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Abstract

Background/Objectives: Advances in understanding immune checkpoint pathways and tumor
immune biology have enabled the development of immune checkpoint inhibitors (ICIs), particularly
targeting the PD-1/PD-L1 axis, which has transformed cancer immunotherapy. Despite their success
across multiple tumor types, including melanoma, non-small-cell lung cancer, and gastrointestinal
malignancies, variability in patient response, immune-related adverse events (irAEs), and resistance
mechanisms remain significant. This review aims to evaluate clinical pharmacology, mechanisms of
action, resistance pathways, and pharmacogenomic influences shaping interindividual responses to
ICIs. Methods: This comprehensive review synthesizes current literature on FDA-approved IClIs,
exploring their clinical use, underlying biological mechanisms, and emerging pharmacogenomic
data. It also assesses key biomarkers such as tumor mutational burden (TMB), microsatellite
instability (MSI), HLA diversity, and epigenetic factors influencing ICI efficacy and safety. Results:
We identify key mechanisms contributing to ICI resistance, including T cell dysfunction, altered
antigen presentation, and immunosuppressive tumor microenvironment components. Furthermore,
we highlight promising pharmacogenomic findings, including single-nucleotide polymorphisms
(SNPs) in PD-1/PD-L1 and immune-regulatory genes, offering predictive and prognostic utility.
Variability in PD-L1 expression and the role of epigenetic modifications are also addressed as
challenges in treatment optimization. Conclusions: Interindividual variability in ICI response
underscores the need for biomarker-driven strategies. By integrating pharmacogenomic insights with
clinical pharmacology, future approaches may support more personalized and effective use of ICIs.
Combination therapies and novel modalities hold promise for overcoming resistance, enhancing
therapeutic efficacy, and enabling precision oncology.

Keywords: PD-1/PD-L1 inhibitors; cancer immunotherapy; immune checkpoint blockade; resistance
mechanisms; biomarkers; precision oncology

1. Introduction

The introduction should briefly place the study in a broad context and highlight why it is
important. It should define the purpose of the work and its significance. The current state of the
research field should be carefully reviewed and key publications cited. Please highlight controversial
and diverging hypotheses when necessary. Finally, briefly mention the main aim of the work and
highlight the principal conclusions. As far as possible, please keep the introduction comprehensible

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2039.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2039.v1

2 of 53

to scientists outside your particular field of research. References should be numbered in order of
appearance and indicated by a numeral or numerals in square brackets—e.g., [1] or [2,3], or [4-6]. See
the end of the document for further details on references.

The understanding of the tumours” immune biology has led to the development of innovative
treatments based on immune stimulation, known as cancer immunotherapy. Immunotherapy
comprises new drugs that have been proven very promising in treating various malignancies either
haemotological or of solid tumors. These therapies are designed to enhance a patient's immune
system [1]. Among other treatments, this is achieved by the administration of monoclonal antibodies
(mAbs) to proteins known as immune-checkpoint inhibitors (ICIs). The main protein targets are the
programmed cell death protein-1 (PD1), and programmed death ligand 1 and 2 (PD-L1 and PD-L2),
and the cytotoxic T-lymphocyte-associated antigen-4 (CTLA4); the administration of these agents
result in a derepression and/or reactivation of cytotoxic T-cell function enabling patient's immune
system to attack cancer cells. That means that immune checkpoint blockade, releases the brake of the
immune system to enhance anticancer immune response and their use in various malignancies may
have a remarkable and long-lasting effect.

Several ICIs have been approved by the United States Food and Drug Administration (FDA)
since 2011 for the treatment of a broad spectrum of advanced cancers and currently various ICls are
available as 1st or 2nd line therapy for several malignancies. The first drugs that have been approved
are the anti-PD1 Pembrolizumab and Nivolumab, as well as the anti-CTLA4 ipilimumab for the
treatment of metastatic melanoma.

In this review, we focus on the treatment with immune checkpoint inhibitors, in the era of
precision medicine.

2. Evolution of Immunotherapy in Cancer Treatment

The use of immune checkpoint inhibitors on clinical cancer care has changed dramatically our
knowledge on personalized medicine [2]. Since 2011, US FDA has approved, based on preclinical and
clinical data, various agents that demonstrated a substantial survival benefit to cancer patients. The
development of immunotherapy in cancer treatment advanced when crucial discoveries were made,
showing that T-cell immune responses are controlled through immune checkpoints that function like
on/off switches via the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) pathway or the
programmed cell death protein 1 (PD-1)/programmed cell death protein 1 ligand (PD-L1) pathway
[3].

The first step towards ICI discovery was understanding its biological components and
mechanisms of action. The PD-1 gene was cloned as a new immunoglobulin gene superfamily from
stimulated mouse T cell hybridoma by Tasuku Honjo in 1992 [4]. Further studies until 2001
demonstrated that PD-1 negatively regulates the process of T cell activation. The next discovery by
several groups was to find out the biological PD-1 ligand showing physical interaction and inhibitory
function. This led to the determination of the physical interaction between receptor and ligand (PD-
1/PD-L1 and PD-1/PD-L2) contributing to the negative regulation in T cell response [5,6]. In 2002, it
was reported by Honjo and Lieping Chen groups that PD-L1, expressed by tumor cells, could inhibit
tumor-reactive T cells as one of the immune evolution mechanisms. Thus, targeting the PD-1/PD-L1
axis could be a possible cancer treatment [7]. In 2006, Ono and Medarex developed antibodies
targeting human PD-1 and human PD-L1, and started a phase I/II clinical study in cancer patients [8].
The Nobel Prize in Physiology or Medicine 2018 was awarded to James P. Allison and Tasuku Honjo
for their discovery of cancer therapy by inhibition of negative immune regulation [9].

CTLA-4 is an immune checkpoint molecule negatively regulates the initiation of T cell activation.
It competes with CD28 to bind to CD80 and CD86, thereby downregulating T-cell activation [10]. The
first drug which has been approved in 2011 was ipilimumab, a CTLA-4 inhibitor for metastatic and
nonresectable melanoma. PD-1 mainly mediates the proliferation of T cells following the activation.
PD-1 is expressed on various immune cell types limiting the immune response and the T-cell activity
in peripheral tissues. Concerning PD-L1 and PD-L2, these are important mediators of the PD-1
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pathway. PD-1/PD-L1 inhibitors have been developed since 2014 and currently they are the
cornerstone in immunotherapy. More than 2000 trials of PD-1/PD-L1 inhibitors or their-based
combinations have been conducted targeting a wide range of malignancies. The first agents that have
been approved were: in 2014 the PD-1 inhibitors for advanced melanoma pembrolizumab and
nivolumab, in 2015 nivolumab for advanced non-small-cell lung cancer (NSCLC) and renal cell
carcinoma (RCC), as well as pembrolizumab for advanced NSCLC; in 2016 the PD-L1 inhibitors,
atezolizumab, for the treatment of locally advanced or metastatic urothelial carcinoma [11],
durvalumab for advanced urothelial bladder cancer [12] and in 2017 avelumab for refractory
metastatic Merkel cell carcinoma [13]. Currently, common immune checkpoint inhibitors mainly
include drugs targeting PD-1(nivolumab, pembrolizumab, cemiplimab, dostarlimab, tislelizumab,
retifanlimab, toripalimab and camrelizumab ), PD-L1(atezolizumab, avelumab, durvalumab and
cosibelimab), CTLA-4 (Ipilimumab and tremelimumab) and LAG3 (relatlimab, fianlimab and
favezelimab) [1]. A timetable with the FDA ICIs approved is shown in Figure 1.

PD-1/PD-L1
Immunotherapy Timetable

2005

PD-1 Ab efficacy on mouse
tumor models

et FDA approval of Tislelizumab
Functional evaluation of PD-L1 FDA approval of Cosibelimab
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Obsevation of PD-L1
expression on tumors

FDA approval of Retifanlimab
2014 FDA approval of Toripalimab
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and Tasuku Honjo
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Figure 1. A timetable with the FDA ICIs approved.

Due to the different way of regulation of T cell function through CTLA-4 and PD-1, the
combination of anti-PD-1 antibody (which mainly leads to the expansion and recruitment of existing
anti-tumor T cells) and anti-CTLA-4 antibody (which induces new T cell clones) has been used for
the simultaneous blocking of the immune escape of tumor cells, enhancing the anti-tumor activity of
T cells at different stages. Thus, the ICI combination therapy is currently FDA-approved for several
malignancies [14].

Furthermore, over the last decade, other immunotherapies such as the adoptive T cell therapy
has been developed. Firstly, Chimeric antigen receptor T (CAR-T) cell therapy, a class of
immunotherapy that combines the antigen-binding site of a monoclonal antibody with the signal
activated machinery of a T-cell, enabling major histocompatibility complex (MHC)-independent
antigen recognition by T cells [15]. CAR-T has been used in the treatment of hematological
malignancies, including B-cell leukemia, lymphoma, and multiple myeloma; these drugs have
significantly improved patient outcomes and survival rates [16]. Another category of immune cells
which are implicated in cancer immunology are the T-cell receptor-engineered T cells (TCR-T). They
act in a similar way as the natural T-cells in the human body by recognizing MHC-presented antigens
through affinity-optimized or purely natural TCRs. Therefore, TCR-T is able to bind antigens
intracellularly, intra-nuclearly and on the surface of the tumor cells [17]. Another promising tumor-
infiltrating lymphocyte (TIL) therapy involves isolating TILs from the patient’s own tumor tissue
and, following ex vivo expansion, reinfusing them back into the patients [18]. An emerging therapy
concerns the Bispecific T cell engager (BiTE) which is a bispecific antibody construct with a unique
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function, simultaneously binding an antigen on tumor cells and a surface molecule on T cells to
induce tumor lysis [19]. These agents have been recently used for the treatment of solid tumors and
hematopoietic malignancies may they may offer clinical benefits as an emerging therapy [20].
Another innovative category for cancer treatment are therapies with vaccines which have shown
promise by eliciting T cell responses targeting tumor antigens [21]. Finally, oncolytic virus (OV)
therapy is also a fairly novel class of immunotherapy that could treat cancers not only by infecting
tumor cells specifically and lysing them directly, but also by activating the innate and adaptive
immune response [22]. These therapies will not be included in this review.

3. Mechanisms of ICIs Action

The most studied negative regulatory immune checkpoint-related axis in recent years, which
plays a prominent role in tumor immune escape is that of PD-1/PD-L1 axis. PD-1 is a type I
transmembrane protein and belongs to the B7/CD28 receptor superfamily. It consists of 288 amino
acid residues, also known as PDCD1 and CD279. PD-L1 (CD274) and PD-L2 (CD273) are also type I
transmembrane proteins and belong to the B7/CD28 family. They are ligands of PD-1 consisting of
290 and 270 amino acid residues, respectively, with a 37% sequence homology [23,24].

The structure of PD-1 consists of four parts: an immunoglobulin variable region (IgV), a
transmembrane region, immunoreceptor tyrosine-based inhibitory motifs and immunoreceptor
tyrosine-based switch motifs [25]. The interaction of PD-1 and PD-L1 induces those immunoreceptor
motifs to be phosphorylated in the intracellular domain of PD-1, which recruits tyrosine acid
phosphatase Src homology phosphatase 1 (SHP-1) and Src homology phosphatase 2 (SHP-2) [26].
These phosphatases dephosphorylate several key proteins in the TCR signaling pathway and repress
signaling pathways downstream of the TCR, such as phosphoinositide 3-kinase (PI3K), protein
kinase B (PKB/AKT), mammalian target of rapamycin (mTOR), rat sarcoma (RAS), mitogen-activated
protein kinase (MAPK/MEK), extracellular regulated protein kinase (ERK), etc. In turn, it inhibits the
transcription of related genes, hinders the progression of T cell cycle and the expression of related
proteins, and ultimately blunts the production of cytokines and the proliferation and differentiation
of T cells, causing their immune function to be lost [27].

Concerning the mechanism of anti-PD-1 or anti-PD-L1 antibodies binding (Figure 2), this is
based on blocking the interaction of PD-1 with its ligands, PD-L1 and PD-L2 (programmed cell death
1ligand 2). PD-L1 is more highly expressed than PD-L2 but has a lower affinity for PD-1. Ligands are
found at the surface of tumor cells, where their expressions can be induced by type I and II
interferons, and at the surface of immune cells, such as macrophages and dendritic cells. PD-1
receptor is mainly expressed by lymphocytes secondarily to their activation. The interaction between
PD-1 and PD-L1 or PD-L2 leads to a negative regulation of lymphocytes by inhibiting the signals
generated by the TCR and the co-stimulation of molecules as previously described. Thus, the PD-
1/PD-L1 axis is a tumor immune escape mechanism. Using anti-PD-1 or anti-PD-L1 antibodies can
thus reactivate tumor-specific lymphocytes within the tumor and allows tumor-specific immune cell
death. Other closely related immune checkpoints and their ligands control, negatively or positively,
lymphocyte activation, such as the lymphocyte activation gene 3 protein (LAG-3), which binds to the
MHC-II proteins and to lectins, the T cell immunoglobulin mucin receptor 3 (TIM-3/HAVCR2) and
galectin-9, the B and T lymphocyte attenuator (BTLA) and herpesvirus entry mediator (HVEM), the
T cell immunoreceptor with Ig and ITIM domains (TIGIT) that binds CD155 and the V-type
immunoglobulin domain-containing suppressor of T cell activation (VISTA), for which the ligand is
not known [28,29].
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Figure 2. Mechanism of action of PD-1 PD-L1 inhibitors against cancer cells. TCR: T cell receptor; MHC: major
histocompatibility complex; PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1; anti-
PD-1: monoclonal antibody against PD-1; anti-PD-L1: monoclonal antibody against PD-L1.

