsee and comparable in performance
to pVAC-Seq [246] and MuPeXI [225]. It prioritizes neoantigens and has proved
effective against many datasets, such as tumor checkpoint inhibitor treatments,
tumor-infiltrating lymphocyte (TIL) datasets and the cancer genome atlas (TCGA)
datasets. However, a requirement of a large number of trained and tested datasets
and relatively fewer immunogenic features influences its performance and accuracy
[22].

Ineo-Epp [238] works on a supervised machine learning algorithm known as ran-
dom forest to determine the neoepitopes’ immunogenicity. It combines and integrates
up to 24 immunogenic features of candidate neoantigens covering peptide structure,
amino acids’ physicochemical characteristics, % rank of peptide-MHC binding
affinity, agretopicity index, and peptide entropy, along with fivefold cross-validation
to accurately determine the true neoantigens. However, its training on small datasets
limits its reliability.

TruNeo [247], a deep learning model with a scoring scheme, best estimates the
prediction of high-confidence neo-peptides with true immunogenicity. It forecasts
neoantigen immunogenicity based on six features: HLA loss of heterozygosity, tumor
heterogeneity, antigen transporter efficiency, MHC binding affinity, expression
abundance, pMHC binding affinity, and clonality. TruNeo outperforms MHCflurry
by 2.5 times in lung cancer patients, showing up to 50% more positive predictive
results than MHCflurry. However, data validation using one actual patient was
employed to compare these two models.

DeepImmuno-CNN [248] applies CNNs based on PCA encoding strategy and
AAindexI usages on data to determine true neoantigens, their 29 immunogenic
features, and residues crucial for recognizing antigens. Only this deep learning
model can predict many immunogenicity features out of 35, even more than the
DeepHLApan and IEDB databases. However, the shortage of available matched TCR
sequence data and prediction through only peptide data influence its accuracy and
performance.

Although the ML and DL fields are progressing at a fast pace to overcome the chal-
lenges in designing neoantigen-based mRNA cancer vaccines, the lack of comparative
studies, comprehensive studies using Al tools, and key limitations of deep learning
models still need much work before utilizing the full potential of deep learning tools
in combating cancer.
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10. Conclusion

mRNA cancer vaccines annihilate the tumor cells through precise targeting and
eliciting the immune response. Artificial intelligence’s computational advancement
witnesses mRNA vaccines’ potential future in cancer immunotherapy. By harnessing
machine learning and deep learning models in addressing the challenges of mRNA
cancer vaccine design, they have garnered attention for treating cancer with enhanced
safety, optimized efficacy, and personalized treatment options.
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Chapter 12

Oncolytic Virus Therapy:
Advancements and Applications
in Cancer Care

Asma Ahsan, Saira Dar and Jawad Akhtar

Abstract

Oncolytic viruses (OVs) represent a promising and innovative approach to cancer
therapy. These are viruses engineered or naturally selected to specifically infect and
destroy cancer cells without harming normal healthy tissue. They work by selectively
replicating within and killing tumor cells through direct oncolysis while stimulating
the immune system to recognize and attack the tumor. The application of oncolytic
viruses is gaining momentum in cancer treatment, supported by a growing body of
research and a few clinical successes. Oncolytic viruses work through several key
mechanisms e.g., direct tumor cell lysis, immune activation, remodeling of tumor
microenvironment (TME), and enhancement of other therapeutic approaches. The
current chapter aims to review and summarize the current state-of-the-art informa-
tion on oncolytic virotherapy.

Keywords: oncolytic viruses, combination therapy, tumor resistance, tumor
microenvironment, immunogenic cell death

1. Introduction

Cancers are malignant tumors, that represent a cell mass undergoing uncontrolled
cell division driven by mutations in various signaling proteins and pathways [1]. Many
anti-cancerous therapeutic implications e.g., radiotherapy, chemotherapy, and immu-
notherapy are in the clinic with promising outcomes. However, they are still associated
with many side effects, damaging healthy cells alongside cancerous cells [2].

One approach to cancer treatment focuses on enhancing the body’s immune
system to target and destroy cancerous cells. Among the various tools in this strategy,
oncolytic viruses are gaining attention. Although viruses are typically considered
only associated with causing disease the specificity of viruses can be used to target
cancer. These viruses can selectively and efficiently kill cancerous cells (Figure 1) [3].
Advances in genetic engineering have enabled us to exploit the cytopathic effects of
viruses against tumors, allowing these to be repurposed for therapeutic applications.

To efficiently treat cancer, these viruses should be genetically engineered to mini-
mize their pathogenicity and enhance their specificity in targeting and destroying
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Selective replication of oncolytic viruses in cancerous cells: Oncolytic viruses can enter both normal and cancer
cells due to the presence of specific receptors. However, due to mutated signaling pathways, oncoviruses can
replicate exclusively in cancer cells.

tumor cells while ensuring they spare normal cells. But before rendering the viruses
to any genetic modification we need a comprehensive understanding of the viral

life cycle, mechanisms of cell destruction, and their interactions with the immune
system. Moreover, it’s important to consider the survival strategies that viruses and
cancer cells employ, as well as their potential immune evasion mechanisms, to ensure
the virus can successfully fight the tumor [4]. The goal of this review article is to sum-
marize the latest advancements in oncolytic virotherapy.

