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Abstract

Utilizing the body's immune system to precisely target and eradicate cancerous cells, cancer immunotherapy has become a ground-breaking method of treating
the disease. Pharmacologically targeting immunological checkpoints—regulatory pathways that cancer cells use to elude immune monitoring and destruction—
is a key tactic in this treatment approach. With an emphasis on their methods of action, clinical uses, and the difficulties they faced throughout research and
clinical deployment, this article examines current developments in immune checkpoint inhibitors (ICIs). CTLA-4, PD-1, and PD-L1 are examples of immune
checkpoint proteins that are essential for regulating immune responses in the tumor microenvironment. By boosting anti-tumor immunity, blocking these check
points has shown significant therapeutic benefit, especially in malignancies like melanoma, non-small cell lung cancer (NSCLC), and renal cell carcinoma.
Notwithstanding the encouraging results, a number of issues still exist, such as resistance development, immune-related side effects, and restricted effectiveness
in specific tumor types. Combination treatments, new biomarkers for patient classification, and methods to get around resistance mechanisms are all being
investigated in ongoing research. The present state of clinical studies, possible pharmacological combinations to maximize therapeutic success, and the
developing knowledge of immune checkpoint pharmacology are all reviewed in this study. Integrating immune checkpoint inhibitors with other therapeutic
modalities, like targeted medicines and chemotherapy, is one intriguing way to get around present restrictions and enhance clinical results.
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Immunocheckpoint inhibitors (ICls) stand out as a ground-
breaking strategy among the novel medicines that have
Because of its exceptional capacity to elude the body's  emerged as a result of this paradigm shift in cancer
immune monitoring, cancer has long been considered one of  reatment 12

the most pernicious and difficult diseases to cure. Cancer

treatments have historically concentrated on direct methods The foundation of cancer immunotherapy is the notion
that attack the tumour directly, such as radiation, that cancerous cells can be specifically targeted and
chemotherapy, and surgery. Nevertheless, these therapies  destroyed by mobilising the immune system. In an ideal
frequently have serious adverse effects and little long-term  world, immunological surveillance—the process by which
efficacy, particularly when it comes to recurrent and immune cells, particularly T cells, identify and target cancer
metastatic tumours. Immunotherapy, which uses the body's ~ cells—occurs. But in order to prevent immune system
natural defences to identify and eliminate cancer cells, has  destruction, cancer cells have evolved complex defences
become a viable alternative as our knowledge of the immune against immune detection. The activation of immunological
system and its connection to cancer cells has grown. checkpoints, which are regulatory pathways that serve as
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restraints on immune responses, is one of the most important
of these processes.®* When activated, these checkpoints stop
the immune system from overreacting and harming healthy
tissues. Tumours have figured out how to take advantage of
these checkpoints to shield themselves from immune attack,
which enables them to flourish in an immunologically hostile
environment, even though this mechanism is crucial for
preventing autoimmune disorders.>6

Immune checkpoints are essential for preserving
immunological tolerance and averting autoimmunity, but
tumours have developed ways to circumvent immune
monitoring by taking over these pathways. Important
immune checkpoint proteins have been found to be crucial
regulators of tumour immune evasion, including cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), programmed
cell death protein 1 (PD-1), and its ligand PD-L1. When the
T cell surface receptor PD-1 binds to the tumour cell-
expressed PD-L1, it delivers an inhibitory signal that lessens
the T cell's capacity to attack the tumour. Likewise, another
checkpoint receptor that inhibits T cell activation in the early
phases of immunological responses is CTLA-4. Important
elements of the immunological checkpoints that tumours use
to evade immune destruction are CTLA-4 and PD-1/PD-L1.7

Immuno checkpoint inhibitors (ICls) were developed as
a result of the identification of immune checkpoint pathways,
which created new treatment options for cancer. By
preventing immune checkpoint proteins and their ligands
from interacting, these biologic drugs effectively deactivate
the immune system and allow T cells to target and eliminate
tumour cells. Monoclonal antibodies that target PD-1 (e.g.,
pembrolizumab, nivolumab), PD-L1 (e.g., atezolizumab,
durvalumab), and CTLA-4 (e.g., ipilimumab) are the most
well-known immune checkpoint inhibitors. These ICls have
shown impressive clinical performance, especially in
malignancies such as head and neck squamous cell
carcinoma, renal cell carcinoma, non-small cell lung cancer
(NSCLC), and melanoma. Patients have frequently
demonstrated long-lasting improvements, with some going
on to experience permanent remission.°