4. The Role of ICIs in the Treatment of Solid Tumors

Immunotherapy has been used in different types of malignancies which are mentioned bellow.
The PD-1 and PD-L1 inhibitors that have been already approved by FDA are shown on Table 1.

1. Skin Cancers

Melanoma is a skin cancer which develops as the consequence of malignant transformation and
proliferation of melanocytes. The main therapeutic procedure is surgery. In several cases metastatic
disease occurs and the survival outcome is poor (5-year overall survival (OS) 29.8 %). The
development of ICIs has revolutionized the treatment of advanced/metastatic disease [30]. The FDA
approved ipilimumab as a first-line therapy for unresectable stage III/IV melanoma and this marked
the beginning of the use of ICIs to treat various cancers and ultimately led to an important
transformation in the oncologic therapeutic strategy.

In 2016, FDA approved the first combination for immune checkpoint blockade of PD-1
(nivolumab) and CTLA-4 (ipilimumab) for patients with BRAFV600 wild-type
unresectable/metastatic melanoma as this combination demonstrated advantage in progression free
survival (PFS) and OS compared to monotherapy with ipilimumab [31]. Very recently for patients
with resectable, stage III melanoma, neoadjuvant ipilimumab plus nivolumab followed by surgery
and response-driven adjuvant therapy resulted in longer event-free survival than surgery followed
by adjuvant nivolumab [32]. Another study showed that nivolumab is a proven adjuvant treatment
for resected melanoma at high risk of recurrence, with sustained, long-term improvement in
recurrence free survival with ipilimumab and high OS rates. Identification of additional biomarkers
is needed to better predict treatment outcome [33]. Furthermore, pembrolizumab continued to
prolong recurrence-free survival within >4 years follow-up [34].

For advanced/ metastatic non-melanoma skin cancers (such as Merkel cell carcinoma, and basal
cell carcinoma) the ICIs avelumab, pembrolizumab, cemiplimab and retifanlimab have also received
FDA approval [13,35-37]. Finally another anti PD-L1 inhibitor cosibelimab has been very recently
approved by FDA for metastatic or locally advanced cutaneous squamous cell carcinoma [38].

Table 1. The PD-1 and PD-L1 inhibitors that have been already approved by FDA for the treatment of various

types of cancer.
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PD-1 inhbitors . . ;
FDA approved Cancer type Clinical trial

Melanoma, NSCLC, gastric, squamous-cell

esophageal/gastroesophageal junction
Nivolumab adenocarcinoma .
(OPDIVO) MSI-H/dMMMR or TMB-H Solid tumors, CheckMate trials

hepatocelllular, renal cell, urothelial, head &

necksquamous cell, lymphomas

Melanoma, Merckel-cell cutaneous squamous cell,

NSCLC, triple-negative breast cancer, gastric,
Pembrolizumab esophagea‘l/ gastroesophageal junction ‘
(KEYTRUDA) adenocarcinoma, KEYNOTE trials

MSI-H/dMMMR or TMB-H Solid tumors,

hepatocellular, cervical, endometrial, renal,

urothelial, head & necksquamous cell,
Cemiplimab Studies 1540, 1620,
(LIBTAYO) Cutaneous squamous cell, basal cell NSLCC, EMPOWER-lung 1
Dostarlimab MSI-H/dMMMR or TMB-H Solid tumors, .

ARNET trial

(JEMPERLI) endometrial GARNET trials
Tislelizumab Gastric Cancer; Gastro-Oesophageal Junction

Cancer; Oesophageal Cancer, NSCLC, Oesophageal = RATIONALE
(TEVIMBRA) i

squamous cell carcinoma TRIAL
Retifanlimab
(ZYNYZ) Merkel cell carcinoma POD1UM-203
Toripalimab
(LOQTORZI) nasopharyngeal carcinoma JUPITER-02

PD-L1 inhbitors
FDA approved

Atezolizumab
(TECENTRIQ)

Avelumab
(BAVENCIO)
Durvalumab
(IMFINZI)
Cosibelimab
(UNLOXCYT)

Cancer type

Melanoma, NSCLC, triple-negative breast,
hepatocellular cancers

Merkel-cell, renal cell, urothelial cancers

NSCLC

cutaneous squamous cell carcinoma

Clinical trial

IMspire, ImPower
trials, POPLAR,
OAK, IMBrave

JAVELIN trials
PACIFIC,
CASPIAN

Study CK-301-101

2. Lung Cancer

Lung cancer, which is the leading cause of cancer mortality worldwide, is frequently diagnosed

in advanced stage. Inmunotherapy has provided increases in overall survival during the past decade

in patients with mnon-small cell lung cancer (NSCLC) [39]. Nivolumab, atezolizumab and

pembrolizumab have been evaluated as potential first-line therapies especially in cases with PD-L1

expression (determined by Tumor Proportion Score, TPS); it has been shown that patients with TPS

>50% had a tumor response rate of 50% [40]. Atezolizumab and cemiplimab have also been approved

as first-line monotherapy agents for advanced NSCLC patients with PD-L1 tumor expression as they

demonstrated improvement in OS compared to platinum-based chemotherapy. Thus, anti-PD-L1 is
considered a standard first line monotherapy for PD-L1>50 % advanced NSCLC [41,42]. Furthermore,
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a recently published meta-analysis of three phase III clinical trials in 559 advanced non-squamous
NSCLC patients reported that patients with KRAS mutations showed improved response, though
wildtype KRAS status alone is insufficient to predict lack of benefit [43,44]. Perioperative treatment
with nivolumab resulted in significantly longer event-free survival than chemotherapy in patients
with resectable NSCLC. No new serious adverse events were observed in this study [45]. FDA has
also approved pembrolizumab followed by resection in early stage NSLC as this treatment has
benefits in survival [46].

Combination therapies with or without classical chemotherapy have also been approved [46—
50]. The most recent breakthrough in the clinical application of immunotherapy is the application of
ICIs in treating early-stage NSCLC. Atezolizumab, as a single agent, is indicated as adjuvant
treatment following resection and platinum-based chemotherapy for adult patients with stage II-IIIA
NSCLC whose tumors have PD-L1 expression on >1% of tumor cells [51]. Similar approvals have
taken place for pembrolizumab and durvalumab as neoadjuvant treatment for resectable NSCLC as
well [46,50].

Furthermore, for small cell lung cancer, a cancer with one of the poorest survival rates of all solid
tumors (5-year survival rates less than 5%), ICIs have been evaluated as treatment options however
no significant response was recorded. Atezolizumab and durvalumab have been proposed as first-
line therapies in combination with etoposide and a platinum-based chemotherapy regimen. The
improvement in median OS was 12-13 months [52,53]. In a very recent study adjuvant therapy with
durvalumab led to significantly longer overall survival and PFS than placebo among patients with
limited-stage small-cell lung cancer [54].

3. Gastrointestinal Malignancies

They are also very frequent malignancies. Specifically, for gastric cancer the outcome is relatively
poor mainly for advanced tumors receiving classical chemotherapy. The addition of ICIS may be
promising. Nivolumab and pembrolizumab have been administered in combination with classical
chemotherapy or trastuzumab for HER2+ tumors and have been approved as second-line treatments
for advanced or metastatic gastric and esophageal tumors [55-59]. On March 2025, FDA granted
traditional approval to pembrolizumab in combination with trastuzumab and classical
chemotherapy for HER2+ tumors gastric or gastroesophageal junction adenocarcinoma expressing
PD-L1 (CPS =1) [60]. A new PD-1 inhibitor, named tislelizumab has been promising in combination
with chemotherapy in advanced HER-2 negative gastric cancer [61]. Durvalumab plus chemotherapy
is also a promising treatment for patients with resectable gastric cancer [62].

For metastatic colorectal cancer patients, the median 5-year OS is approximately 14.7 %. Currently,
all ICIs approved for the treatment of colorectal cancers have been limited to the subset of patients
with microsatellite instability-high/mismatch repair deficient (MSI-H/dMMR) metastatic colorectal
cancer (mCRC) [63]. Ipilimumab in combination with nivolumab as well as pembrolizumab were
subsequently approved for unresectable/metastatic MSI-H/dMMR metastatic colorectal cancers
[63,64]. Recently, in patients with locally advanced dMMR colon cancer, neoadjuvant nivolumab plus
ipilimumab showed an acceptable safety profile and led to a significant response in a high proportion
of these patients [65].

Concerning patients with advanced hepatocellular carcinoma both nivolumab and pembrolizumab
have been approved for patients with advanced hepatocellular carcinoma (HCC); pembrolizumab
has been administered in patients previously treated with sorafenib [66]. Other drugs that have been
implicated in disease treatment include nivolumab plus ipilimumab as second line treatment [67],
more recently atezolizumab in combination with bevacizumab (approved as first-line therapy in
2020), as well as tremelimumab in combination with durvalumab; these combination have been
approved due to the significant improvement in OS compared to previous treatments which included
sorafenib [68,69]. Recently, camrelizumab in combination with rivoceranib showed a significant and
clinically meaningful benefit in PFS and OS compared with sorafenib for patients with unresectable
hepatocellular carcinoma, presenting as a new and effective first-line treatment option [70].
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4. Breast Cancer

Among breast cancers the triple-negative breast cancer (TNBC) is an aggressive tumor difficult to
treat due to lack of targeted agents. Chemotherapy is the the standard-of-care for systemic treatment
and includes taxanes or platinum-based agents. However, these tumors can become rapidly resistant
to chemotherapy. In 2019, atezolizumab and more recently pembrolizumab have been approved for
the treatment of these tumors in combination to chemotherapy showing improvement in PFS [71,72].

5. Gynaecological Malignancies

Although the incidence of cervical cancer has reduced in recent years due to cancer screening
programs and vaccination against the human papillomavirus (HPV), cervical cancer remains a
significant cause of deaths particularly in developing nations. Several studies have reported relatively
high PD-1/PD-L1 expression in cervical tumors, providing potential targets for ICI. Currently,
pembrolizumab has been approved since 2018, as monotherapy or in combination therapy for
recurrent/metastatic cervical cancer expressing PD-L1 (combined positive score, CPS>1). Its
combination with platinum-based chemotherapy tbevacizumab, demonstrated a significant survival
benefit [73].

Concerning advanced endometrial cancer in 2021, the FDA granted accelerated approval for
dostarlimab (anti-PD-1) in the second-line setting, following standard platinum-based
chemotherapy, for patients with dMMR/MSI-H endometrial cancers due to a significant overall
response rate in these cases [74]. Indeed, improvements in survival and the manageable safety profile
support the favorable benefit-risk profile for dostarlimab plus carboplatin-paclitaxel in patients with
dMMR/MSI-H primary advanced or recurrent endometrial cancer [75]. Pembrolizumab has also been
approved as monotherapy or in combination with the oral TKI lenvatinib as this agent has also
improved the objective response rate (ORR) [76]. Carboplatin/paclitaxel plus durvalumab followed
by maintenance durvalumab with or without olaparib demonstrated a statistically significant and
clinically meaningful PFS benefit in patients with advanced or recurrent endometrial cancer [77].

5. Genitourinary Malignancies

The renal cell carcinoma comprises 90% of all kidney cancers, with clear cell being the most
common subtype. Approximately 33% of patients have advanced or metastatic disease at diagnosis.
Although RCC is notably resistant to chemotherapy, it is relatively sensitive to immunotherapy and
antiangiogenic treatment compared to other tumor types. Except for nivolumab which was the first
FDA agent approved, three ICIs have also been approved as first-line therapies for the advanced
clear-cell RCC, in combination with either another ICI or with antiangiogenic inhibitors. These
combinations comprise nivolumab +ipilimumab, pembrolizumab +axitinib, avelumab +axitinib,
nivolumab +cabozantinib and pembrolizumab +lenvatinib [78-82]. Because no direct head-to-head
trial comparing dual checkpoint inhibition and checkpoint blockade plus anti-angiogenic TKI
regimens exist, first-line therapy selection remains a topic of active debate.

Furthermore, for advanced wurothelial carcinoma, the current standard, first-line therapy is
platinum-based chemotherapy, while pembrolizumab has been also approved as first-line for
platinum-ineligible advanced/metastatic cases [83]. Along with pembrolizumab, avelumab and
nivolumab have also been implicated as possible first or second line therapy with/or without
chemotherapy as treatment modalities for advanced disease cases [84,85].