2. Background

Discovery in science begins with curiosity and observation. The novel approach of
using viruses as therapeutic agents has a similarly serendipitous origin. In the eigh-
teenth century, Bohemian anatomist Vaclav Trnka observed the regression of breast
cancer in a patient after contracting tertian malaria, which was accompanied by fever
[1]. This observation was the first of many reports linking natural pathogenic infec-
tions to tumor regression.

The earliest instance of genetic engineering for virus-based cancer treatment
occurred in 1991 when Murtaza et al. published their work on modifying Herpes
simplex virus-1 to treat mouse glioma tumors. This engineered virus lacks essential
proteins to replicate in non-dividing cells [5, 6]. Four years later, an adenovirus
carrying a mutated E1B gene (ONYX-015) was tested and demonstrated specific
anti-tumor activity with subsequent tumor cell lysis—marking a major milestone in
oncolytic virotherapy [7].

272



Oncolytic Virus Therapy: Advancements and Applications in Cancer Care
DOI: http://dx.doi.org/10.5772/intechopen.1010590

In 2004, the first oncolytic virus, RIGVIR, was approved in Latvia for the treat-
ment of melanomas [8]. Since then, significant progress has been made, with two
prominent oncolytic viruses receiving approval: H101 in China for nasopharyngeal
carcinoma in 2005 [9] and T-VEC in the US and Europe in 2015 [2, 9]. In 2021,
Deltyact (Teserpaturev/G47A), a modified HSV, was approved in Japan for treating
malignant myeloma [10, 11].

Current treatment regimens often involve combination therapies, integrating
oncolytic viruses with established cancer treatments, such as immunotherapy,
chemotherapy and radiotherapy. For example, T-VEC combined with Keytruda is
in Phase III clinical trials for the treatment of advanced melanoma [12]. A growing
number of oncolytic viruses are in clinical trials across various phases (I, II, and III),
marking an exciting era for cancer therapeutics.

3. Mechanism of action

Viruses use diverse mechanisms to invade host cells, replicate, and induce cell
lysis. Similarly, oncolytic viruses are tailored to activate unique pathways for selective
targeting and infecting tumor cells. The following describes some common mecha-
nisms employed by viruses to eradicate cancer cells.

3.1 Direct lysis of tumor cells

Receptors, which are proteins located on the surface of cells, play a pivotal role
in enabling viral entry into the host cell. This step is a prerequisite for viral infec-
tion [13]. Viruses exhibit host-specificity i.e., they can gain entry in the cell and
become pathogenic, only if their specific receptors are present on the cell surface. For
instance, HIV is pathogenic in humans but not chimpanzees. Adenoviruses utilize
receptors like integrins, CD46, or the coxsackievirus-adenovirus receptor to enter the
host cells [14]. Similarly, the CD46 receptor also plays a role in facilitating the entry of
the measles virus. The herpes simplex virus (HSV) utilizes receptors such as NECTIN
or Herpesvirus Entry Mediator (HVEM) for successful infection [15].

Once inside the host cell, the virus takes over the cell’s metabolic machinery for
its benefit. The host cell’s proteins are then redirected to support the replication,
transcription, and translation of viral components. In normal cells, antiviral signaling
pathways are activated to prevent viral replication and infection. A well-known anti-
viral signaling cascade involves molecules like Janus kinases (JAK), signal transducers
and activators of transcription (STAT), and interferon regulatory factor 9 (IRF9),
which work together to inhibit viral replication. Cells with these activated pathways are
often targeted for cell death through necrosis or apoptosis. Interferon (IFN) produced
and released by lysed cells, triggers the expression of IFN receptors and activates an
immune response in neighboring cells. This enhanced immune response in uninfected
neighboring cells is mediated by proteins such as MYD88, TRIF, IRF3, IRF7, and
NF-kB. The production of IFN1 increases the levels of viral-binding proteins, like IRF7,
and protein kinases, which help block viral replication in nearby cells. This process
creates an immune “hot spot” that limits the spread of the viral infection [16, 17].

Contrarily many antiviral and immune signaling pathways are often impaired in
cancerous cells. This allows the virus to survive and replicate within these cells. Viral
binding proteins like IRF3 and IRF7 are downregulated in cancer cells, disrupting
the IFN1 signaling pathway and weakening the antiviral response. Viral replication

273



Cancer Immunotherapy — Cellular Mechanisms, Therapeutic Advances and Emerging Frontiers

proceeds unchecked without these key components of the antiviral cascade and
apoptosis process. This ultimately leads to the lysis (destruction) of the cancer cell,
releasing viral particles that can infect and kill neighboring cancer cells, thereby
amplifying the therapeutic effect (Figure 2) [17].