The introduction of ICIls has transformed cancer
treatment and given people with illnesses that were thought
to be incurable a new lease on life. But the success of ICls
has also brought attention to a number of issues. The
effectiveness of ICIs varies greatly among patients, with a
considerable proportion of patients either not responding or
gradually developing resistance, despite the encouraging
outcomes in some tumour types. Additionally, there are
dangers associated with immune checkpoint inhibition, and
immune-related adverse events (irAEs) are becoming a major
worry. These negative consequences arise when the immune
system, which has been awakened, targets healthy tissues,
causing inflammation and possible harm to organs like the
liver, lungs, intestines, and skin.’®12 Understanding the
underlying mechanisms governing the effectiveness and

limitations of immune checkpoint inhibitors is becoming
more and more important as they continue to transform the
landscape of cancer treatment. This entails figuring out the
intricate biology of immune checkpoints, finding predictive
indicators to help choose patients, and creating plans to get
beyond resistance mechanisms. To improve therapeutic
results and increase the range of tumours that can benefit
from immunotherapy, combination therapies—which
combine ICIs with additional treatment modalities like
chemotherapy, targeted treatments, or radiation—are also
being intensively investigated.3

With an emphasis on the most recent developments in
immune checkpoint inhibition, the obstacles that still prevent
it from reaching its full potential, and the prospective avenues
for future research and development, this study attempts to
investigate the pharmacological targeting of immune
checkpoints in cancer therapy. We can better comprehend the
justification for their pharmacological targeting and the
increasing significance of these inhibitors in contemporary
cancer treatment by looking at the biological mechanisms
underlying immunological checkpoint-mediated immune
evasion. In the end, knowing the advantages and
disadvantages of ICls will help us better understand how
cancer immunotherapy will develop in the future and how it
can change to meet the unmet needs of patients around the
globe.15'15

2. Immune Checkpoints and Their Role in Cancer
Immunology

The immune system's complex architecture protects the body
from infections, cancers, and aberrant cellular activity. T
lymphocytes, which identify and target aberrant cells,
including cancer cells, are essential to this defence
mechanism. To ensure their survival and growth, cancer cells
have evolved complex strategies to elude immune
surveillance.  The manipulation of immunological
checkpoints, which are molecules that control the immune
response and prevent excessive activation that could result in
autoimmunity, is one of the main ways tumours avoid the
immune system. Tumours use immunological checkpoints to
decrease immune activity and evade immune cell
identification, despite the fact that these pathways are
essential for immune homeostasis and tolerance.!” The
function of immunological checkpoints in cancer
immunology will be discussed in this section, with particular
attention paid to the main immune checkpoint pathways—
PD-1/PD-L1, CTLA-4, and other newly discovered immune
checkpoints including TIM-3, LAG-3, and TIGIT—that have
been found to be important contributors to immune evasion.
We may learn more about how tumour cells influence the
immune system and why focussing on these checkpoints has
become a key component of contemporary cancer
immunotherapy by comprehending the mechanisms by which
these checkpoints function.'®
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2.1 Overview of the immune system’s role in cancer defense

Through a process called immunological surveillance, the
immune system is essential in locating and destroying cancer
cells. T cells are essential to this defence, especially cytotoxic
T Iymphocytes (CTLs). An immunological response is
triggered when a malignant cell releases aberrant proteins
that the immune system may identify as "non-self." T cells
are then stimulated to eliminate the cancerous cells.
Nonetheless, tumours frequently create defences against
immune detection or immune activation suppression, which
promotes tumour growth and spread.

Increasing immunological checkpoints, which operate as
biochemical restraints on T cell activation, is one of the most
popular ways tumours circumvent the immune system.
Tumours stop immune cells from fully activating and fighting
the malignant tissue by interfering with these routes. The
immune system's capacity to identify and eradicate cancer
cells has been revitalised by the development of immune
checkpoint inhibitors (ICIs) in recent years, which block
these pathways. The effectiveness of these treatments has
transformed the way cancer is treated, but more progress in
cancer immunotherapy will require a better understanding of
the underlying immune checkpoint processes.'®-?!