6. Head and Neck Squamous Cell Carcinomas (HNSCC)

HNSCC includes cancers of the oral cavity, oropharynx, hypopharynx, and larynx; for these
cancers the initial treatment is local intervention. For patients who develop recurrent/metastatic
HNSCC the prognosis after treatment with classical chemotherapy is poor. ICIs have not only
demonstrated manageable safety in HNSCC but have also been shown to improve OS compared to
previous standard-of-care. Pembrolizumab is currently approved as first-line therapy for

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2039.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 June 2025 d0i:10.20944/preprints202506.2039.v1

9 of 53

unresectable recurrent/metastatic HNSCC in combination with chemotherapy with a benefit in OS
for the subgroups of patients with PD-L1 positive (CPS 21) HNSCC [86]. A randomized, open-label,
multicentred, phase III clinical trial showed that adjuvant PD-1 blockade with camrelizumab
significantly improved event-free survival with manageable toxicities, highlighting its potential role
in the management of locoregionally advanced NPC [87]. A novel PD-1 inhibitor, tislelizumab
demonstrated promising efficacy and tolerability in patients with head and neck cancers in both
clinical trials and real-world studies [88]. Another PD-1 inhibitor toripalimab may be a highly
promising therapy for the treatment of locoregionally advanced nasopharyngeal carcinoma and has
been recently approved by FDA as first line therapy [89].

7. Haematological Malignancies

For lymphomas, nivolumab and pembrolizumab have been approved as second line therapies
for relapsed/refractory classical Hodgkin lymphoma after autologous HSCT and pembrolizumab as
a third-line therapy for relapsed/refractory primary mediastinal B-cell lymphoma[90,91].

5. ICIs Pharmacokinetics - Pharmacodynamics

Intravenous ICIs are distributed and metabolized by various routes. Extensive binding to target
antigens in the plasma or on tissues, reduces the amount of free ICI and increases the volume of
distribution. Transvascular movement of free ICIs is principally governed by means of convection,
the magnitude of which is limited by factors such as organ perfusion and endothelial permeability.
Within tissues, ICIs become distributed by means of diffusion and convection. The neonatal Fc
receptor (FcRn) is responsible for the transport of ICIs back into the vascular system, preventing the
intracellular lysosomal degradation of these drugs and hence prolonging their half-life (t'2 6-27
days). Prolonged tissue exposure may therefore increase treatment effects without the necessity for
frequent drug administration [92]. The distribution of mAbs through the blood, due to their high
polarity, is impaired when it comes to peripheral tissues. Their high affinity also affects distribution,
by interactions between them and antigens, whereas reduction in tumor size may change the blood
flow. Therefore, the volume distribution (Vss) of mAbs is usually very small and approximately equal
to the plasma volume [93].

Furthermore, it has been shown that the FcRn is subject to genetic influence based on a variable
number of tandem repeats in the promoter region of the FcRn gene (FCGRT). An increased number
of tandem repeats has been shown to increase its expression. As FcRn is responsible for salvaging
IgG, reduced expression is thought to result in lower serum concentration and increased clearance
via alternative mechanisms [94]. Fc isoforms are important determinants of Fcy receptors (FcyRs)-
mediated interactions, wherein the IgG1 subtype displays a higher affinity for FcyR than the IgG4
subtype. Although the IgG1l Fc component of the PD-L1 inhibitor has been tailored to be less
susceptible to a specific interaction, the absence of this modification may also explain the relatively
short half-life of avelumab compared with other ICIs [93].

On the other hand, the generation of antibodies against ICIs increases clearance. The dominant
mechanism of ICI clearance remains through proteolytic catabolism, which occurs in both plasma
and peripheral tissues. Lastly, the high-affinity interaction between ICIs and surface receptors
precipitates an additional clearance route, i.e. that of receptor-mediated endocytosis. Linear or
Nonlinear Clearance of ICIs is governed by numerous physiological mechanisms, the predominant
part of which is deemed to occur by nonspecific degradation within plasma and tissues which is not
actually impaired by conditions such as age, hepatic impairment and renal failure [95].

An alternative route of elimination consists of receptor-mediated endocytosis which depends on
the number of ICI ligands and is the main process to nonlinear clearance. Differences in target
proteins can create differences in clearance patterns and degradation [95,96]. Durvalumab and
pembrolizumab at doses of 3 and 0.3 mg/kg, respectively present nonlinear clearance due to
saturation of receptors, while an absence of nonlinear clearance among other ICIs may indicate
another route of clearance or saturation kinetics. Furthermore, clearance can also occur through
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humoral and cell-mediated degradation pathways of the immune system. Formation of antidrug
antibodies (ADAs) facilitates the uptake and endocytic degradation of ICIs, which increases
clearance. Under combinational therapies, ADAs might have more significant consequences to the
pharmacokinetics of ICIs in comparison to monotherapies; for example, ADAs against nivolumab
increased substantially (10-21.9%) in patients receiving concomitant ipilimumab therapy with a 24%
increase in nivolumab clearance [97]. An additional route of endocytotic degradation might be
facilitated by direct interaction between the Fc component of ICIs and FcyRs on phagocytic cells of
the immune system [95].

With the exception of ipilimumab, ICIs exhibit time-varying clearance. This phenomenon has
largely been attributed to disease status: clearance decreases when tumor burden declines [98,99].
Cachexia, causes rapid degradation of proteins, including, potentially, ICIs, and ameliorates with
improved disease status e.x Durvalumab and pembrolizumab [99-101].

Whereas ICIs were originally considered to act in a purely antagonistic manner, more recent
advances have demonstrated that several compounds might directly give rise to cytotoxic reactions
[102]. Antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity
(CDC) arise by the interaction between the Fc region of ICIs and components of the immune system,
which might cause depletion of target cells [103]. The capacity to evoke such an immune response is
highly dependent on the isotype involved, where members of the IgG1 group are able to induce
ADCC and CDC [103]. IgG1 ICIs mainly serve as ‘classical deleters’ of intratumoral regulatory T cells
(Treg cells) because of the capacity to induce cellular and humoral cytotoxicity, while IgG4 ICls
function as true receptor blockers that antagonize the inhibition of T cells [102]. In clinical practice,
unmodified IgG1 compounds give rise to a higher degree of infusion-related reactions, as seen in
avelumab. In addition, Treg depletion did not occur in the tumor microenvironments of patients
treated with ipilimumab or tremelimumab [104], indicating that on a clinical level, ADCC might not
be as relevant as preclinical studies suggest [92].

Ameliorating the way of evaluating the pharmacokinetics of ICIs may offer advantage in
alterations concerning the dose and the dose interval. This has an important impact in a better
management of drug toxicities as well as in the cost effectiveness. Little to no dose-limiting toxicities
have been reported for ICIs. The establishment of a therapeutic window within the efficacy range can
avert dispensable expenses. A potential candidate for this application is nivolumab, for which the
exposure - response curve reaches saturation below marketed doses [105]. This saturation
theoretically permits dose minimization, or prolongation of the dose interval, thus potentiating the
role of therapeutic drug monitoring in cost reduction [106]. The ICIs (PD-1, PD-L1) pharmacokinetics
[107-114] are shown on Table 2 and can be found in FDA database (www.fda.gov).

6. Pharmacogenomics -Pharmacogenetics

Although ICs have changed the treatment strategy for various types of cancer there is a
significant interpatient variability in the response to treatment, the overall survival as well as the
drug toxicities and the appearance of immune-related adverse events (irAEs) [115]. It is well known
that germline genetic variations may be implicated. These genetic variations can either be single-
nucleotide polymorphisms (SNPs) or structural variants, such as gene rearrangements, deletions,
amplifications. Thus, it is challenging to predict which patients will benefit from ICI treatment and
which patients will suffer from severe adverse events [116-118]. Many studies have focused on
identifying predictive biomarkers for ICI treatment [118]. Pharmacogenetic (or pharmacogenomic)
are genetic markers which could potently be used in the evaluation of interpatient variability
[119,120].

Table 2. The ICIs (PD-1, PD-L1) pharmacokinetics. t%2: elimination half-life (days); CL: clearance (L/day); Vc:
volume of central compartment (L); Vp: volume of peripheral compartment (L); Q: inter-compartmental
clearance (L/day); IIV (CV%): inter-individual variability expressed as coefficient of variation (%); CLlinear:

clearance of linear elimination (in drugs with linear kinetics).
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Nivolumab 0.1-20 25 0.23 3.63 2.78 0.770 CL:35%, Vc: 35.1% [81]0
Pembroliza ) 273 022 348 406 0795 CL:38%,Vc: 21% [10
mab 9]
11
Cemiplimab 1-10 289 0290 332 1.65 0.638 CL, Q: 8.70% ([)]
Dostarlimab 200 ™8 OF 235 0179 298 2.10 0547 CL:23.5%, Vc: 16.1% [11
1000 mg 1]
Tislelizumab 0.5-10 238 015 305 127 074 CL20:3% Vel67%, [11
Vp:74.7% 2]
Retifanlimab 1-10 187 02928 376 2.64 0.684 o S1A4% Vel7.9%,
Vp:35.5%
Toripalimab 0.3 -10 10£1503576 3.7 ... .. ... ot
:;mrehzum 1-10 311 0231  3.07 290 0414 CLine: 50.8%, Vic: 49.5% glll
Cosibelimab 200 M8 T 120045 (038 358 231 5?6;/30'8& Ve 168% Vpr 7

* Center for Drug Evaluation and Research [CDER], US FDA . Clinical multi-discipline review: avelumab. Silver
Spring: US FDA; 2017. ** US Food and Drug Administration. "Clinical pharmacology and biopharmaceutics

review." Silver Spring: us FDA (2007).
***https://www.accessdata.fda.gov/drugsatfda_docs/nda/2023/7613340rig1s000MultidisciplineR.pdf
****https://loqtorzihcp.com/pdf/prescribing-information.pdf *https://checkpointtx.com/wp-

content/uploads/2023/07/Cosibelimab-poster-PAGE-v1-final-3.pdf.

SNPs are germline variations in the DNA occurring in 21% of the population. Several SNPs
associated with ICI therapy are shown on Table 3. Several genome wide association studies (GWAS)
have been performed in order to generate clusters of SNPs, which could be relevant for ICI outcome
[121-123]. Whereas GWAS offer a great tool for generating biomarker-based hypotheses, they also
require large groups of patients and hence have difficulty validating results in other cohorts.
Therefore, prospective validation is often missing. In a case-control cohort of 89 ICI-treated patients
with melanoma, a GWAS identified 30 SNPs which were significantly associated with the occurrence
of immune-related adverse events (irAEs) [122]. Several of these SNPs were located in genes
associated with auto-inflammatory diseases, such as SEMASA for rheumatoid arthritis [122]. Several
GWAS and validation studies identified a SNP located on an IL7 intron (rs16906115)[121] which was
significantly associated with the occurrence of all grade irAEs [124].

For ICI treatment specifically, genetic variation is studied within i) ICI targeted receptors, ii)
pathways related to autoimmunity and iii) variations within the human leukocyte antigen (HLA).

Table 3. SNPs associated with ICI therapy.

No. of
Gene Variant Treatment Observable result patients/Ethnicity/CancerRef.
Type
7146ASG  Nivolumab or BOR: GG vs AG CR vs 11.5 Austrahar} patients
PDCD1 (rs11568821)Pembrolizumab other response rate with metastatic [129]
(16.5 % vs. 2.6 %), melanoma
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PFS:GG longer PFS
0.05 (95 %CI 0.003—
0.87; p =0.040)
BOR: No relationship Cohort of 98 French
anti-PD-1, anti-PD-L1  with hyperprogressive patients with various [146]
disease types of cancer
OS: poorer OS with a
3-year OS rate of
51.8%, as compared to
71% in wild type
patients, HR: 2.37; 95%
CI: 1.11-5.04; p = 0.026)
BOR: No relationship Cohort of 98 French
anti-PD-1, anti-PD-L1  with hyperprogressive patients with various [146]
disease types of cancer
G allele carriers had
889G>A  Nivolumab or more AE (OR:3.712 106 patients from Japan
(rs10204525)Nivolumab+iPilimumabCI95% (1.591 — 8.658); with metastatic RCC
p =0.002)
BOR: No relationship Cohort of 98 French
anti-PD-1, anti-PD-L1  with hyperprogressive patients with various [146]
disease types of cancer
PES: better PFS for
TPS-negative 104 Japanese patients
population, T/T vs G/T with NSCLC
and G/G p=0.008
BOR: better clinical
response of G vs C
395G>C ) allele (p =0.0319), PFS: 50 patients from Japan
(rs4143815) Nivolumab CC+CGvsGG: 2.6 vs with NSCLC
2.1 m (HR: 0.46 (95 %-
CIL: 0.22-1.04); p=
0.0438)
PFS: CC + CG vs GGt
Nivolumab or not reached vs 2.3 m (p 32 Italian patients with
Pembrolizumab =0.41;, n=20, NSCLC
nivolumab only)
No relationship with Cohort of 98 French
anti-PD-1, anti-PD-L1  hyperprogressive patients with various [146]
disease types of cancer
PFS: GG: HR: 1.69, 95
Nivolumab % CI1.09-2.59; p =
0.018
PFS: HR 1.65 (p =
0.040), rAEs: Low T4
Nivolumab or liver dysfunction or
rash or fever, p =
0.0013
©S: T/T vs C/T or C/C_ 133 Japanese patients

Nivolumab ?(1)21 g.4o (021-070) p= "oy [125]

anti-PD-1 monotherapy
(i-e., PemBrolizumab or
Nivolumab)

119 patients of Caucasian
decent with metastatic ~ [130]
melanoma

804C>T
(rs2227981)

[128]

Nivolumab,
Atezolizumab,
Pembrolizumab

rs2282055

/T [139]

[126]
CD274

[132]

222 Japanese patients

with advanced RCC [127]

rs1411262
(T>C)