3.2 Activation of immune response in the tumor microenvironment (TME)

Tumor cell death is not only caused by direct cell lysis but also due to immune
system’s response. Oncolytic viruses (OVs) activate both innate and adaptive
immune responses within the tumor microenvironment [17]. This heightened
immune response within the tumor destroys cancer cells, a process known as immu-
nogenic cell death (ICD). Cancer cells undergoing ICD can die through various
mechanisms, including apoptosis, necroptosis, and pyroptosis [18].

After cell lysis, tumor cells release pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs include
tumor-specific antigens that are released during cell destruction. DAMPs consist of
cytokines and proteins such as high mobility group box 1 (HMGB1), mitochondrial
DNA (mtDNA), heat shock proteins, ATP, and cytokines like type I interferons
(IFNs) and members of the IL-1 family. These DAMPs and PAMPs trigger the release
of pro-inflammatory cytokines, such as TNF-a and IL-12, from immune cells, further
enhancing the immune response against the tumor [19].

The production of these cytokines activates antigen-presenting cells (APCs),
which get mature and begin presenting tumor antigens on their surface. This process
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Figure 2.

Fage of cancerous cells after infection with oncolytic viruses: After oncolytic virus infection, cancerous cells
undergo divect lysis and release vival and tumor antigens, DAMPs, and PAMPs. These antigens vecruit nearby
immune cells and trigger an enhanced anti-tumor immune response, which leads to tumor cell death, known as
immunaogenic cell death.
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stimulates the activation and migration of cytotoxic T lymphocytes (CTLs) from pri-
mary lymphoid organs to the tumor site. Once at the tumor site, CTLs induce tumor
cell lysis by releasing perforins and granzymes. At this stage, the tumor microenvi-
ronment is often referred to as a “hot” tumor, due to the heightened immune activity
and increased immune cell infiltration [20].

However, virus-infected cancer cells often employ immune evasion strategies,
such as reducing the expression of MHC class I molecules on their surface. This
reduction in MHC expression makes the cancer cells less visible to cytotoxic T-cells
[21]. Natural killer (NK) cells play a crucial role here: they detect the decreased
MHC expression and help recruit additional immune cells to the tumor site, further
enhancing tumor clearance and contributing to the elimination of cancer [22].

3.3 Modulation of the tumor microenvironment

The vascular system of a tumor plays a vital role in its survival and progression,
making it a target for oncolytic viruses (OVs), mediating inhibitory effects on tumor
growth. For example, vesicular stomatitis virus (VSV) induces coagulation within
tumor blood vessels, leading to vascular collapse [23, 24]. Other OVs are engineered
to express the Vstat120 protein, which inhibits endothelial cell migration and tube
formation [25]. Treatment of gliomas with OVs expressing Vstat120 resulted in
significant suppression of tumor growth, due to the disruption of the tumor vascu-
lature, promoting oncolysis in vitro. The oncolytic vaccinia virus takes a different
approach by directly dismantling blood vessels within the tumor. Additionally, some
OVs influence tumor neovascularization. For instance, a Vascular endothelial cell
growth inhibitor (VEGI) armed oncolytic adenovirus can impact neovascularization
and induce mitochondria-mediated cancer cell apoptosis in tumor cells [26], further
disrupting the tumor’ blood supply and hindering its growth [27].

4. Types of oncolytic viruses

Different viruses have been genetically engineered to target and trigger an
effective anti-tumor response against cancer cells. These oncolytic viruses (OVs)
are designed to exploit the unique characteristics of the tumor microenvironment,
enabling them to selectively infect and kill tumor cells while minimizing damage to
healthy tissue. Genetic modifications can further enhance their therapeutic potential
by stimulating robust immune responses and disrupting the tumor’s blood supply.
By combining these mechanisms, OVs not only kill the cancer cells but also activate
the body’s immune system to sustain anti-tumor activity, ultimately leading to tumor
regression and improved therapeutic outcomes.

4.1 Adenovirus

Adenoviruses are particularly well-suited for oncolytic virotherapy because of
their ability to infect a wide range of cells (broad tropism). The most commonly
utilized types for therapeutic applications are Ad2 and Ad5, which are genetically
modified by inducing mutations in the E1B and E2B genes [28]. These mutations help
ensure they preferentially infect and replicate within tumor cells while minimizing
replication in normal cells.
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H101 stands out notably as the first recombinant adenovirus approved for
oncolytic therapy [29], especially effective with chemotherapy, overall enhanc-
ing the therapeutic effect. Other examples of genetically modified versions are
Onyx-015 [30] and CG0070 [31] further demonstrate the therapeutic potential
of engineered adenoviruses, with different modifications enhancing their anti-
cancer properties.

Additionally, adenoviruses can stimulate the immune response to tumors by
antigen presentation to CD8+ cytotoxic T cells, enhancing the immune system’s
ability to recognize and destroy cancer cells more effectively. Taking a step further
the VEGI-armed adenovirus targets tumor angiogenesis, reducing the formation
of new blood vessels necessary for tumor growth, leading to killing the tumor [29].
Some engineered adenoviruses, like XVir-N-31 [32], are specifically designed to work
synergistically with other therapies, such as radiation [33]. This is particularly ben-
eficial in treatments for brain tumors, where targeted therapies that amplify existing
treatments (like radiation) can be crucial for improving outcomes.