One of the most extensively researched immune
checkpoint pathways, the PD-1/PD-L1 pathway is essential
for controlling the immune system'’s reaction to cancer. T
cells, especially active or tired T cells, express the receptor
known as programmed cell death protein 1 (PD-1). The T cell
receives an inhibitory signal from PD-1 when it attaches to
its ligand, PD-L1, which is produced on tumour cells and
other immune cells in the tumour microenvironment (TME).
This effectively reduces the immunological response by
inhibiting T cell activation and proliferation %22% In order to
take advantage of this inhibitory mechanism and stop
immune cells from attacking the tumour, cancer cells
commonly upregulate PD-L1 expression. The tumour can
grow unnoticed and withstand immune-mediated elimination
thanks to this immune evasion mechanism. Crucially, the PD-
1/PD-L1 axis affects not just T cell suppression but also the
activity of other immune cells, such as macrophages and
dendritic cells, which helps to create a more extensive
immune suppressive environment. Immune checkpoint drugs
that block PD-1, including pembrolizumab (Keytruda) and
nivolumab (Opdivo), have shown great clinical success by
reviving T cell activation and improving their ability to target
and eliminate cancer cells.?*

2.2. PD-1/PD-L1 pathway: Mechanism of action and roles
in immune evasion

Another immunological checkpoint that controls T cell
activation, especially in the early phases of immune
responses, is cytotoxic T-lymphocyte-associated protein 4
(CTLA-4). T cells express CTLA-4, which binds to antigen-
presenting cells' (APCs') CD80 and CD86 to function as a

negative regulator of T cell activation. T cell activation and
function are effectively suppressed by this interaction, which
stops T cells from being co-stimulated. CTLA-4
overexpression in tumours impairs T cell initial activation,
which hinders the immune system's ability to mount a
successful anti-tumor response.?5-28

2.3 CTLA-4 Pathway: Limiting t-cell activation and its
relevance in tumors

T cells in the tumour microenvironment frequently express
more CTLA-4 in cancer, which reduces the immune response
against tumour cells. Because of this, CTLA-4 is an important
immunotherapy target. The firstimmune checkpoint inhibitor
to show clinical effectiveness in the treatment of cancer was
the anti-CTLA-4 monoclonal antibody Ipilimumab (Yervoy).
Ipilimumab increases T cell activation and fosters a stronger
immune response against tumours by inhibiting CTLA-4,
particularly in malignancies like melanoma.?’

2.4 Other immune checkpoints: TIM-3, LAG-3, TIGIT, and
their potential therapeutic targeting

Several other immune checkpoint receptors have been found
to be important regulators of immune evasion in cancer, in
addition to PD-1, PD-L1, and CTLA-4. These consist of:

1. TIM-3 (T-cell immunoglobulin and mucin-domain
containing-3): T cells and macrophages are among the
immune cells that express TIM-3. It contributes
significantly to T cell fatigue, especially in tumours
and chronic infections. Exhausted T lymphocytes in
the tumour microenvironment exhibit TIM-3
expression, which inhibits their activation and aids in
immune suppression. In preclinical and clinical trials,
targeting TIM-3 with certain antibodies has
demonstrated promise as a means of enhancing cancer
immunity and restoring T cell function.?-2°

2. LAG-3 (Lymphocyte-activation gene 3):.Another
inhibitory receptor on T cells and regulatory T cells
(Tregs) is LAG-3 (Lymphocyte-activation gene 3). It
suppresses T cell activation and fosters immunological
tolerance in concert with PD-1. Numerous
malignancies have elevated LAG-3, which is linked to
a bad prognosis. LAG-3-targeting clinical trials have
shown promising outcomes when used either alone or
in conjunction with other immune checkpoint
inhibitors.30-31

3. TIGIT (T cell immunoreceptor with immunoglobulin
and ITIM domains): TIGIT, or T cell immunoreceptor
with immunoglobulin and ITIM domains, is a receptor
that is expressed on T cells and natural killer (NK)
cells. It reduces immune cell function when it interacts
with its ligand, the poliovirus receptor (PVR). TIGIT
expression on T cells aids in immune suppression
inside the tumour microenvironment. Clinical trials
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are investigating novel treatments that target TIGIT as
a possible means of boosting anti-tumor immunity.32

2.5. Tumor microenvironment and immune suppression
mechanisms

By establishing a suppressive environment that prevents
immune cell activation, the tumour microenvironment
(TME) plays a crucial part in immune evasion.
Immunosuppressive cytokines (such as TGF-B and IL-10),
immunological checkpoint proteins, and regulatory cells like
Tregs and myeloid-derived suppressor cells (MDSCs) are all
present in greater amounts, and they all aid in immune
suppression. Effective immune responses are hampered by

the expression of immunological checkpoints in the TME,
such as PD-L1 on tumour cells and other immune cells. This
immune-suppressive environment promotes the growth of
cancer by assisting tumours in evading immune surveillance.
Hypoxia and the accumulation of metabolic waste products
are two physical characteristics of the TME that further
impede immune cell function and make it more difficult for
immune cells to target and kill tumour cells. An intriguing
field of study aimed at overcoming these obstacles is the
combination of immune checkpoint inhibitors with
treatments that alter the TME, such as immune modulators,
targeted therapies, or chemotherapy.3*3* The overview of
Immune Checkpoint Inhibitors (ICIs) approved for clinical
use are enlisted in (Table 1).