111 Japanese patients

with NSCLC [133]
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PFS: TT +TC: HR: 0.58, 222 Japanese patients
Nivolumab 95 % C10.37-0.89;, P= | [127]
0.014 with advanced RCC
PFS:HR 1.76 (p =
16822339 Nivolumab ?1\(1)e2r5 z;gfiizgnfzf " Japanese patients [133]
(A>G) with NSCLC
rash or fever, p =
0.0204
OS: A/A vs A/G or G/G133 Japanese patients
Nivolumab HR 0.38 C195%(0.19- . [125]
0.69) p <0.001 with NSCLC
PES: GG: HR: 1.59, 95 222 Japanese patients
Nivolumab % CI11.04-2.45; P = . [127]
0.034 with advanced RCC
a=C/Cvs C/G and G/G
better ORR (P =0.004),
PFS (P=0.003) and
Nivolumab, (OF] (1.3 = 0:002), ssin
Pembrolizumab or multivariate
Atezolizumab models:PFS HR 2 cohorts (a=n44, b=n19)
following platinum- 0.5163762 95% CI of Caucasian populations
rs822336 based chemotherapy (0.3241144-0.8226861) with advanced non- [138]
Pembrolizamab + " p=0.005, OS: HR oncogene addicted
platinum-based 0.5424147 95% CI NSCLC
chemotherapy (0-3408916-
0.8630712)p= 0.010, b=
C/Cvs C/G and G/G
better PFS (P =0.0258)
and OS (P =0.0455)
BOR: OR, 3.82; 95 % CI
2.17-6.70; P < 0.0001, 222 Japanese patients
rs685736  Nivolumab PFS:GA + AA: HR, with advanced RCC [127]
1.67; 95 % CI 1.18-2.38;
P =0.0041
FARP1 BOR: OR, 0.23; 95 % CI
0.13-0.41; P < 0.0001, 222 Japanese patients
rs643869  Nivolumab PFS: CC: HR, 0.57; 95 . [127]
% C1 0.40-0.80; P = with advanced RCC
0.0013
BOR: Responders (CR,
PR, SD) vs. non
IL2, anti-PD-1 (Nivolumab, responders (PD) OR: 169 patients from
ADAD1,rs17388568 Pembrolizumab; 0.26, 95%CI(0.12 - 0.53) America with metastatic [142]
IL21 N=176) (GA or AA vs GG melanoma
74% less likely to resist
anti-PD-1 treatment
Pembrolizumab, GWAS s‘Fudy in 57 .
Nivolumab, I(SORé ]Z}ezt’c(;:;)r?slzi)/rse pat;entts;n Fralnce with
. =5.4E-02) in metastatic melanoma,
ILIRLT rs4988956 ;1?1 hrrlluma]i) ! aIr)ld A/RvsR/R Validation occured in [123]
+Ii::,i;)irl:111?r?1ab genotypes ano.ther cohort of 57
patients.
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Increased all grade =~ GWAS study in 1751
toxicity (HR: 2.1; p=  patients, 12 different [121]
36E-11) tumour types
BOR: (CR/PR vs SD vs
PD) OR 1.60 95%CI

c.128C>A . (1.01-2.52) p=0.044, 322 mostly Caucasian
GZMB | 8190917) Nivolumab PFS:HR: 1.381,-3 patients V\}zlith NSCLC
95% CI:1.02 to 1.87;
p=0.036
PFS: GG longer PFS
(HR 0.70; p=0.026), 164 Japanese patients
0OS:GG longer OS (HR with NSCLC
0.64; p=0.021)

1.7 rs16906115 Fmr.m.me checkpoint
inhibitors

[144]

CD47 1s3804639 Nivolumab [145]

SNPs Within the PD-1 Pathway

Three SNPs for PDCD1, which encodes PD-1, (SNPs 804C>T (rs2227981), 889G>A (rs10204525)
and 7146A>G (rs11568821)) are the most investigated, although none is deemed suitable for
application in routine clinical care. The first one, 804C>T (rs2227981), is considered to affect gene
transcription and PD-1 receptor expression on T cells. Although in a cohort of 119 melanoma patients
treated with anti-PD-1, T allele carriers had a shorter OS than wild types, this result was not
confirmed in other cohorts of cancer patients [125-128]. Nonetheless, a trend was seen towards
shorter PFS in homozygous variant carriers (TT genotype) although non-significant [129]. Moreover,
T carriers may have lower expression of PD-1 in CD4 + T cells [130].

Considering the location of 804C>T within the promotor region of PDCD1, it seems plausible
that this SNP alters PDCD1 transcription and thus leads to decreased PD-1 expression [127,131].

For the SNP 889G>A (rs10204525), wild type patients were found to experience more and more
severe (23) irAEs compared to homozygous variant genotype in a retrospective study from Japan in
RCC patients [128]; this finding was not confirmed in other Caucasian populations [120,128,131].

Finally, the third SNP, 7146 A>G (rs11568821), located in an enhancer region of intron 4 of PDCD1
regulating gene transcription, was associated with an improved PFS making it an interesting target
for validation in upcoming prospective studies [129].

SNPs Within the PD-L1 Receptor Gene

For the PD-L1 receptor, the two most studied SNPs (rs2282055 and rs2890658) were not
associated with either toxicity or survival [125-127,132], while two other SNPs might predict response
to anti-PD-L1 treatment. First, in a cohort of 108 patients with NSCLC treated with nivolumab, both
rs1411262 and mainly rs822339 were associated with longer PFS and OS [133] as well as increased
frequency of immune-related hypothyroidism [125,133]. This is consistent with previous data
suggesting that patients experiencing irAEs might have better treatment outcomes than those
without irAEs [134]. These results were further confirmed in the previously mentioned Japanese
study in 222 patients with advanced RCC [127], where both SNPs were significantly associated with
PES. While the G/G genotype of CD274 rs4143815 has been associated with elevated PD-L1 expression
and favorable ICI responses in some studies, other cohorts have reported inconsistent or null
associations, indicating the need for further validation in diverse populations [126]. It has been also
suggested in several studies that PD-L1 rs4143815, located in the 3’ untranslated region (UTR), can
influence the expression of PD-L1, thus driving tumor cell immune escape [135]. The C allele has been
shown to increase production of PD-L1 by attenuating miR-570 [136]. Consequently C/C genotype
has an inferior clinical response to paclitaxel - cisplatin chemotherapy but contradicting results and
lack of research specificity require further insight in the effects in anti-PD-1 therapy [137]. Also,
rs822336 significantly correlates with treatment response and survival outcomes. Specifically, C/C
genotype is associated with better ORR, PFS and OS compared to G/C and G/G. In the presence of
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allele C, PD-L1 transcription is regulated by the binding of both C/EBP3 and NFIC. In contrast, only
C/EBPf3 regulates PD-L1 transcription in the presence of allele G. Second, a significant correlation
between the presence of allele C in rs822336 and that of allele T in rs2282055 was observed. rs822336
and rs2282055 are localized on PD-L1 promoter/enhancer and intron region, respectively. Presence
of allele G in rs2282055 was associated with better ORR and PFS as compared to allele T [138].
However, another study has shown better PFS outcome for T/T rs2282055 in the TPS negative
population [139]. Thus, those SNPs could be promising predictive biomarkers for ICI treatment,
although prospective validation is required.

Germline variants which are known to predispose for autoimmune diseases might also affect
the occurrence of irAEs [140,141]. Multiple SNPs were identified in GWAS and whole exome
sequencing (WES) but a significant clinical impact could only be replicated for rs16906115, an IL7
SNP, two highly linked FARP1 SNPs — rs685736 and rs643869 — and finally rs4988956, situated within
the ILIRL1 gene [121,127]. Some studies focus on genes related with autoimmunity. For instance, in
a cohort of 436 patients with metastatic melanoma tested for 25 different autoimmunity related SNPs,
the SNP rs17388568, located in a locus containing both IL2 and IL21, was significantly associated with
improved response to anti-PD-1 treatment [142].

Another example that autoimmunity is often linked to ICI outcome is found in GZMB gene
encoding the granzyme B (a serine protease), an apoptotic effector of T cells. A linkage between the
levels of granzyme B and cutaneous autoimmunic activity has been shown [143]; the SNP rs8192917,
(128T>C) was associated with development of vitiligo in nivolumab treated NSCLC patients with
shorter PFS [144]. One could speculate that these variants may lead to production of less effective
granzyme B, thereby impairing the cytotoxic capabilities of T cells [144]. Further SNPs may influence
ICI response by inhibiting immune signaling. For CD47 which may alter the macrophage response
in ICI treatment, a SNP rs3804639, was associated with longer PFS and OS in patients with NSCLC
treated with nivolumab [145].

Finally, polygenic multivariate modelling has been attempted to estimate the large inter-patient
variability for a specific germline biomarker expression. Based on testing 166 different SNPs
originating in 86 auto-immunity genes, multivariable models for tumor response and irAEs were able
to reasonably predict both outcomes [146]. Another study tested 16.751 SNPs to calculate a polygenic
risk score, originally developed as a predictor for hypothyroidism in non-oncological patients.
Interestingly, the score was also able to predict thyroid irAEs [147]. These results underline the
importance of assessing multiple SNPs in polygenic models in relation to each other and provide
pharmacogenetic predictive tools for ICI treatment.

HLA and Response to ICI Treatment

HLA consists of a highly polymorphic gene cluster located on the short arm of chromosome 6
(6p21.3). HLA is divided in three subclasses, class I, Il and III, which all play an important role in the
immune system. Variations of HLA molecules result in different peptide-binding preferences as
variations are mainly concentrated in exons encoding for the peptide-binding groove and the
interaction with the TCR. Consequently, variations in HLA genes lead to a very diverse group of
peptides being presented to both CD4 + and CD8 + T cells (Figure 3) [148].
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Figure 3. HLA and response to ICI treatment. HLA: human leukocyte antigen; DP, DQ, DR: Class II HLA
molecules; HLA-A, HLA-B, HLA-C: Class I HLA molecules; Class III: region encoding complement and other

immune-related proteins.

Variations within the different HLA class I molecules determine the repertoire of peptides which
can be presented to CD8+ T cells, directly affecting the diversity of cytotoxic T lymphocytes for an
individual patient (i.e., the immunopeptidomes) [149]. The diversity of the HLA classes has been
suggested as a predictive biomarker for response to ICI treatment, while an expression of a broader
neo-antigen selection could provide a better tumor response to ICIs [150]. Individuals with
homozygosity of at least one of the HLA class I alleles are hypothesized to have a poorer survival
compared to individuals who are heterozygous for (one of) the HLA class I alleles, as the range in
cytotoxic T lymphocytes is much smaller in homozygous patients.

Two studies have shown that homozygosity for one of loci A, B and C could already negatively
impact OS after ICI treatment [151,152]. Interestingly, when specifying HLA heterozygosity per loci
in the largest study of 1535 patients, those having just one homozygous locus had shorter survival
[151]. This might indicate that homozygosity of a single HLA-I locus could already be clinically
relevant, which is seen in approximately 18% of all patients [151]. However, this has not always been
confirmed [153,154].

HLA-I evolutionary divergence (HED) may also influence the response to treatment. HED is the
difference in sequence divergence between the alleles’ peptide binding properties of the
corresponding HLA class I molecules [155]. High HED was associated with longer OS for patients
with melanoma and NSCLC despite the fact that all included patients were already heterozygous for
the HLA class I alleles [155]. Similarly, high HED was associated with more favorable PFS in RCC as
well as better PFS and OS in gastrointestinal cancer patients [156,157]. Thus, evaluating the diversity
of the HLA class I molecules may play a role in ICI treatment efficacy and may be used as predictive
marker, if confirmed prospectively, in different tumor types.

The impact of heterozygosity of the HLA class II alleles on survival after ICI treatment has also
been investigated. However, although some trends towards associations between heterozygosity of
the HLA-DRB1 locus on OS have been reported, no clinical effect has been proved till now [158].

HLA supertypes are groups of HLA class I alleles classified according to their similar binding
affinities. They are combinations of HLA molecules which have binding preferences for certain amino
acids, resulting in an overlapping peptide binding specificity [159]. HLA-A*01 supertype was
associated with prolonged PFS in a study of metastatic NSCLC patients [158], not confirmed in other
studies [151,152,160,161]. A combined HLA-A*01-HLA-A*2 haplotype was associated with
prolonged PFS [158]. In large cohorts of patients treated with ICIs, carriage of an HLA-A*03 allele
was significantly associated with shortened survival, irrespective of the tumor type. Intriguingly, no
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effect of HLA-A*03 was seen in patients receiving alternative treatments [159]. All other trials, which
studied the impact of HLA-A*03 on survival, did not find a significant correlation [151,152,160,161].

Importantly, the allele frequency of HLA-A*03 differs considerably across different ancestries
and this could elucidate the conflicting results [151-154,161]. It seems that only HLA-A*26 and HLA-
B*27 have shown promising results as biomarkers for ICI treatment in small studies and therefore
merit further validation in future research [161,162]. Finally, for HLA-C supertypes, no relation with
presence of the allele and survival after ICI treatment was found [158]. Thus, based on these results
in general, the absence or presence of specific HLA alleles, including zygosity of HLA class I and II,
cannot yet be used as predictive biomarkers in patients treated with IClIs.