4.2 Herpes simplex virus (HSV)

Herpes simplex virus (HSV) is a remarkable candidate for oncolytic virotherapy
because of its natural ability to cause infections and its adaptability for therapeutic
interventions. As an enveloped virus with a double-stranded DNA (dsDNA) genome,
HSV has a considerably larger genome than many other viruses, such as adenoviruses
[34]. This larger genome allows it to carry more genes and undergo modifications,
which are useful for therapeutic applications. Unlike many viruses that require
specific receptors to enter host cells, HSV enters the host cell by directly fusing with
the host cell’s lipid membrane, releasing its genome into the host cytoplasm. Once
inside, it replicates its components using host machinery, ultimately causing cell
lysis to release new viral progeny. Despite widespread exposure to the antibodies in
humans, HSV has evolved various mechanisms to evade the immune system, allowing
it to persist in the host [35]. This survival strategy is one of the reasons why HSV is
considered most suitable for oncolytic virotherapy—its ability to persist long enough
to target and kill cancer cells.

The first oncolytic HSV approved for melanoma treatment, T-VEC, has been engi-
neered to lack the y34.5 neurovirulence factor [36]. This modification allows the virus
to evade the antiviral responses of normal cells while replicating in tumor cells, which
lack robust antiviral defenses. This selective replication ensures that T-VEC specifi-
cally targets and kills cancer cells. Another genetically modified HSV strain, G47A
is undergoing Phase I/1I clinical trials for solid tumors [37]. G47A has been further
modified with multiple gene deletions to reduce its susceptibility to be neutralized by
the host’s immune system.

HSV has also been genetically engineered for other specialized applications. For
example, some strains are designed to express epidermal growth factor receptor (EGFR)
antibodies like cetuximab [38]. It enables them to target EGFR-positive tumors while
promoting immune cell infiltration into tumors improving therapeutic efficacy in animal
models. Another approach employs the expression of pro-apoptotic genes (e.g., Her2-
COL-sFasL) in HSV, inducing tumor death [39]. Additionally, HSV variants lacking
immune checkpoint inhibitors (ICI) like 10PK have demonstrated the ability to enhance
the secretion of immune-activating cytokines like TNF-o, GM-CSF, and IL-1. These
cytokines stimulate robust immune responses against the tumor, further improving their

276



Oncolytic Virus Therapy: Advancements and Applications in Cancer Care
DOI: http://dx.doi.org/10.5772/intechopen.1010590

therapeutic potential [40]. Collectively these advancements highlight HSVs potential as a
powerful tool for immune system activation and cancer therapy.

4.3 Vaccinia virus (VV)

Vaccinia virus (VV) is another strong candidate for oncolytic virotherapy, share
some similarities with HSV in its therapeutic applications but possesses unique
features that enhance its potential for targeting cancer cells [44]. As a member of the
orthopoxvirus family, VV has a large double-stranded DNA genome of approximately
190 kb [41], which allows an extensive range of genetic modifications to enhance
its potential in cancer therapy. The virus can enter host cells by receptor-mediated
endocytosis or by fusion with the host cell membrane under neutral pH conditions
[42] providing versatility to target diverse tumor types.

One of the notable features of VV is that it encodes the thymidine kinase enzyme,
which is critical for its replication. However, TK expression is low in normal cells and
often overexpressed in cancer cells, making it an ideal target for selective replication
of the virus in tumor cells. To enhance tumor specificity, VV has been engineered to
lack the TK enzyme, preventing its replication in normal cells and restricting replica-
tion to cancer cells where TK is overexpressed. A modified strain known as VV JX-594
exemplifies this approach lacking the TK gene, making it a suitable candidate for
targeting cancer cells with elevated TK levels [43].

In addition, the VV can be injected intravenously because of its established
immune evasion mechanisms that enable it to survive in the bloodstream. The virus’s
immunogenic proteins are embedded in the viral envelope, preventing the host’s anti-
bodies from binding to the virus, therefore avoiding immune clearance. This provides
a means to target tumors throughout the body, including those that may be difficult
to reach with localized treatments. The VV WR strain is particularly notable for its
ability to inhibit the host’s antiviral response by blocking interferon receptors. This
allows the virus to replicate within infected cells and enhance its oncolytic effects. By
inhibiting the host’s immune response, VV can spread within the tumor and destroy
cancerous cells without being rapidly cleared by the immune system [44].

One strategy to further enhance the oncolytic activity of VV, involves modifying
it to induce necroptosis (a form of programmed cell death). In one study, a gene for
MLKL, a protein critical for necroptosis, was inserted into the virus. The expression
of MLKL promotes increased cell membrane permeabilization, allowing the release of
damage-associated molecular patterns (DAMPs), which activate the immune system
and further amplify the oncolytic effect [45].