Table 1: Overview of immune checkpoint inhibitors (ICls) approved for clinical use 3334

Immune Checkpoint | Targeted Immune . .
Inhibitor Checkpoint Approved Cancer Types Mechanism of Action
Pembrolizumab mifzgrr::ae’rNusrgthglli;ead and | Bjocks PD-1 receptor on T cells, preventing its
PD-1 - ! - interaction with PD-L1 and PD-L2 on tumor cells,
(Keytruda) carcinoma, Hodgkin thereby activating T cells to attack cancer cells
lymphoma, others y g )
Melanoma, NSCLC, renal cell Similar to pembrolizumab, blocks PD-1, enhancing
Nivolumab (Opdivo) PD-1 carcinoma, head and neck the immune system's ability to recognize and destroy
cancer, others tumor cells.
Atezolizumab NSCLC, urothelial carcinoma, Binds to PD-L1 on tumor cells and immune cells,
- PD-L1 triple-negative breast cancer, preventing its interaction with PD-1 and reactivating
(Tecentriq) .
others the immune response.
- . . Similar to atezolizumab, blocks PD-L1 and enhances
Durvalumab (Imfinzi) | PD-L1 NSCLC, urothelial carcinoma T-cell-mediated immune response against tumors.
Binds to CTLA-4 on T cells, preventing its
Ipilimumab (Yervoy) CTLA Melgnoma, NSCLC, renal cell interaction with C_D80/CD86 on antigen-presenting
carcinoma, others cells, thus promoting T-cell activation and tumor
destruction.
Tremellmumab CTLA-4 NSCLC, mesothelioma, others Inhibits CT_LA-_4, enhancing the act|V|'ty of T cells
(Imjudo) and promoting immune responses against cancer.
Cutaneous sauamous cell Blocks PD-1, preventing immune suppression by
Cemiplimab (Libtayo) | PD-1 . a tumor cells and stimulating an immune response to
carcinoma, NSCLC .
fight the cancer.
Combination therapy that combines platinum-based
Carboplatin + PD-L1 and other NSCLC. small cell lung cancer chemotherapy with immune checkpoint inhibition to
Atezolizumab immune pathways ! g enhance both the cytotoxic and immune-mediated
response.

. Combination of PD-1 and CTLA-4 inhibitors,
N|_v_olumab * PD-1and CTLA-4 Melgnoma, NSCLC, renal cell allowing dual blockade of immune checkpoints for
Ipilimumab carcinoma S .

more robust T-cell activation and tumor destruction.

3. Advances in Immune Checkpoint Inhibition:
Development of Immunotherapies

Immunocheckpoint inhibitors (ICIs) have transformed the
treatment of cancer and given patients with previously
incurable tumours fresh hope. Regulatory molecules known
as immunological checkpoints stop the immune system from
targeting healthy cells. Cancer cells, however, take advantage
of these routes to evade immune monitoring. By blocking
these pathways, immune checkpoint inhibitors—which
specifically target PD-1/PD-L1 and CTLA-4—have made it
possible to reactivate the immune system to target and
destroy cancer cells. The development and clinical use of

these inhibitors will be covered in this section, with particular
attention paid to the main monoclonal antibodies that have
been authorised by regulatory organisations including the
FDA and EMA 810

3.1 Monoclonal Antibodies as Immune Checkpoint
Inhibitors

Because monoclonal antibodies may selectively target
immune checkpoint molecules and neutralise their inhibitory
signals, they have emerged as a key component of cancer
immunotherapy. Among the checkpoint inhibitors that are
most frequently utilised are:
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1. Pembrolizumab (Keytruda) and Nivolumab (Opdivo):
Monoclonal  antibodies  called  pembrolizumab
(Keytruda) and nivolumab (Opdivo) target the PD-1
receptor, a crucial immunological checkpoint on T cells.
PD-1 suppresses T-cell activation and function when it
binds to its ligands, PD-L1 or PD-L2. This connection is
blocked by pembrolizumab and nivolumab, which keeps
T cells active and enables them to attack cancer cells.
Melanoma, non-small cell lung cancer (NSCLC), and
head and neck malignancies are among the tumours for
which these inhibitors have demonstrated notable
therapeutic effect.