Concerning the impact of HLA alleles on occurrence of immune-related toxicity a possible
association between HLA molecules and occurrence of irAEs was studied in general cohorts of
patients treated with ICIs. Most of the results were borderline significant, without adjusting for
multiple testing and should thus be interpreted with caution. In addition, most studies were
conducted in Japan, which has specific incidence of HLA alleles and consequently, prevents the
results from being directly translatable to the non-Asian population.

The role of HLA class II alleles has been investigated more thoroughly as this class is associated
with occurrence of autoimmune diseases. Different HLA-DRB1 molecules were found more
frequently in patients with ICI-induced inflammatory rheumatoid arthritis [163]. This could indicate
a causative mechanism of ICI-induced inflammatory arthritis and should be investigated further in a
larger cohort of patients [163]. A significant association was reported concerning the risk of
developing specific irAEs with various DR specific HLA class II alleles, such as between HLA-DR4
and the appearance of diabetes mellitus type I, HLA-DR15 with hypophysitis and HLA-DR8 with
hypothyroidism [164]. However conflicting results have been reported [165]. When interpreting
studies investigating the relationship between HLA alleles and the occurrence of specific irAEs, it is
of great importance to take into account the different methods that have been applied. In particular,
HLA class II, and more specifically the HLA-DRB1 alleles, could play a role in the onset of irAEs
[120].

7. Drug Resistance

A considerable number of patients develop resistance to anti-PD-1/PD-L1 immunotherapy,
rendering it ineffective during follow-up. Immunotherapy resistance can be categorized into primary
resistance and acquired resistance, depending on the molecular processes behind them [166].

Primary resistance may be caused by impaired tumor-associated antigen presentation as well as
alterations in intracellular molecular pathways in tumors affecting immune cell infiltration into
tumor microenvironment (TME). The TME is a complex component, consisting of cancer cells, cancer-
associated fibroblasts, immunosuppressive cells, cells that activate the immune system and a variety
of signaling molecules. TME dynamically influences the progression of tumors and impacts the
treatment outcomes. An immunosuppressive TME obstructs T-cell growth and activation, and,
ultimately leads to tumor evasion. Interestingly, an irregular activation of the HGF/c-MET signaling
pathway may facilitate the communication between cancer-associated fibroblasts and various
immune elements, controlling PD-L1 protein expression through chemiotaxis with
immunosuppressive cells. Abnormal MET activation reduces the effectiveness of anti-PD-1/PD-L1
immunotherapy [167].

Epigenetic modifications that affect antigen processing and presentation, persistent activation of
the WNT/B-catenin signaling pathway, reduced T cell infiltration, and cells promoting
immunosuppression are examples of primary resistance [166,168]. Immunosuppression includes
deficiencies in interferon signaling and presentation of antigens, T cell immunological dysfunction,
upregulated expression of immunosuppressive molecules, as well as modifications in the level of PD-
L1.

Acquired resistance occurs when a tumor is initially treated with some inhibitory effect, but the
tumor later progresses or reappears. A possible explanation for this is new tumor-derived resistant
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mutant strains. Immune checkpoints including T cell immunoglobulin mucin 3 (TIM-3) and
lymphocyte activation gene protein 3 (LAG-3) show a compensatory effect after treatment, leading
to an increase in the expression of other immune surveillance pathways and consequent drug
resistance [166,169]. The main resistance mechanisms in ICI treatment are immunosuppression,
epigenetic alterations, microbiota alterations and metabolic abnormalities.

Tumor Antigen Deletion

HLA-I is indispensable for the acknowledgment of tumor cells by CD8+ T cells [170]. Tumor
cells can cause reduced or even complete down-regulation of HLA-I expression levels through beta-
2-microglobulin (B2M) deficiency or mutation leading to failure in presenting neoantigens to tumor-
infiltrating T cells (TILs), failure to activate CD8+ T cells, promotion of immune escape from the
tumor, and resistance to blockade of immune checkpoint therapy [151,171]. Limited clinical data
describe a small group of PD-L1 inhibitor-resistant patients exhibited B2M deficiency in contrast to
those improving with no B2M changes detected [172,173]. Additionally, in multifocal HCC with
intrahepatic metastases HLA allele heterozygous deletions are associated with a higher recurrence
rate in advanced cancers [174].

Immunohistology and RNA sequencing of MHC-II in tumors showed that its expression
promotes increased infiltration of CD4 T cells. Tumors adapt to this change either after PD-1
immunotherapy or after tumor progression by expressing the MHC-II inhibitory receptor LAG3
(which competes with CD4 T cells for antigen presentation) or the Fc receptor-like 6 (which binds to
MHC-II, directly inhibiting NK and T effector function), leading to anti-PD-1 therapy resistance [175].
It is possible for LAG-3/FCRL6 to be a target for immunotherapy.

T Cell Dysfunction

The PD-1/PD-L1 blockade may leave tumor-specific T cells activated but also causes the
overexpression of other immune checkpoints such as TIM-3 which leads to inhibition of cytotoxic T-
lymphocyte and Th1 cell function reducing immunotherapeutic response [176]. In addition, PTEN,
which is negatively regulated by the pathway mediated by PI3K/AKT and upregulates PD-L1
expression, is absent in a number of malignancies and may result in the development of primary
immunotherapy resistance [177]. It also initiates Signal Transducer and Activator of Transcription 3
(STAT3)-mediated immunosuppression, increasing cytokines like IL-10, IL-12, IL-16, and VEGF
which suppresses T cell activation and self-phagocytosis in preclinical models [178]. Finally, PD-
1/PD-L1 inhibition influences TME, where overexpression of CD38 on T cell surfaces may lead tumor
cells to produce adenosine which inhibits proliferation and function of CD8 + T cells (ineffective T
cell penetration to TME) [166,179]. PTEN mRNA injection treatment in mouse tumor models lacking
PTEN or PTEN mutations revealed that a substantial rise in CD8+ T cells could reverse the
immunosuppressive TME [180].

Cucchiara et al,, in an in silico analysis concerning genetic profiles of 644 advanced NSCLCs
according to the immunotherapy response found at least two mutations in the coding sequence of
genes belonging to the chromatin remodeling pathway, and/or at least two mutations of genes
involved in cell-to-cell signaling pathways. The study suggested a dependency between mutated
genes and a peculiar profile of mutations in late-stage NSCLCs with immune sensitivity. The
hypothesis is that somatic loss-of-function mutations in SWI/SNEF-related genes and impaired cell-to-
cell crosstalk may result in dysfunctional immune evasion and persistent buffering of pro-
inflammatory cytokines across the TME. This inflamed state could affect TILs activity once immune
checkpoint blockers are inhibited [181].

The activation of WNT-{-collagen pathway is also linked with reduced infiltration of tumor-
specific T lymphocytes possibly due to up-regulated TANK-binding kinase 1 (TBK1) and thus drug
resistance [182].

Increase in Immunosuppressive Cells
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An increase in immunosuppressive cells like Tregs, tumor-associated macrophages (TAMs) and
other subtypes may also be implicated in drug resistance. PD-1/PD-L1 inhibitors can have an impact
on Treg proliferation and function. They enhance TCR and CD28 signaling in Tregs, promoting the
development of Treg-rich TMEs enhancing their inhibitory function [183]. Tregs potentially
contribute to resistance against PD-L1 immunotherapy, as indicated by PD-L1 inhibitors' capacity to
restore immunity against tumors following Treg depletion.

Subtypes of Myeloid-derived suppressor cells (MDSCs) can boost Arginase-1 (Arg-1) activity,
which renders immune cells insensitive or tolerant and impairs their capacity to quickly eliminate
tumor cells, leading to tumor immune escape [184]. MDSCs create an immunosuppressive
microenvironment by promoting tumor-derived exosomes (Exo) and Hypoxia-inducible factor-1
(HIF-1) and thereby inhibit T cell activity [185] which induces apoptosis in CD8+ T cells and enhances
the inhibitory activity of T-regs [186]. Multiple preclinical studies have provided evidence that
targeting MDSCs can enhance immunotherapy, and current clinical trials look into how they can be
paired with PD-1/PD-L1 blockers for overcoming anti-PD-1/PD-L1 resistance [187].

M2-type TAM macrophages are prompted to enhance the anti-inflammatory molecules like
TGF-B and PGE-2, which inhibit normal antigen-presentation-induced T cell activation [188].
Vascular growth-associated factors (VEGF, IGF) and matrix metalloproteinases (MMPs) are
produced by M2-type macrophages during the inflammatory response to help promote angiogenesis
and tumor growth [189]. Reprogramming myeloid cells in TME has been shown in preclinical models
to help overcome resistance [190].

Drug Resistance due to Changes in PD-L1 Expression

Oncogenic signaling pathway KRAS-ERK induces PD-L1 expression. KRAS mutations can
induce the release of PD-L1 and promote apoptosis of CD3+ T cells in lung adenocarcinoma through
p-ERK signaling significantly contributing to the initial resistance to PD-1 blocking [191]. Another
pathway, the JAK/STAT, may be a key pathway for the synthesis of PD-L1, the production of tumor
antigens [192]. Mutations in these genes may result in an absence of PD-L1 production and drug
resistance [193].

Another oncogenic factor which alters the expression of PD-L1 on tumor cells, is the oncogenic
transcription factor Yin Yang 1 (YY1), a known factor overexpressed in many cancers [194]. Emerging
data suggest that the transcription factor YY1 may modulate PD-L1 expression through promoter
binding and chromatin remodeling, although additional mechanistic studies are warranted to
establish its role across different tumor types. Multiple studies have implicated the YY1/PD-L1 axis
in immune escape in melanoma, NSCLC, liver cancer, and lymphoma [195]. It has been determined
that YY1 is an important regulator of PD-L1 during T-cell exhaustion and promotes immune escape
in prostate cancer. Additionally, YY1 is linked to tumor immune evasion through the upregulation
of PD-L1 involving the p53/miR-34/PD-L1 pathway [194]. Targeting YY1 may result in a significant
inhibition of cancer oncogenic activities. Various strategies are proposed to selectively target YY1 in
human cancers and present a promising novel therapeutic approach for treating unresponsive cancer
phenotypes. Finally, interferon gamma (IFNy) produced by activated T cells and NK cells may
strongly trigger PD-L1 expression in the tumor microenvironment. It has been shown that mutations
in IFNGR1/2 or JAK1/2 components of the IFNY signaling cascade, are a common cause of acquired
and primary resistance to ICI blockade therapies [196].

Epigenetic Mechanisms of Drug Resistance

Epigenetic marks, such as DNA methylation and histone post-translational modifications
(histone PTMs), participate in the regulation of gene expression and chromatin structures allowing
or not allowing transcriptional machinery to access DNA. Several epigenetic mechanisms are
involved in resistance to the immune checkpoint inhibitors: the main ones are the modifications of
histone marks and chromatin structures, alteration of DNA methylation and changes in miRNA
expression levels [197].
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i. Histone Deacetylases (HDACs)

HDAC s are important epigenetic regulators. Due to epigenetic silencing, they could diminish
the expression of cell surface molecules essential to tumor recognition by the immune system. HDAC
inhibitors may enhance the response to immunotherapy by increasing levels of tumor antigens and
the reactivation of proapoptotic genes and are tested in clinical trial with ICIs [198].

ii. Histone Methyltransferases (HMT/EZH?2)

EZH?2 (enhancer of zeste homolog 2) may play an important role in the differentiation of Treg
cells that suppress immune responses. The expression of EZH?2 is linked to tumor immunogenicity
and could be targeted in order to modulate the response to ICIs [199].

iii. miRNAs in Cancers and in Resistance to ICIs

MicroRNAs (miRNAs) are single-stranded, noncoding small RNA that negatively regulate gene
expression at the posttranscriptional level. Their pairing with an mRNA target can lead to the
inhibition of its translation or to its degradation. Many studies have linked various miRNAs with PD-
L1 or PD-1 expression with the resistance to immunotherapy by modulating T-cell functions
[200,201]. Altered miR expressions also act on the tumor immune response through epithelial-
mesenchymal transition (EMT) induction. Furthermore, embryonic transcription factors (such as the
ZEB family SNAIL, SLUGI and TWIST1) are inducers of EMT and may be reactivated in cancer cells.
MiRs like miR-200s are well-characterized inhibitors of EMT through transcription factor
upregulations. The EMT and PD-L1 are linked by dysregulation of the miR-200s/ZEB1 axis, a central
regulator of the EMT. These findings suggest that a subgroup of patients in whom malignant
progression is driven by EMT activators may respond to treatments with PD-L1 inhibitors [201].

iv. Alteration of Tumor Immunogenicity

Epigenetic alterations participate in the remodeling of the TME and, thus, facilitate its growth
and its escape from the immune system. The activation and differentiation of CD8+ T cells are
associated with epigenetic changes. It has been demonstrated that chromatin remodeling is involved
in the resistance to ICIs through mutations in the chromatin remodeling complex SWI/SNF
(SWIltch/Sucrose Non-Fermentable) complexes. PBAF, a chromatin regulatory complex (PBRM1,
ARID2 and BRD?), regulates chromatin accessibility for the IFN y pathway within tumor cells,
resulting in an increased resistance to T cell-mediated cytotoxicity. PBRM1 and possibly ARID1A
inactivation restores the response to immunotherapy by increasing the tumor immunogenicity
[202,203].

v. DNA Methylation and Anti-PD-1/PD-L1 Treatment Resistance

DNA methylation is crucial to the development of tumors. This modification of DNA is
associated with gene silencing and is carried out by specific enzymes called DNMTs for “DNA
methyltransferase”. DNA hypomethylation results from the regulation of DNMT1 by PD-L1 across
the STAT3 signaling pathway, which induces the derivation of new drug-resistant mutant strains in
vivo [204]. The overall hypomethylation of DNA may also contribute to the constitutive upregulation
of cytokines such as VEGF and IL-6, which could contribute to the resistance to immunotherapy [205].
On the other hand, the overall hypermethylation of DNA associates with low levels of PD-L1 and
correlates with a poor prognosis in melanoma patients [206].