Moreover, VV has been engineered to increase its specificity for certain tumor
types by modifying its surface proteins. The EphA2-TEA-VV strain was engineered to
express a bispecific T-cell engager (BiTE) that targets the EphA2 receptor, commonly
overexpressed in lung cancer cells. This modification enables the virus to activate a
direct T-cell-mediated immune response, bypassing the need for traditional antigen
presentation, and enhances the therapeutic potential of the virus by directly engaging
immune cells to attack the tumor [46].

4.4 Reovirus

Reovirus is a non-enveloped, double-stranded RNA (dsRNA) virus with a genome
size of 123 kb. It’s naturally found in humans but typically does not cause disease
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in healthy individuals. Its dsRNA is crucial for interacting with the host immune
system, particularly with protein kinase R (PKR). Reovirus enters host cells through
the junctional adhesion molecule A (JAM-A) receptor [47], which is overexpressed in
several cancers, including multiple myeloma, non-small cell lung cancer, and diffuse
large B-cell lymphoma [48, 49]. This overexpression provides a level of specificity

for targeting tumor cells that express JAM-A, making reovirus an ideal candidate for
oncolytic virotherapy. In normal cells, PKR binds to the dsRNA of the reovirus, which
typically leads to its inactivation [50]. However, in cancer cells, PKR is often inacti-
vated, allowing the virus to continue replicating and ultimately induce cell death. This
selective replication in cancer cells without affecting normal cells is a key advantage
of reovirus in oncolytic virotherapy [51].

Reolysin is the wild-type reovirus derived from the T3D strain and has been
utilized for therapeutic purposes. When administered intravenously, Reolysin targets
tumor cells by exploiting the loss of PKR activity in these cells, ensuring continued
viral replication and subsequent oncolysis (destruction of cancer cells) [52]. Beyond
its cytotoxic effects, the virus also stimulates an anti-tumor immune response, further
enhancing its therapeutic potential [56].

5. Challenges with OVs as anti-cancerous therapeutic agents

While oncolytic viruses, including reovirus, have shown significant potential in
preclinical and clinical studies, their use as a monotherapy against cancer presents
several challenges.

5.1 Immune system interference

The host immune system generates antibodies against the virus, which can limit
the ability of the virus to reach and effectively eradicate tumors. Furthermore,
cytotoxic T lymphocytes (CTLs) and macrophages may also eliminate the virus from
infected cells before it can induce any therapeutic effect [53, 54].

5.2 Tumor microenvironment

The dense extracellular matrix (ECM) of tumors consists of collagen and heparan
sulfate, which can act as a physical barrier preventing the virus from effectively
reaching and penetrating tumors. The heterogeneity of tumor cells further contrib-
utes to the challenge, making them unpredictable and more difficult to treat with a
one-size-fits-all approach [55].

5.3 Resistance development

Tumors may eventually develop resistance to oncolytic viruses, decreasing their long-
term effectiveness. This resistance can manifest as reduced viral replication within the
tumor or through the development of immune evasion strategies by the tumor [56].

5.4 Cytokine storms

A potential risk of oncolytic virus therapy is the cytokine storm, characterized by
an abnormal overproduction of cytokines. This severe inflammatory response can
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lead to severe complications and potentially fatal outcomes, necessitating careful
monitoring and management of immune responses during treatment [57].

5.5 Scalability and consistency

Manufacturing oncolytic viruses at a large scale can be challenging, particularly in
ensuring consistent viral characteristics throughout the production process. Ensuring
consistent immunogenicity and potency is crucial for reliable therapeutic applications.

6. Combined therapy

Combinatorial therapy that integrates oncolytic viruses (OVs) with traditional
treatments like radiotherapy and chemotherapy has emerged as an exciting strategy
to enhance cancer treatment. This approach leverages the strengths of both OVs and
conventional therapies, aims to improve targeted delivery, amplify anti-tumor effects,
and increase the overall therapeutic impact. Here’s a deeper dive into how these
therapies work together and the potential benefits:

6.1 Combination of chemotherapy and OVs

The problem associated with chemotherapy is that alongside targeting rapidly
dividing cancer cells it also affects actively dividing normal cells, leading to side
effects like hair loss, anemia, nausea, and immune suppression. By combining
chemotherapy with OVs, the idea is to harness the strengths of both treatments, using
the cytolytic effects of OVs to target cancer cells while complementing the effects of
chemotherapy (Figure 3) [58].

6.1.1 H101 and chemotherapy

The H101 oncolytic virus derived from adenovirus, was approved in China in 2005
for treating nasopharyngeal carcinoma. This was one of the first examples of an OV
being used in combination with chemotherapy. H101 has been shown to enhance
tumor response to chemotherapy, likely by improving viral replication and stimulat-
ing the immune response. This combination helps to increase tumor-specific killing
while mitigating the systemic toxicities of chemotherapy [8]. A study combining
oncolytic herpes simplex virus 1 (0HSV1) with mitomycin C (a chemotherapy drug)
showed that the combination enhanced tumor sensitivity at various immune check-
points. This led to a stronger anti-tumor immune response, as the virus’s presence
helped amplify the effects of the chemotherapy while allowing the immune system to
recognize and attack tumor cells [59].