2. Atezolizumab (Tecentrigq) and Durvalumab (Imfinzi):
The PD-L1 inhibitors durvalumab (Imfinzi) and
atezolizumab (Tecentriq) disrupt the inhibitory signal
that inhibits T-cell activation by preventing PD-L1 from
binding to PD-1. The usage of durvalumab plus
atezolizumab has been authorised for the treatment of
triple-negative breast cancer, urothelial carcinoma, and
non-small cell lung cancer. These treatments improve
immune identification and tumour destruction by
blocking PD-L1 on immune and tumour cells.

3. Ipilimumab (Yervoy): This medication targets CTLA-4,
another important immune checkpoint receptor, in
contrast to PD-1/PD-L1 inhibitors. By vying with the co-
stimulatory receptor CD28 for binding to CD80/CD86
on antigen-presenting cells, CTLA-4 prevents T-cell
activation. Ipilimumab increases anti-tumor immunity
and strengthens T-cell activation by inhibiting CTLA-4.
For synergistic effects, it is frequently used in
conjunction with PD-1 inhibitors and has shown
especially good results in treating melanoma. -3

3.2 Mechanisms of action

Blocking the immunological inhibitory signals that cancer
cells utilise to avoid immune monitoring is the therapeutic
advantage of immune checkpoint inhibitors. These inhibitors
keep T cells from receiving the "off" signal when they
connect with tumour cells by blocking PD-1/PD-L1
interactions. This keeps T cells activated and enables them to
continue attacking cancer cells. Likewise, CTLA-4 inhibitors
stop T cell activation from being suppressed, which is
important in the early phases of the immunological response.
T cell reactivation has the potential to eradicate cancer cells
and, in certain situations, produce enduring anti-tumor
immunity 836

3.3. Clinical trials and FDA approvals

The development of immune checkpoint inhibitors from
preclinical research to clinical use has been rapid and
revolutionary. The earliest human clinical trials followed
early preclinical research showing that suppressing
immunological checkpoints in mouse models was effective.
In 2014, the FDA approved ipilimumab for melanoma after
approving pembrolizumab and nivolumab, two of the first

PD-1 inhibitors. Since then, these medications have been
used to treat a wider variety of tumours, such as kidney, head
and neck, and lung cancers. Numerous checkpoint inhibitors
for different types of cancer have recently received approval
from regulatory bodies such as the FDA and EMA. The
remarkable outcomes of early clinical trials, where patients
who had not responded to conventional therapy before saw
substantial tumour shrinking and, in several cases, total
remission, accelerated the approval procedure.37-3

3.4. Indications and approved cancer types

Immune checkpoint inhibitors have shown effective in
treating a variety of malignancies, particularly those with
substantial immune evasion or mutational loads. These
treatments have shown therapeutic benefits for a number of
malignancies, including:

1. Melanoma: PD-1 inhibitors pembrolizumab and
nivolumab, which provide long-lasting effects in a
subgroup of patients, have emerged as conventional
therapies for metastatic melanoma.

2. Non-Small Cell Lung Cancer (NSCLC): PD-1 and
PD-L1 inhibitors, pembrolizumab and durvalumab,
respectively, have been authorised for the treatment of
advanced NSCLC. These drugs are frequently used
alone or in conjunction with chemotherapy. Renal Cell
Carcinoma: Nivolumab has been licensed for
advanced renal cell carcinoma, and combo treatments
containing ipilimumab have shown better overall
survival rates.

3. Head and Neck Sqguamous Cell Carcinoma
(HNSCC):PD-1 inhibitors, particularly
pembrolizumab, are licensed for the treatment of head
and neck squamous cell carcinoma (HNSCC) and have
been shown to have higher survival rates than
conventional chemotherapy®1037-38

3.5 Combination treatments

Combining immune checkpoint inhibitors with additional
treatments like chemotherapy, targeted therapy, and radiation
is one of the most promising strategies in cancer
immunotherapy. By breaking through the immune-
suppressive tumour microenvironment and boosting the
quantity of tumor-reactive T cells, combination treatment
may improve the effectiveness of checkpoint inhibitors. For
instance, when compared to monotherapy, the combination
of nivolumab (a PD-1 inhibitor) and ipilimumab (a CTLA-4
inhibitor) has demonstrated synergistic effects in melanoma,
greatly increasing response rates and survival outcomes.
Immune checkpoint inhibitors are frequently used in
conjunction with traditional treatments such as radiation and
chemotherapy. Chemotherapy can promote immune cell
infiltration into tumours, release tumour antigens, and cause
tumour cell death, all of which increase the tumours'
vulnerability to checkpoint inhibition. Likewise, it has been
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demonstrated that radiation therapy increases tumour
immunogenicity, which increases the tumor's responsiveness
to checkpoint inhibitors.3%-40