Further Difficulties of ICIs Treatments

Clinical trials have shown that not all patients are sensitive to monoclonal antibody therapy. In
melanoma treatment, PD-1 antibodies exhibit a 50% response rate, but the overall response rate for
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other solid tumors is generally low ~15%-20% [207]. Furthermore, the timing of initiating treatment
should also be investigated taking into consideration the mutational evolution within the tumor.

Another concern for the failure of ICIs treatment is that they may not effectively penetrate tumor
tissues and reach all regions of the tumor to accumulate at a sufficient concentration[208].
Furthermore, the immunogenicity of antibody drugs may induce the production of anti-antibodies
and lead to the loss of efficacy in some patients [209]. Moreover, immune imbalance caused by ICIs
may lead to immune intolerance clinically manifested as autoimmune side effects that cause collateral
damage to normal organ systems and tissues, including liver, gastrointestinal tract, lung, skin, and
endocrine system [210]. As an example, in melanoma patients, skin toxicity was observed in 34% of
patients treated with nivolumab and 39% of patients treated with pembrolizumab [207].

8. Biomarkers Participating in the Immune Inhibition Process

ICIs have revolutionized cancer treatment but aside from the very expensive therapeutic agents,
only a limited percentage of patients benefit from them while severe immune-related adverse events
may occur. A more personalized use is of outmost importance, people and waste-wise. A step
towards that is distinguishing between responders and non-responders and predicting patients who
are likely to develop serious side effects by identifying biomarkers [211].

Cancer - immune interaction follows a dynamic relationship characterized by the presence of
checkpoints, the immune-activation mechanism and the immune-inhibitory mechanism [212], while
other parameters may be also implicated. Recently, the gut microbiome has attracted attention from
many clinical researches as a biomarker for ICIs and strategy to enhance ICIs efficacy. Additionally,
it has been suggested that signaling pathways that affect DNA repair or antigen presentation and
other immune checkpoint molecules are potential biomarkers.

The investigation of possible biomarkers is therefore possible through understanding the
complexity of this relationship adding further to the precision medicine era. TME immunogenicity
and response to therapy is heavily influenced by the presence or the lack of intratumoral T-cell
infiltration. However, it should be noted that the character of this dynamic relationship during
immunotherapy is redefined constantly. For instance, PD-L1 expressing tumor cells will be
eliminated by PD-1 inhibitors, however, in turn this leaves more room for non-PD-L1 expressing
clones to progress. To guide immunotherapy, it is important to dynamically monitor combinations
of biomarker assays and of the cancer-immune status.

Checkpoints

The most important biomarker is the PD-L1 expression in cancer cells. Various clinical studies
show an association between pretreatment PD-L1 expression and PD-1/PD-L1 blockade treatment
outcomes [40,213,214]. Other biomarkers could possibly guide more precisely the decision for
treatment with ICIs in addition to PD-L1 expression.

Moreover, other regulating factors of immune checkpoints candidate as potential
complementary biomarkers. A study in NSCLC demonstrated that EGFR mutations could upregulate
PD-L1 through the ERK—c-Jun pathway, suggesting that the adoption of anti PD-1/PD-L1 treatment
in EGFR-TKIs resistant NSCLC patients with EGFR mutation is of importance [215]. Similarly, ALK
rearrangements are associated with low ORRs in PD-1/PD-L1 inhibition. Low rates of concurrent PD-
L1 expression and CD8+ TILs within the TME may underlie these clinical observations [216].

Immune-Activation Mechanism

The immune activation mechanism consists of tumor neoantigens known as tumor-specific novel
immunogenic peptides. These are recognized by the MHC and subsequently induce specific adaptive
immune response. They are diverse and include differentiation antigens, mutational antigens, over-
expressed/amplified antigens, viral antigens and cancer-testis antigens with their expression
determining tumor immunogenicity[217].
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Gene mutational load expressed as fumor mutation burden (TMB) has been accepted as a surrogate
marker for tumor neoantigen load, which varies between and within tumor types. Higher TMB is
correlated with better sensitivity to PD-1 blockade of pembrolizumab in NSCLC and thus with
improved objective response and durable clinical benefit in these patients [218].

Furthermore, DNA repair deficiency caused by mutations in DNA repair genes (mainly
epigenetic alterations) could increase the odds of tumor immunogenicity, thus activating human
immune response [219]. The status of MMR genes has been shown to be predictive of clinical benefit
from anti PD-1 therapy [220]. MMR-deficient colorectal cancer compared with MMR-proficient
tumors has better treatment outcome from pembrolizumab. MMR deficiency may develop through
an inherited germline mutation in an MMR gene such as MLH1, MSH2, MSH6 or PMS2, which results
in microsatellite instability (genetic hypermutability) [221].

When it comes to the role of immune cells the pool of circulating lymphocytes in peripheral
circulation are indispensable for immune cell-mediated tumor control. A systemic dysfunction of
general immune response will inevitably lead to intra-tumoral immune inhibition. Neutrophil-to-
lymphocyte ratio pretherapy may be an independent marker for evaluating ipilimumab’s benefit in
metastatic melanoma patients [222]. Immunotherapy potential could be enhanced by therapies that
stimulate general immune function

Immune Inhibitory Mechanisms

Tumor metabolites may be implicated in alteration of the TME. Most cancer cells depend on
energy by converting pyruvate to lactate via lactate dehydrogenase. Large amounts of lactic acid are
pumped out of cells and cause low pH in tumor microenvironment, which can impair local T-cell
functions including cytolytic activity and cytokine secretion. Particularly, lactic acid uptake in Treg
cells promotes PD-1 expression which dampens the efficacy of anti-PD-1 immunotherapy [223].
Furthermore, inhibitory tumor metabolites and tumor proinflammatory factors such as interleukins (IL-
1, IL-6, IL-17) as well as the expression of interferon may too, alter the response to ICI treatment.
Tumor inflammatory factors could be a potential biomarker to evaluate the immune status in TME
and ICI responsiveness [212].

Potential Biomarkers

i. Biomarkers Related to DNA Damage/Antigen Presentation/Interferon Signaling

Currently undergoing evaluation various tumor-derived elements with the potential to function
as predictors and/or used in prognostic stratification (including DNA damage response, DDR) are:
DDR gene alterations, MHC-I genotypes, beta-2 microglobulin (B2M) deficiency, POLE mutations,
and JAK1/2 mutations.

ii. Tumor-Infiltrated T Cells (TILs)

TILs and peripheral T cells, particularly tumor-reactive cytotoxic CD8+ T cells, are associated
with improved clinical outcomes in a wide range of tumor types with ICI efficacy depending on their
sustained activation and proliferation [224]. Based on their differentiation status, CD8+ T cells are
broadly classified into naive T cells, effector T cells, memory T cells, and exhausted T cells [225].
However, which of these populations is activated by ICI therapy is still not fully understood. Tissue-
resident memory T cells (TRMs), a population of CD103*CD69* cells have recently been identified to
be excluded from the circulation and present in various tissues, including tumors [226]. Interestingly,
increased intra-tumoral TRMs after anti-PD-1 therapy were associated with significantly improved
outcomes in clinical cases of NSCLC and oral cancer patients shows that [226]. Thus, TRMs have
potential as a biomarker for IClIs.

T-cell subsets may also serve as biomarkers in immunotherapy. T cells play a vital role in the
development of immune tolerance to self, auto immunity and antitumor activities. The infiltration of
different T-cell subsets (such as CD3, CD4, CD8, CD45RO or FoxP3 T cells, etc.) and their proportion
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are responsible for an effective immune response [227]. The CD8+ to PD-L1+ ratio or the CD8+ to
CD3+FoxP3+ regulatory T-cell ratio may serve as a more significant predictor for immune checkpoint
blockade than purely population numbers [228]. Other biomarkers in T cells are currently under
investigation.

Tumor-reactive cytotoxic CD8+ T cells transform to terminal exhausted T cells (Tex) after chronic
antigen stimulation, which are also candidates as biomarkers. Exhausted T cells are characterized by
increased expression of the immunosuppressive receptors PD-1, CTLA-4. Recent studies have shown
that Tex cells are composed of a highly heterogeneous cell population, including precursors of
exhausted T cells (Tpex cells) [229]. Analysis of tumors from melanoma patients shows that higher
percentages of Tpex cells are associated with longer duration of response to anti-PD-1 treatment [230].
Similarly, analysis of NSCLC patients treated with anti-PD-1 antibodies shows that Tpex cells are
increased in responsive tumors [229]. Therefore, Tpex cells may be along with a possible biomarker,
a target for anti-PD-1 therapy. Recently, more markers are identified to define Tpex subsets. Tsui et
al. reported that a small subset of TCF-1+CD62L+ Tpex cells are the stem-like population essential for
long-term self-renewal, maintenance of Tex lineage and responsiveness to immunotherapy [231]. The
PD-1(-) TIGIT(-) progenitors are committed to a functional Tex differentiation, whereas PD-
1(+)TIGIT(+) progenitors are differentiated into a dysfunctional and exhausted state [232].

Interestingly, epigenetic landscape analysis demonstrates that the phenotypic changes of Tex
cell development coincide with the chromatin accessibility of key genes [233]. Long-term antigen
stimulation leads to epigenetic reprogram which enforces the terminal exhaustion of T cells marked
by high expression of checkpoint receptors, diminished effector-related molecules (IFN-y, TNF,
granzymes, and T-bet) and loss of stemness and proliferation potential (TCF-1, MYB, MYC, and Ki67)
[233]. Moreover, it has been intra-tumoral tertiary lymphoid structures (TLSs), composed of T cells
and B cells, can be detected by IHC staining for T cell and B cell markers, may also be used as
biomarkers. TLS have been associated with improved survival in melanoma patients treated with
anti-CTLA-4 or anti-PD-1 antibodies [234]. Thus, TLS may function as a biomarker in certain tumors.

iii. Peripheral T Cells

Peripheral T cells are also involved in the response to ICI treatment. The expansion of effector T
cells from the periphery is highly correlated with the efficacy of anti-PD-1 therapy as is shown by T-
cell receptors and scRNA sequencing analyses of tumors and peripheral blood of patients with
various types of cancer [235]. In neoadjuvant anti-PD-1 treatment of NSCLC patients, T cell clones
specific for mutation-associated neoantigens have been shown to rapidly proliferate in peripheral
blood in patients with major pathological responses as well as Tpex populations [229,236]. Most
importantly, peripheral T cells can be monitored regularly during ICI treatment which is
advantageous for biomarker use.

Gut Microbiome

Gut microbiome, is a community of microorganisms that coexist in the human digestive system
and, play an important role in human health and disease, having effects on important biological
functions such as: nutrient absorption, regulation of the immune system, and resistance to pathogens
within the digestive tract. It is associated with various diseases such as obesity, diabetes, autoimmune
diseases, and cancer [237]. Because both innate and adaptive immunity are significantly influenced
by the gut microbiome and its metabolites it may influence the effectiveness of immunotherapy
primarily through modulation of the immune system [238]. In patients with hepatobiliary carcinoma,
the amount of gut microbiota correlates with the clinical outcome of anti-PD-1 immunotherapy. In a
trial of patients with hepatobiliary carcinoma treated with anti-PD-1 treatment patients who obtained
longer PFS and OS showed substantially enriched microbiotaAlthough studies suggest that the gut
microbiome plays a critical role in response to ICls, it has not yet been established as a biomarker.

Other Immune Check Points
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Upregulation of other co-inhibitory receptors, including LAG-3, TIM-3, and T cell
immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibition motif
domain (TIGIT), as well as their ligands, may act as a compensatory mechanism of resistance to ICIs,
indicating a need for novel treatment strategies [239]. In a phase II/III clinical trial, the combination
of relatlimab (the first anti-LAG-3 antibody) and nivolumab resulted in superior PFS, in comparison
to nivolumab monotherapy, regardless of LAG-3 expression [240].Thus, use of LAG-3 expression as
a biomarker requires further investigation. LAG-3’s importance is further underlined by the fact that
in 2022, FDA approved the combination of relatlimab with nivolumab to treat unresectable or
metastatic melanoma, making LAG-3 the third checkpoint target for cancer immunotherapy. Co-
inhibitory receptors are expressed in various immune cells and bind to multiple ligands, making it
important to determine which ligand/interaction is dominant for their immuno- suppressive
functions, understanding further their biological background and designing drugs and biomarkers
[118].