6.1.2 T-VEC and chemotherapy

T-VEC, a modified oncolytic herpes simplex virus, has also been tested along with
chemotherapy agents like paclitaxel, doxorubicin, and cyclophosphamide in a Phase
II clinical trial targeting triple-negative breast cancer (TNBC). TNBC is a challenging
cancer to treat due to its lack of hormone receptors. However, combining T-VEC with
chemotherapy has shown potential for enhancing treatment efficacy. This combina-
tion may help overcome the limitations of chemotherapy, particularly in more aggres-
sive or advanced stages of TNBC [9].
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Combinatorial therapy using oncolytic viruses with radiotherapy: Oncolytic viruses exploit mutated signaling
pathways, such as the MAPK pathway, to radiosensitize tumor cells. This over-sensitization makes the tumor cells
move susceptible to vadiotherapy compared to normal cells.

6.2 Combination of radiotherapy and OVs

Combining radiotherapy with oncolytic viruses (OVs) presents a promising
approach to cancer treatment, enhancing the effects of radiation while minimiz-
ing damage to healthy cells. Radiotherapy employs ionizing radiation to induce
DNA damage and generate free radicals, disrupting cellular signaling pathways and
ultimately leading to cancer cell death. However, this treatment can also harm to
surrounding normal tissues, causing significant side effects. By integrating OVs into
the treatment regimen, we can enhance tumor-targeting specificity and improve the
effectiveness of radiotherapy (Figure 3).

Oncolytic viruses can make cancer cells more sensitive to radiation by modulating
DNA repair mechanisms. Many OVs have proteins that interact with or target path-
ways involved in DNA damage response. This interaction inhibits the tumor’s ability
to repair radiation-induced DNA damage, making the infected cancer cells more
vulnerable to the effects of ionizing radiation.

Additionally, OVs can trigger cell death pathways like apoptosis or necrosis. When
combined with radiation, these mechanisms may amplify the tumor-killing effect. By
sensitizing tumor cells to the DNA damage caused by radiotherapy, OVs increase the
likelihood of achieving complete tumor eradication.

One promising example is DNX-2401, an oncolytic adenovirus that has shown
promise when used in combination with radiotherapy for the treatment of diffuse
intrinsic pontine glioma (DIPG), a highly aggressive and difficult-to-treat brain
tumor. DIPG is known for its poor prognosis and resistance to conventional therapies.
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In a clinical trial, the combination of DNX-2401 and radiotherapy led to an acceler-
ated anti-tumor T-cell response, contributing to reduced tumor size. The synergy
between the oncolytic virus and radiation promoted a more robust immune response,
enhancing the overall treatment efficacy [60].

Similarly, XVir-N-31, another oncolytic adenovirus, was combined with radio-
therapy to treat brain tumors, demonstrating enhanced lytic effects. The virus not
only contributed to tumor cell destruction by replicating and spreading within the
tumor but also boosted the efficacy of radiotherapy, leading to a greater therapeutic
outcome compared to either treatment alone [32].

Clinical trials with oncolytic viruses like DNX-2401 and XVir-N-31 provide
encouraging evidence that combining these therapies can lead to greater therapeutic
efficacy and tumor size reduction, especially in challenging cancers like brain tumors.
While challenges remain, such as immune clearance of OVs and potential safety
concerns, this combination therapy represents an exciting frontier in cancer treat-
ment [61].

6.3 Combination of targeted therapy and OVs

Combining targeted therapies with oncolytic viruses (OVs) presents an excit-
ing approach to enhance the precision and efficacy of cancer treatment. Targeted
therapy aims to selectively target cancer cells thereby minimizing the collateral dam-
age to healthy cells that is common with conventional treatments like chemotherapy
and radiotherapy. By combining these therapies with OVs, which can directly infect
and destroy tumor cells while stimulating an immune response, we can achieve a
more targeted, potent, and specific anti-tumor effect. Targeted monoclonal anti-
bodies facilitate virus targeting by directly binding to cancer cell markers. Small
molecule inhibitors interfere with the cell signaling pathways within cancer cells.
This can help guide the oncolytic virus more precisely to the tumor site. Certain
targeted therapies can sensitize tumors to the effects of OVs by modifying the tumor
microenvironment [61].

In patients with nerve sheath tumors, pretreatment with ruxolitinib (a JAK1/2
inhibitor) enhanced sensitivity to oncolytic herpes simplex virus 1 (oHSV1).
Ruxolitinib modulates the immune microenvironment allowing amplified viral
replication and increased immune-mediated clearance of the tumor. This combina-
tion showed promise in enhancing the therapeutic effects of oHSV1, by enhancing the
viral oncolysis and supporting the immune response against the tumor [62].