4. Clinical Efficacy of Immune Checkpoint Inhibitors

With their high clinical efficacy in many tumours, immune
checkpoint inhibitors (IClIs) have made significant progress
in the treatment of a variety of cancers. These treatments
improve immune surveillance and tumour killing by
inhibiting the immune suppression systems that tumours use.
ICls have demonstrated significant responses in a number of
malignancies, and for certain reasons, PD-1/PD-L1 and
CTLA-4 inhibitors are now considered conventional
treatments.510

4.1. Melanoma

Immunocheckpoint inhibitors have significantly increased
the survival rates of melanoma, a very aggressive kind of skin
cancer. Both PD-1 inhibitors, pembrolizumab (Keytruda) and
nivolumab  (Opdivo), have demonstrated notable
improvements in overall survival (OS) and progression-free
survival (PFS) in metastatic melanoma. Response rates
increase when ipilimumab (Yervoy), a CTLA-4 inhibitor, is
added, leading to even better therapeutic results.*.

4.2. NSCLC, or non-small cell lung cancer

One of the main causes of cancer-related death globally is
non-small cell lung cancer (NSCLC). As PD-1 inhibitors,
pembrolizumab and nivolumab have considerably increased
survival in patients with metastatic or advanced non-small
cell lung cancer, particularly in those with elevated PD-L1
expression. Treatment options for untreated metastatic non-
small cell lung cancer have been further expanded with the
approval of atezolizumab (Tecentriq), a PD-L1 inhibitor, for
use in conjunction with chemotherapy.*?

4.3. RCC or renal cell carcinoma

Historically, RCC has resisted conventional chemotherapy.
The effectiveness of treatment has significantly increased
after the advent of immune checkpoint inhibitors, especially
nivolumab and pembrolizumab. When compared to standard
therapy, combination medicines, such nivolumab and
ipilimumab, have demonstrated higher PFS and OS, which
represents a revolutionary shift in the management of RCC.*

4.4, Other cancers

ICls have proven effective in treating a number of additional
cancers in addition to melanoma, NSCLC, and RCC, such as
urothelial carcinoma, head and neck squamous cell
carcinoma, and microsatellite instability-high tumours. The
potential of ICIs in these and other cancer types is still being
investigated in ongoing clinical trials, which points to a
hopeful future for immunotherapy in oncology as well as
wider application.*

5. Mechanisms of Resistance to Immune Checkpoint
Inhibitors

Even though immune checkpoint inhibitors (ICIs) have
drastically changed the way cancer is treated, resistance to
these medications is still a big problem. The overall
effectiveness of ICIs has been limited by the observation of
both acquired (evolutionary) and primary (intrinsic)
resistance mechanisms. Developing solutions to overcome
resistance and enhance patient outcomes requires an
understanding of these mechanisms. Extrinsic factors like the
tumour microenvironment and systemic immune responses,
as well as tumor-intrinsic factors including genetic mutations,
loss of tumour antigens, or changes in immune signalling
pathways, might result in resistance to ICls.*

5.1. Primary resistance

The term “primary resistance” describes some tumours'
innate capacity to fend off the therapeutic effects of IClIs right
away. The loss or downregulation of tumour antigens, which
hinders the immune system's capacity to identify and destroy
the tumour cells, is one of the main mechanisms of primary
resistance. By changing the way antigens are presented,
tumour cells frequently evade immune detection. For
example, tumour cells that have lost or mutated their major
histocompatibility complex (MHC) molecules may not
properly display tumor-associated antigens to T-cells, so
making them imperceptible to immune surveillance.
Resistance may also result from mutations in the interferon
(IFN)-gamma signalling system, which is essential for
increasing MHC expression. Low mutational loads in
tumours can result in fewer neoantigens being produced for
the immune system to identify and combat. Since they
produce fewer neoantigens to elicit an immune response,
cancers with low tumour mutational burden (TMB) are less
likely to benefit from ICIs. Even PD-L1 expression or the use
of checkpoint inhibitors might not be enough to activate T
cells in certain situations.*®