Other Potential Peripheral Blood Biomarkers

Given the limitations for the tumor tissue-based biomarkers, such as the difficulty of obtaining
biopsies and the spatial heterogeneity within tumors, certain plasma biomarkers are considered to be
easier to be implemented in the clinic. Circulating tumor DNA (ctDNA), neutrophil-to-lymphocyte
ratio, and soluble forms of immune checkpoint and costimulatory molecules have been detected in
the blood of cancer patients and could serve as potential biomarkers [118]. A recent metanalyses,
based on 63 studies, showed that a high monocyte/lymphocyte ratio is a prognostic biomarker for
short PFS and OS. The increased percentage of classical monocytes was an unfavorable predictor of
survival, while low baseline rates of monocytic myeloid-derived suppressor cells were favorable. So,
baseline monocyte phenotyping may serve as a composite biomarker of response to ICI [241].
Another recent study showed the implication of IL-6 as a possible biomarker for ICI responsiveness,
depending on PD-L1 status. It may predict a poor response and outcome after ICI therapy,
particularly in patients with PD-L1-high NSCLC via the participation of the IL-6/Jak/Stat3 pathway
which in turn drives immunosuppression by MDSCs [242]

New indexes and signatures based on genomic data have been a promising new insight on ICI
treatment prognosis. Further clinical research is of importance considering LATPS in lung
adenocarcinoma, immune-related gene prognostic index (IRGPI), NAD+ metabolism-related gene
signature (NMRGS), a novel immune signature (IMS) in HNSCC and the Lung Immune Prognostic
Index (LIPI) [243,244].

9. Biomarkers in ICI Treatments in Clinical Practice

FDA-approved biomarkers used to predict ICI efficacy include PD-L1 expression, TMB, and
DNA repair defects; including deficient MMR and microsatellite instability high (MSI-H)[245]. TILs
are also widely recognized as a potential biomarker of ICIs [211].

PD-L1 Expression

PD-L1 as mentioned above, is a crucial biomarker for anti-PD-1/PD-L1 therapy across various
cancers. The dominant method for assessing PD-L1 in patients is immunohistochemical staining
(IHC). Four PD-L1 IHC antibodies; SP142, 22C3, 28-8, and SP263 have been approved by the US FDA
and European Medicines Agency (EMA), along with their associated staining protocols. Each
antibody is approved for specific PD-1/PD-L1 inhibitors and cancer types. Scoring of PD-L1 detection
involves algorithms based on the cell type, location, frequency, and intensity of PD-L1 expression,
nevertheless clinically three scoring algorithms are used: TPS (tumor proportion score, also known
as TC for tumor cells), CPS (combined positive score), and ICs (immune cells).

TPS is the percentage of viable tumor cells exhibiting partial or complete membrane staining,
relative to all viable tumor cells (scored by positive or negative staining of PD-L1). TC is the
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percentage of tumor cells stained with PD-L1. CPS is the percentage of PD L1- positive cells (tumor
cells, lymphocytes, and macrophages) relative to the total number of viable tumor cells. IC represents
the portion of the tumor occupied by PD-L1-positive immune cells at any intensity.

Despite its detection variability among different types of cancer, PD-L1" s expression affects the
efficacy of PD-1/PD-L1 inhibitors, influencing response rates (RR), PFS and OS. Retrospective studies
and meta-analyses indicate that PD-L1 expression should guide the initial choice between PD-1
blockade and chemotherapy in treating naive patients [246,247]. For previously treated patients, PD-
1 inhibitors generally provide better outcomes compared to chemotherapy across all PD-L1
subgroups [246] with an increased PD-L1 expression being associated with better OS. There is also a
correlation between PD-L1 expression with survival outcomes in advanced/metastatic NSCLC.
Topalian et al reported that patients with PD-L1 positive tumors correlated significantly with
objective response (9 of 25 patients, p=0.006) to nivolumab, while none of the 17 PD-L1 negative
tumors showed response [191]. Another study on various tumors including melanoma, NSCLC, renal
cell cancer has shown significant objective response of nivolumab in PD-L1 positive (= 5% on tumor
cells) tumors [248]. Although the aforementioned studies indicated the necessity for the detection of
PD-L1 expression it should be noted that half of the PD-L1 positive patients did not respond to PD-
1/PD-L1 blockade while, some PD-L1 negative patients also demonstrated drug response and clinical
benefit [248].

The relevance of PD-L1 staining diverges among cancer types [249]. In order to administer
Pembrolizumab in NSCLC (either at stage III NSCLC localized to the chest, unsuitable for local
therapy, or metastatic NSCLC) the tumor must be PD-L1 positive and lack EGFR or ALK mutations
or it can be prescribed if other treatment have failed. Interestingly, in metastatic NSCLC, a beneficial
effect has been recorded in combination with chemotherapy even in PD-L1 scores<1% although the
greatest improvement is observed in patients with a PD-L1 score >50% [250]. Furthermore,
pembrolizumab’s treatment for melanoma, renal cell carcinoma, Hodgkin lymphoma, hepatocellular
carcinoma and other types of cancer is not significantly influenced by PD-L1 staining.

Considering atezolizumab, PD-L1 staining is obligatory for first-line NSCLC treatment
qualification. However, the drug can be administered in combination with bevacizumab, paclitaxel,
and carboplatin, when no PD-L1 has been found, for first-line treatment of metastatic non-squamous
NSCLC without EGFR or ALK mutations or for metastatic NSCLC post-platinum chemotherapy.
Atezolizumab is recommended in combination therapy for small-cell lung cancer, hepatocarcinoma,
and melanoma which are BRAF V600 positive, regardless of PD-L1 expression.

An issue that has to be considered is the possibility of glycosylation of PD-L1 and other
confounding factors leading to false-negative detection of PD-L1. Glycosylation is a post-translational
modification in the extracellular domain of PD-L1 that significantly modulates its stability and
interaction with the immune system [251]. This modification influences the biological functions of
PD-L1 and its detection in tumor tissues, especially with traditional IHC staining further
complicating diagnosis and treatment decision. Unfortunately, PD-L1 expression is thought to be
underestimated in up to 40% of patient tissues, varying with therapeutic antibodies, staining
antibodies, and scoring systems. Thus, the implications of glycosylation-induced, false-negative
results are a rising concern when it comes to depriving patients of effective ICI therapy. An inclusive
protocol incorporating pre-treatment of glycosylation removal before IHC staining has been
developed [251]. Interestingly, a study involving patients with advanced TNBC, previously deemed
PD-L1 negative, showed unexpected positive responses to atezolizumab in patients positive to PD-
L1 post de-glycosylation. This suggests the potential of de-glycosylated PD-L1 as a more accurate
biomarker for predicting treatment responses [252].

Several confounding factors that are correlated to PD-L1 expression as a biomarker are being
investigated. An important issue is the heterogeneity of PD-L1 expression within and between
tumors. This heterogeneity can lead to sampling errors if the biopsy fails to accurately represent the
overall PD-L1 status within tumors. PD-L1 expression varies not only across different regions of the
same tumor (intra-tumoral heterogeneity) but also among different tumors, such as the primary
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tumor and metastatic lesions in the same patient (intertumoral heterogeneity). Additionally, PD-L1
expression can change over time due to factors such as tumor progression, further mutations, and
the influence of various therapeutic treatments. To conclude, it is of outmost importance to gain a
better understanding of the biology of PD-L1 regulation at the transcriptional and post-translational
levels, applying more comprehensive approaches to selecting cancer immunotherapies. Moving
beyond PD-L1 staining to include a broader panel of biomarkers, genetic, and molecular profiling as
well as considering clinical factors will pave the way of personalized ICI treatment [253].

Tumor Mutational Burden (TMB)

TMB, which serves as a metric of the genetic mutations, is present in the genome of cancer cells,
reflecting the mutagenic processes induced by environmental and intracellular factors. It is suggested
that a higher TMB leads to an increased presence of neoantigens, increasing the probability of
immune recognition and subsequent tumor cell elimination by T cells. Whilst this concept revolves
around the total number of mutations in a tumor specimen, the actual criteria for genetic alterations
in TMB vary across different methodologies.

Initial TMB measurements, conducted through whole-exome sequencing (WES), included non-
synonymous mutations in coding regions and omitted germline alterations by subtracting matched
normal samples [254]. In clinical practice, comprehensive large cancer gene-targeted sequencing
panels utilize next-generation sequencing (NGS) [254]. The FDA has approved four tests for
measuring TMB, including FoundationOne CDx (F1CDx), Me- morial Sloan Kettering-Integrated
Mutation Profiling of Action- able Cancer Targets (MSK-IMPACT), Guardant360 CDx, and
FoundationOne Liquid CDx (F1 Liquid CDx). Another advantage of NGS liquid biopsy test is that it
may identify gene mutations in circulating cell-free DNA (cfDNA) from blood samples. In practice
the assessment of TMB is important. It has been reported that high TBM patients receiving
pembrolizumab have more favourable ORR compared to those with low TMB (29% vs 6%
respectively) [255].

The combination of the two biomarkers, the PD-L1 expression with the TMB may identify
patients most likely to respond to anti-PD-1/PD-L1 therapy, with those having high TMB and PD-L1
levels above 50% experiencing a 57% ORR and the longest PFS [256]. Recent literature has showed a
possible amelioration of the use of the TMB biomarker combining it with other parameters. As an
example, the landscape of frameshift mutations in combination with TMB, especially in tumors with
low TMB. They have been found in a high proportion of patients with low TMB who might benefit
from ICIs when T-cell immunity is already present, without the need to distinguish between high-
and low-TMB tumors [257,258].

MSI-H/dAMMR

Microsatellites are repetitive DNA sequences containing 1-6 nucleotides, spread in tandem
across the genome. Under normal conditions, DNA integrity and the length of microsatellites are
maintained by the DNA MMR system, which rectifies base mismatches generated by DNA
polymerases during replication or due to DNA damage. The presence of dMMR results in variations
in microsatellite length, causing microsatellite instability (MSI) compared to matched normal DNA.

The phenotypic evidence for AMMR is the presence of MSI [259]. Although high-MSI (MSI-H)
can manifest in various cancer types, Lynch syndrome (a familial syndrome with an increased risk of
various cancer developement) stands out as the most well-known inherited condition responsible for
MSI-H or dMMR tumors. It is thought that in tumors characterized as MSI-H and/or high-dMMR,
faulty DNA repair mechanisms lead to a significant accumulation of mutations, rendering the tumor
cells more recognizable by the immune system [259]. Thus, several studies have highlighted dMMR
and MSI-H as predictive biomarkers for ICIs.

MSI-H has been approved by the FDA as a biomarker for applying ICIs to different cancer types
[260]. In 2017 pembrolizumab was first approved for pre-treated MSI-H colorectal cancer and in 2020
for first-line MSI-H colorectal cancer treatment [255]. FDA granted full approval to pembrolizumab
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for patients with pre-treated MSI-H solid tumors in 2023. Furthermore, EMA approves
pembrolizumab for patients with MSI-H or dMMR advanced colorectal, endometrial, gastric, small
intestine, or biliary cancers and PD- L1-positive metastatic cervical cancer. Pembrolizumab showed
an ORR of 33.3% across a wide range of advanced MSI-H/dMMR solid cancers[260]. While these
results suggest that TMB-H and MSI-H are indicative of pembrolizumab outcomes across various
tumor types, they also underline the limitations of relying on these markers in isolation.

Considering dostarlimab, in 2021, it gained accelerated FDA approval for pre-treated MSI-H
endometrial cancer and solid tumors and in 2023, full approval for first-line MSI-H endometrial
cancer treatment. Additionally, nivolumab monotherapy and ipilimumab plus nivolumab were
approved by the FDA for pre-treated MSI-H colorectal cancer in 2017 and 2018, respectively [261].

To enhance predictive precision, a composite predictor that encompasses critical variables such
as MHC, T cell receptor repertoire, and TIL status is suggested [262].

Cost Effectiveness of Biomarkers

Firstly, monoclonal antibodies are difficult to produce, expensive and inconvenient to store and
transport, which might limit the clinical application of PD-1/PD-L1 antibody drugs. A recent
systematic review and metanalysis investigated the health economic evaluations of predictive
biomarker testing in solid tumors treated with ICIs [263]. In this metanalysis 58 relevant articles were
reviewed out of the 730 screened. The focus was predominantly on NSCLC (60%) and other solid
tumours (40%). Among the NSCLC studies, 21 out of 35 demonstrated cost-effectiveness, notably for
pembrolizumab as first-line treatment when preceded by PD-L1 assessment, cost-effective at a
threshold of $100,000/QALY compared to the standard of care. However, for bladder, cervical, and
triple-negative breast cancers (TNBCs), no economic evaluations met the affordability threshold of
$100,000/QALY. Overall, the review highlights a certain degree of uncertainty about the cost-
effectiveness of ICI.

In this study the PD-L1 expression associated with ICI treatment is a cost-effective strategy,
particularly in NSCLC, urothelial, and renal cell carcinoma. The findings suggest the potential value
of predictive biomarker testing, specifically with pembrolizumab in NSCLC, while indicating
challenges in achieving cost-effectiveness for certain other solid tumours. Therefore, the economic
impact of biomarkers upstream of the choice of the specific therapy represents an imperative to
validate its effectiveness, the eventual relationship with the quality of life, and economic
sustainability. A biomarker testing approach is therefore a virtuous model to invest in, providing the
patient with a greater chance of receiving increasingly effective therapy and minimizing adverse
events due to the administration of untargeted therapies, resulting in an undoubted improvement

in quality of life, while also optimizing the management of health care resources [263].