Oncolytic poxvirus (VACV) has been genetically engineered by deleting the
thymidine kinase (TK) gene, which makes the virus more selective for cancer cells
[43]. Additionally, PD-1 and 4-1BB antibodies were introduced into the viral genome
[63]. Another promising approach involves genetically modified HSV that expresses
EGFR antibodies (e.g., cetuximab) [38, 64]. This modification helps enhance immune
cell compartmentalization within tumors, increasing immune cell infiltration and
thereby improving tumor killing and regression [74].

6.4 Combination of ICI-based therapy and OVs

Immune checkpoint inhibitors (ICIs) have become a cornerstone in cancer
immunotherapy, harnessing the immune system to kill cancer cells. However, tumors
often manipulate their microenvironment to evade immune detection. By blocking
the immune checkpoints that tumors exploit to suppress immune responses, ICIs
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can restore the immune systems’s ability to recognize and target these malignant cells.
Oncolytic viruses (OVs), which specifically infect and destroy tumor cells while
stimulating an immune response, have emerged as powerful agents in combination
with ICIs to enhance anti-tumor effects.

The PD-1 protein is expressed on the surface of T-cells. It binds to its ligand PD-L1,
which is expressed in tumor cells. This interaction downregulates immune responses,
allowing the tumor to evade detection. PD-1 inhibitors block this interaction, keep-
ing the immune system active and capable of recognizing and attacking tumor cells.
Drugs such as pembrolizumab, nivolumab, avelumab, atezolizumab, and durvalumab
have become widely used in cancer treatment and have shown enhanced protection
when combined with OVs. This combination augments immune infiltration within
the tumor microenvironment (TME) and boosts anti-tumor immunity.

In a Phase 1/2 clinical trial, DNX-2401, an oncolytic adenovirus, was combined
with pembrolizumab, targeting PD-1 [61] and tested in patients suffering from
glioblastoma, a highly aggressive brain tumor with a poor prognosis. The combination
showed promising results, where pembrolizumab enhanced the immune system’s
ability to recognize and kill tumor cells, while DNX-2401 infected and killed cancer
cells, amplifying the anti-tumor immune response.

A study showed that expressing an anti-PD-L1 antibody in oncolytic herpes
simplex virus (0HSV11716) in mice resulted in prolonged survival compared to
monotherapy [65]. The anti-PD-L1 antibody led to increased immune cell infiltra-
tion within the tumor microenvironment (TME), which enhanced the anti-tumor
effect of the oncolytic virus, demonstrating the synergistic potential of combining
ICIs and OVs.

CTLA-4 (Cytotoxic T-lymphocyte-associated protein 4) is another immune check-
point found on T-cells. It binds to CD80/CD86 ligands on antigen-presenting cells
(APCs), leading to immune suppression. CTLA-4 inhibitors, such as Ipilimumab,
block this interaction, reviving immune responses and allowing for stronger anti-
tumor activity. By combining ICls targeting PD-1 and CTLA-4, a more comprehensive
immune activation is achieved, overcoming multiple layers of immune suppression
within the tumor. In preclinical models, an oncolytic virus expressing both anti-PD
antibodies and anti-CTLA-4 antibodies was able to eradicate glioma tumors in mice
[66]. This combination boosted the immune response within the tumor, significantly
improving tumor clearance. This suggests that dual immune checkpoint blockade
alongside OVs enhances immune system activity within the tumor microenviron-
ment, promoting more effective tumor eradication [67].

A more advanced approach is exploring the triple combination of radiotherapy,
oncolytic viruses, and immune checkpoint inhibitors. For instance, combining a
PD-L1 inhibitor with GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor)
and OVs has shown promising results in clinical trials [68], where this approach
increased immune activation and enhanced tumor control. Radiotherapy can dam-
age tumor DNA, creating a favorable environment for OV replication and immune
activation, while the PD-L1 blockade further prevents immune evasion by tumors.
The synergistic effects observed in preclinical studies and clinical trials underscore
the potential for more effective and targeted cancer therapies.

6.5 Combination of adoptive T-cell response therapy with OVs

Adoptive T-cell therapy, particularly with genetically modified T cells, represents a
promising frontier in cancer immunotherapy. This approach aims to enhance the immune
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system’s ability to recognize and attack tumors by harnessing the power of tumor-infil-
trating lymphocytes (TILs), chimeric antigen receptor (CAR) T cells, and tumor-specific
T-cell receptors (TCRs). Combining these strategies with oncolytic viruses (OVs) offersa
synergistic potential to improve the anti-tumor immune response.

TIL therapy is a promising approach where TILs, which naturally infiltrate tumors,
are isolated, expanded, and then reinfused into patients to help control tumor growth.
TIL therapy has shown substantial success, especially in cancers like ovarian cancer and
non-small-cell lung cancer (NSCLC) [69], where these cells can effectively infiltrate and
engage with tumor cells. However, activation and antigen presentation issues often limit
their effectiveness. Using an oncolytic HSV-1 virus that expresses OX40L and IL-12 has
been shown to boost TIL activation and tumor regression in experimental models [67].
OVs like HSV-1 can stimulate immune responses by inducing local inflammation, activat-
ing TILs, and enhancing T-cell-mediated tumor killing. TILs can also be used as carriers
for targeted OV delivery. Modification of these lymphocytes to specifically recognize
tumor antigens can direct OVs more efficiently to tumor sites, improving tumor specific-
ity and viral replication within the tumor.