5.2. Acquired resistance

Resistance that develops throughout treatment, frequently
following an initial period of therapeutic benefit, is referred
to as acquired resistance. Through a variety of strategies, such
as epigenetic modifications, activation of alternative immune
checkpoint pathways, or mutations in important immune
signalling pathways, tumours can develop and adapt over
time to evade immune-mediated elimination. The
development of mutations that enable cancer cells to evade
the effects of immune checkpoint inhibitors is one of the most
frequent causes of acquired resistance. For example, lack of
sensitivity to PD-1/PD-L1 inhibition may result from
alterations in the JAK-STAT signalling system, which
controls immune cell activation. Similarly, changes in genes
that encode immune-related receptors or their ligands,
including mutations in the PD-1 receptor or amplification of
PD-L1, can reduce the effectiveness of ICls. PD-1/PD-L1
inhibitors may be less effective against tumours that use
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alternative immune checkpoint pathways, such as TIM-3,
LAG-3, and TIGIT, to decrease T-cell activation. By
modifying immune-related pathways and gene expression
patterns, epigenetic modifications such as DNA methylation
and histone modifications can also lead to acquired
resistance. Tumour escape can occur, for instance, when

immune modulators, costimulatory molecules, or antigen-
presenting molecules are epigenetically silenced. This will
lessen the immunological response that ICIs cause.*”* The
mechanisms of Resistance to Immune Checkpoint Inhibitors
are enlisted in Table 2.

Table 2: Mechanisms of resistance to immune checkpoint inhibitors 4548

Type of Resistance Mechanisms

Potential Strategies to Overcome Resistance

Loss or downregulation of tumor
antigens, insufficient T-cell
activation

Primary Resistance

Development of vaccines, targeting additional immune
checkpoints (e.g., TIM-3, LAG-3)

Mutations in immune signaling

Acquired Resistance pathways, epigenetic changes

Combination therapies with other immune-modulatory
agents or chemotherapy

Tumor
Microenvironment

Presence of Tregs, MDSCs, and
immune suppressive factors

Targeting the tumor microenvironment with small
molecules or cytokine therapies

5.3. Immunosuppressive tumor microenvironment

The tumour microenvironment (TME) can have a major
impact on the efficacy of ICls and is essential in determining
immune responses to cancer. T-cell activation and activity are
hampered by the immunosuppressive environment created by
immune-suppressive  cells such as tumor-associated
macrophages (TAMSs), myeloid-derived suppressor cells
(MDSCs), and regulatory T-cells (Tregs) present in the TME.
By inhibiting effector T-cell function and creating an
immunosuppressive milieu, tregs in particular aid in immune
evasion. Signalling chemicals like TGF-beta and IL-10,
which are both prevalent in the TME, can attract these cells
to the tumour site. T-cell activity is inhibited by cytokines
released by MDSCs, another type of immune-suppressive
cell that builds up in tumours. Additionally, they have the
ability to directly stimulate Treg differentiation, which would
strengthen the immunosuppressive response. Immune
tolerance and resistance to checkpoint suppression are
facilitated by the TME's high amounts of immune checkpoint
ligands, such as PD-L1, metabolic stress, and hypoxia.
immunological checkpoints may be upregulated in the TME
in hypoxic conditions, which reduces the immunological
response. The resistance to ICIs is made worse by the
presence of immune-suppressive cytokines such TGF-beta
and IL-10.%

5.4. Targeting resistance pathways

A number of tactics are being investigated to combat immune
evasion and boost the effectiveness of ICIs in response to the
problem of resistance. In order to get around resistance,
combination therapies that target several immune pathways
or combine IClIs with other forms of treatment such radiation,
chemotherapy, and targeted therapies show promise. For
instance, treating tumours like melanoma and non-small cell
lung cancer (NSCLC) has demonstrated increased efficacy
when PD-1/PD-L1 inhibitors are combined with CTLA-4
inhibitors, such as ipilimumab (Yervoy), potentially

overcoming the resistance observed with monotherapy.
Furthermore, preclinical and clinical research is increasingly
focussing on alternative immune checkpoints including TIM-
3, LAG-3, and TIGIT; preliminary findings indicate that
these treatments may be able to overcome resistance
mechanisms associated with PD-1/PD-L1 suppression. 10

Targeting the tumour microenvironment itself, for
example, by employing substances that reduce Tregs, stop
MDSCs, or undo immune-suppressive signalling, is another
intriguing strategy. Agents that normalise blood arteries,
target the TME's metabolic pathways, or lower hypoxia may
also boost immunity and increase the efficacy of ICls. Even
though immune checkpoint inhibitor resistance is a major
problem, novel approaches and combination therapies that
potentially improve the longevity and effectiveness of
immunotherapy in the treatment of cancer are being made
possible by further study into the molecular underpinnings of
resistance.>°