10. Discussion

Prospectives — Novel Therapies — Precision Medicine

Cancer immunotherapy has revolutionized the clinical landscape of oncology and brought
renewed hope to the treatment of previously difficult-to-treat malignancies. Yet, more questions and
challenges continue to lie ahead. Future directions of cancer immunotherapy should include the
investigation of immune-oncologic agents earlier in the cancer disease progression, such as in the
context of neoadjuvant therapy across solid tumors. It should be recognized that the application of
these therapies has difficulties mainly related to drug resistance [264]. This resistance arises from a
complex interplay of diverse dynamic mechanisms within the TME, include few T cell infiltration, T
cell exhaustion and immunosuppressive network [265].

Therefore, combination immunotherapies, or immunotherapies in combination with targeted
therapies, chemotherapies, and radiation therapy, are promising treatment strategies to be
investigated. Combination immunotherapy by counteracting several immunosuppressive elements
in the TME and activating multiple steps of the cancer-immunity cycle is an intriguing strategy
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although the toxicity of combination therapy may also be increased [266,267]. As previously
mentioned, MET inhibitors may alter the TME by neutralizing the irregular expression of PD-L1
caused by MET irregularities, thereby stimulating the cancer-fighting abilities of T and NK cells,
reducing the gathering and penetration of immunosuppressive cells. Ultimately MET inhibitors may
be used therapeutically in ICI combination [167].

The combination of ICI and tyrosine kinase inhibitors (TKI) have gained therapeutical
significance in cancer therapy recently, due to the high efficacy of each substance group individually
or combined. The majority of available data results from clinical phase I and II trials. So far, ICI-TKI
combinations with nivolumab + cabozantinib, pembrolizumab + axitinib or lenvatinib, avelumab +
axitinib, have been approved in advanced renal cell (RCC), with pembrolizumab + lenvatinib in
endometrial carcinoma and with camrelizumab + rivoceranib in hepatocellular carcinoma (HCC).
Further issues to be delt with are the optimal sequence of ICI-TKI, cross-resistances and higher
toxicities [268].

Many recent studies on the mechanisms of resistance to ICI therapy and its associated
biomarkers show promising prospects. However, there are still challenges in implementing these in
clinical practice, and further clinical research is required.

New molecules have been tested recently as possible alternative treatment options. Such agents
are small molecule inhibitors. They are intervening in the PD-1/PD-L1 signaling pathway presenting
different mechanisms of action. They have significant advantages such as controllable
pharmacokinetic characteristics suitability for oral administration avoidance of immune-related
SAEs and favorable biosafety, thus enabling them as a novel monotherapy or complementary therapy
[269-271]. Novel small molecule inhibitors considering the PD-1/PDL-1 axis include a variety of
targets. Some block the binding of PD-1 and PD-L1 utilizing the physicochemical properties of the
amino acid residues such as AUNP-12, cyclic peptide compounds DPPA-1, TPP-1, nonpeptide-based
small molecule CA-170, BMS-202 and its derivatives and INCB086550, INCB099280, INCB099318 in
combination with axitinib. Other targets may include suppressing the expression level of PD-L1 like
JQ1 inhibitor, eFT508 (tomivosertib), Osimertinib (AZD9291), platycodin D and promoting the
degradation of PD-L1 like PD-LYSO, curcumin and Metformin. All of these are currently in clinical
or preclinical stages of research [269,270,272-280]. Furthermore, development of small-molecule
inhibitors of YY1 presents a promising method of YY1 inhibition. It should be noted that YY1
inhibition novel therapies include a variety of other possible treatments [194]. These molecules are
shown on Table 4. There is massive research in order to find effective small molecule inhibitors with
hundreds of candidates like the BMS or the INCB families.

Table 4. Small molecule inhibitors of PD-1, PD-L1 as possible cancer treatment.

Small Molecule Inhibitors Site of action Research phase  Cancer type Ref.
AUNP-12 Binding of PD-1 to PD-L1 preclinical Melanoma  [269]
Solid [274]
DPPA-1 preclinical Tumors
TPP-1 preclinical LCLC [272]
BMS-202 preclinical Cancer [275]
CA-170 clinical NSCLC [276]
NSCLC, [270]
INCB086550 clinical UC, RCC,
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HCC,

Melanoma
INCB099280 clinical c¢SCC [270]

Advanced [270]
INCB099318 Solid
+ axitinib clinical Tumors
JO1 Expression of PD-L1 clinical Lymphoma [273]
eFT508 Breast [289]
Tomivosertib clinical cancer
Osimertinib clinical NSCLC [290]
Platycodin D preclinical NSCLC [277]
PD-LYSO Degradation of PD-L1 preclinical Cancer [278]
Curcumin preclinical Cancer [279]
Metformin clinical NSCLC [280]

Another factor is long non-coding RNAs. Studies have shown that IncRNAs are abnormally
expressed in tumors and play an important role in tumor proliferation, angiogenesis, apoptosis and
metastasis. Lots of IncRNAs have been demonstrated to regulate the expression of key immune
checkpoints, PD-1/PD-L1, CTLA-4, TIGIT, and TIM-3. One possible post-transcriptional regulatory
mechanism is the IncRNA-miRNA network in PD-1/PD-L1 pathway. LncRNAs can sponge miRNAs
as competing endogenous-RNA to upregulate downstream target gene PD-L1, thus contributing to
immune evasion. Several IncRNAs exert their roles in immunotherapy through modulating T cells.
It was found that IncRNAs inhibit the antitumor activity, decreased proportion and induced
exhaustion of CD8+ T cells and they play an important role in modulating oncogenic signaling
pathways involved in tumor proliferation and invasion, such as NF-«B, PI3K/AKT, Wnt/p-catenin
pathways. These are preclinical data and clinical data are few. One of the greatest challenges is
developing a delivery system to deliver IncRNAs efficiently and with lasting effects to specific targets
[281]. Several IncRNAs are thought to be of prognostic value by some clinical studies in advanced
tumors; recently, the association of the IncRNA NEAT with a favorable response to PD1/PD-L1
therapy in melanoma and glioblastoma patients was uncovered [282,283].

The impact of race, gender, and age on the outcome of immune-oncologic therapies should also
be also considered. As an example, women generally exhibit stronger adaptive and innate immune
responses in the immune response, as estrogen can affect the immune response by regulating the
function and distribution of immune cells [284]. In addition, elderly patients often have a poorer
response to immunotherapy, which may be related to the decline of the immune system [285].

The variability in patient responses to immunotherapy poses a significant challenge, creating a
pressing need to identify effective biomarkers that can predict immunotherapeutic efficacy.
Currently, the main biomarkers used in the clinical applications are limited to PD-L1 expression,
TMB, and MSI status [286]. Although several biomarkers for ICIs have been used in clinic, their
effectiveness as biomarkers to predict responders for ICIs is not sufficient, as evidenced by the low
response rate of ICIs. Because individual tumor types are diverse, and each patient’s health status
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and immune status may also play a role in the sensitivity or resistance to IClIs, it is difficult to develop
a single universal biomarker for ICIs. Therefore, combining multiple bio- markers may be necessary
for more accurate prediction of the efficacy of ICI therapy. This requires developing machine learning
on larger datasets and more optimized algorithms.

PD-L1 can be used to guide the selection of patients to receive immune-oncologic therapy in
certain types of malignancies. However, temporal and spatial dynamics of PD-L1 has increased the
complexity of using it as a biomarker in the clinic [287]. Nevertheless, components in the TME are
emerging as new biomarkers although these biomarkers are often prognostic, not predictive for the
response to immunotherapy [288].

Thus, more efforts to discover and validate new biomarkers are needed. Moreover, non-invasive
biomarkers must be developed, and detection costs must be minimized for economical and
widespread implementation in clinical applications.

Promising Ongoing Clinical Trials

The field of inhibiting the PD-1/PD-L1 axis is rapidly evolving. New antibodies, innovative
combination therapies, biomarkers, and methods of administration are currently under investigation.
In this dynamic research environment, it is essential to showcase clinical trials that could advance
and transform this area. The latest ongoing phase III clinical trials (referred in www.clinicaltrials.gov)
are summarized in the Table 5.

Table 5. Recent ongoing clinical trials phase III (2024 -2025) for ICIs cancer therapy (www.clinicaltrials.gov).

Immunotherapy Cancer type Identifier Clinical trial
V940 + Pembrolizumab Cutaneous  Squamous NCT06295809| V940-007
Cell Carcinoma
V940 + Pembrolizumab High-Risk Melanoma INCT05933577| V940-001
Pembrolizumab + chemoradiation | Stage III Non-Small Cell [NCT04380636] MK-7339-
therapy followed by pembrolizumab | Lung Cancer 012/KEYLYNK-
with or without olaparib 012

Carboplatin-paclitaxel + retifanlimab | Advanced or Metastatic [NCT04472429] POD1UM-

or placebo Squamous Cell Anal 303/InterAACT
Carcinoma 2

Safety and Efficacy of Lenvatinib | Incurable/Non- INCT04246177] MK-7902-

(E7080/MK-7902) + Pembrolizumab | metastatic 012/E7080-

(MK-3475) in Combination with | Hepatocellular G000-

Transarterial Chemoembolization | Carcinoma 318/LEAP-012

(TACE)

Rucaparib + nivolumab following | Ovarian Cancer INCT03522246] ATHENA

response to front-line platinum-based

chemotherapy

Regorafenib + nivolumab (RegoNivo) | Advanced gastro- [NCT04879368| INTEGRATEIIb

vs Standard of Care Chemotherapy | oesophageal cancer
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Sitravatinib + nivolumab, | Advanced or Metastatic [NCT04887870, CA248-0003
pembrolizumab, enfortumab | Solid Malignancies
vedotin-ejfv, ipilimumab
Nivolumab-relatlimab vs regorafenib | Metastatic Colorectal [NCT05328908 RELATIVITY-
or TAS-102 Cancer 123
10102-I0103 + Pembrolizumab vs | Advanced Melanoma NCT05155254] I0B-013 / KN-
Pembrolizumab D18
Nemvaleukin Alfa + Pembrolizumab | Platinum-Resistant INCT05092360, ARTISTRY-7

Epithelial Ovarian

Cancer
Nivolumab  +  Relatlimab  vs | After Complete [NCT05002569 RELATIVITY-
Nivolumab Resection of Stage III-IV 098

Melanoma
Ociperlimab + Tislelizumab vs | Untreated Lung Cancer |[NCT04746924) AdvanTIG-302

Pembrolizumab

Cemiplimab vs Placebo After Surgery | High Risk Cutaneous [NCT03969004 R2810-ONC-
and Radiation Therapy Squamous Cell 1788
Carcinoma
Cabozantinib + Nivolumab + | Untreated Advanced or [NCT03937219] COSMIC-313
Ipilimumab Metastatic Renal Cell
Carcinoma
Chemotherapy vs Chemotherapy + | Muscle Invasive Bladder [NCT03661320, CA017-078
Nivolumab vs Nivolumab + BMS- | Cancer
986205
PD-L1 inhbitors Cancer type Clinical trial
Durvalumab and Tremelimumab Advanced INCT05883644 SIERRA
Hepatocellular
Carcinoma
XL092 + Atezolizumab vs | Metastatic Colorectal [NCT05425940, STELLAR-303
Regorafenib Cancer
Patient-Specific Neoantigen Vaccine + | Metastatic =~ Colorectal [NCT05141721f GO-010
ICI Cancer
Lurbinectedin + Atezolizumab vs | Extensive-Stage Small- NCT05091567| IMforte

Atezolizumab

Cell Lung Cancer
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Durvalumab  +Tremelimumab  + | Muscle Invasive Bladder [NCT04960709) VOLGA
Enfortumab Vedotin or Durvalumab | Cancer ineligible to
+ Enfortumab Vedotin Cisplatin
Atezolizumab + Tiragolumab vs | Locally Advanced, NCT04513925 SKYSCRAPER-
Durvalumab Unresectable Stage III 03

Non-Small Cell Lung

Cancer
Durvalumab+ Gemcitabine/Cisplatin | Muscle-Invasive Bladder [NCT03732677| NIAGARA
and Durvalumab With MIBC Cancer.
Durvalumab + Chemotherapy vs | Unresectable Urothelial [NCT03682068 NILE
Durvalumab + Tremelimumab + | Cancer
Chemotherapy vs Chemotherapy
Both
Pembrolizumab/Vibostolimab (MK- | Extensive-Stage = Small [NCT05224141] MK-7684A-008,
7684A) or Atezolizumab + | Cell Lung Cancer KEYVIBE-008
Chemotherapy

11. Conclusions

Future research based on the characterization of immune checkpoint mechanisms will
revolutionize the field and lead to the development of promising immunotherapies for previously
refractory cancers.

Polygenic models may more clearly indicate the differences in the interpatient variability and
better predict those cases who could have increased chance for clinical benefit of ICIs treatment and
simultaneously limit those patients at risk for the development of (severe) irAEs. The discovery and
validation of effective biomarkers for ICI therapy are critical for advancing personalized cancer
treatment. While significant novelties have been made, the knowledge towards precision
immunotherapy is ongoing. Future research should focus on addressing the current limitations,
standardizing biomarker assessment, and exploring innovative approaches to biomarker discovery
in order to optimize treatment outcomes, and improve patient’s quality of life. New drugs more
effective and with a safer profile are under investigation in the new era of immunotherapy.
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