In TCR therapy, T cells are genetically engineered to express receptors that specifi-
cally recognize tumor-associated antigens. By targeting proteins expressed by tumor
cells, these modified T cells can more effectively identify and eliminate cancer cells.
This approach is further enhanced by combining it with oncolytic viruses (OVs), such
as vesicular stomatitis virus (VSV). In this strategy, the oncolytic effect of VSV is
directed by using the modified T cells as carriers for the virus, ensuring precise viral
delivery and minimizing off-target effects. This method reduces unintended toxicity
while maximizing the therapeutic impact on tumor cells [70, 71].

CAR-T cell therapy involves genetically modifying T cells to express chimeric anti-
gen receptors (CARs) that target surface-specific tumor antigens. Kymriah, a CAR-T
product approved for acute lymphoblastic leukemia (ALL), involves autologous T
cells that are modified to express antigen that targets CD19 receptor, which leads to
the elimination of CD19-expressing malignant and normal cells. Additionally, CAR
ensures stable and persistent expression of the modified T cells, contributing to the
long-term effectiveness of the therapy [72]. The success of Kymriah demonstrates the
effectiveness of this approach in liquid tumors.

Solid tumors, such as glioblastoma, often create an immunosuppressive micro-
environment that impedes T-cell infiltration. Within tissues, a chemokine gradient
governs cell movement, determining which cells can enter the tissues or tumors.

In the tumor microenvironment (TME), this gradient is modified to hinder T-cell
infiltration. Chemokines such as CXCL9, CXCL11, and CXCL16 play a crucial role

in promoting T-cell entry into tumor tissues. In one strategy, T-cell infiltration was
enhanced by using a genetically modified oncolytic adenovirus to express the CXCL11
chemokine. This significantly improved the infiltration of CAR-T cells. As a result,
more immune cells were recruited, triggering a stronger immune response that
ultimately led to tumor regression and clearance [73].

Overall, the combination of OVs with TIL therapy, TCRs, or CAR-T cells can
improve tumor specificity [74], boost immune activation, and amplify anti-tumor
responses. These approaches also increase immune cell infiltration into the tumor,
overcoming some challenges related to tumor immunosuppression and poor immune
accessibility. A major challenge with this therapy is T-cell exhaustion. Even genetically
modified T cells can experience exhaustion within the tumor, losing their ability to
attack cancer cells. ICIs (Immune Checkpoint Inhibitors) may help address this issue
when combined with T-cell-based therapies and OVs.
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7. Summary

Chemotherapy and radiotherapy, while effective in prolonging survival, cause
non-specific cytotoxicity, damaging both healthy and malignant cells. This limita-
tion has spurred interest in oncolytic viruses (OVs), a novel therapeutic class gaining
momentum in oncology. OVs are genetically engineered to selectively infect and
destroy tumor cells, sparing normal tissues by leveraging the cytolytic properties of
viruses designed for tumor specificity.

Genetic modifications of viruses such as Adenovirus, herpes simplex virus (HSV),
vaccinia virus, and reovirus enhance their selectivity against cancer cells. Notable
examples include RIGVIR (approved in Latvia, 2004), H101 (China, 2005), and
talimogene laherparepvec (T-VEC, U.S. and Europe, 2015). Current research explores
synergistic combinations of OVs with chemotherapy, radiotherapy, nanomedicine,
and immunotherapy to optimize outcomes.

OVs operate via a dual mechanism. They target cancer cells by exploiting defective
antiviral defenses—often a result of oncogenic signaling dysregulation—replicat-
ing within the host cell to induce lysis and tumor destruction. This process releases
tumor-associated antigens and damage-associated molecular patterns (DAMPs),
triggering adaptive immunity and amplifying systemic antitumor responses.

Despite their tumor-specific targeting, challenges remain in OV use. Host
immunity may clear OVs prematurely, limiting tumor penetration. Tumor resis-
tance can reduce efficacy, while excessive immune activation risks cytokine release
syndrome (CRS), a potentially severe inflammatory response. Large-scale production
also remains technically demanding. However, combinatorial approaches—par-
ticularly with immune checkpoint inhibitors (ICIs) that counteract tumor-induced
immunosuppression—demonstrate promising synergy in preclinical and clinical
settings, enhancing OV-mediated antitumor activity. For example, T-VEC, an HSV-1
derivative, is approved for melanoma, with other OVs targeting gliomas, breast
carcinomas, and more.

By 2020, 97 clinical trials involving 3233 patients reported encouraging results:
tumor resistance and immune-mediated OV clearance were manageable in many
cases, with minimal severe side effects. Though still evolving, oncolytic virotherapy
holds transformative potential. Integration with existing modalities could advance
precision oncology, improving efficacy and reducing toxicity compared to conven-
tional therapies, ultimately enhancing patient prognosis and quality of life [75].
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