6. Challenges in Cancer Immunotherapy with Immune
Checkpoint Inhibitors

Immunocheckpoint inhibitors (ICIs) have transformed the
treatment of cancer, but in order to fully realise their
therapeutic promise, a number of issues must be resolved
before they can be used in clinical settings. These difficulties
include tumour heterogeneity, high treatment costs, patient
stratification, immune-related adverse events (irAEs), and
response durability.>

6.1. Immune-related adverse events (irAEs)

The development of immune-related adverse events (irAEs),
which are caused by the immune system becoming activated
against healthy tissues, is one of the main difficulties with
utilising ICls. Colitis, dermatitis, pneumonitis, hepatitis, and
endocrinopathies are some of the adverse effects that might
range in intensity. irAEs happen when the immune system
attacks healthy organs and tissues in addition to tumour cells.



38 Bhusare et al / International Journal of Pharmaceutical Chemistry and Analysis 2025;12 (1):31-41

Immunosuppressive medications like corticosteroids are
frequently needed to manage irAEs, which can reduce the
efficacy of ICIs and make the entire treatment plan more
difficult. To lessen these side effects, patients receiving ICI
therapy must be identified early and closely monitored.5?

6.2. Patient stratification

Finding the patients who will benefit most from ICI therapy
requires efficient patient stratification, which presents
another major obstacle. Although they offer some direction,
indicators such as tumour mutational burden (TMB) and PD-
L1 expression are not always indicative of clinical outcomes.
To create more accurate biomarkers, a deeper comprehension
of the immunological and molecular characteristics of
tumours, including the tumour microenvironment (TME), is
required. Based on these profiles, tailored treatment plans
may aid in better patient selection and raise ICIs' overall
effectiveness.>

6.3. Cost and accessibility

One major obstacle to the widespread adoption of
immunotherapies is their high cost, especially in
environments with low resources. Both individuals and
healthcare systems may be severely impacted financially by
the expense of ICls and the lengthy course of treatment that
some patients must endure. Improving access to these life-
saving therapies globally depends on initiatives to lower
costs, make ICls more affordable, and look into other
affordable options.5.

6.4. Tumor heterogeneity

Another difficulty is tumour heterogeneity, which refers to
the variations in phenotype and genetic makeup among
tumour cells within a single patient. Treatment results can
vary since not all tumour cells in a particular patient will react
to IClIs. Especially in tumours with low mutational burden or
those that have evolved immune evasion mechanisms, this
variability may lead to resistance or insufficient responses.
Improving the effectiveness of treatment requires an
understanding of how tumour heterogeneity affects the
response to ICls.%

6.5. Durability of response

One of the biggest obstacles to cancer immunotherapy is the
persistence of responses. Many individuals either do not
respond or relapse following an initial favourable response,
however some people enjoy long-lasting remission. In
diseases like melanoma and non-small cell lung cancer
(NSCLC), where initial responses to ICIs may be followed
by progression, the problem of relapse is especially prevalent.
Research is continuously being done on ways to extend
results, like combo treatments or new medicines.5®

7. Novel Approaches to Overcome Challenges and
Enhance Immunotherapy

Current developments in cancer immunotherapy are
concentrating on methods to improve the efficacy of immune
checkpoint inhibitors (ICIs) and get past their drawbacks.
These strategies seek to address tumour microenvironmental
problems as immunological suppression, resistance, and
heterogeneity.®

7.1. Combination therapies

Combining ICIls with other treatment modalities like
immune-modulatory  drugs, targeted therapies, or
chemotherapy is one promising tactic. By causing tumour cell
death and releasing tumour antigens, chemotherapy can boost
the immune response and perhaps improve the effectiveness
of IClIs. Tyrosine kinase inhibitors and other targeted
medicines can be used in conjunction to stop the signalling
pathways that tumours utilise to evade the immune system.
Furthermore, it has been demonstrated that using cytokines
or vaccines in addition to ICIs may help prime the immune

system and encourage a stronger immunological response.>”
58

7.2. Next-generation checkpoint inhibitors

In addition to PD-1, PD-L1, and CTLA-4, next-generation
immune checkpoint medicines are being developed to target
other checkpoint pathways. For individuals who do not
respond to existing ICIs, inhibitors that target novel targets
like TIM-3, LAG-3, and TIGIT may offer more potent
treatment alternatives. These targets are being investigated
for their role in immune evasion.*®

7.3. Cancer vaccines and adoptive cell therapy

ICls are being studied in conjunction with cancer vaccines,
which are intended to boost the immune system's ability to
identify and combat tumour cells, in order to maximise their
therapeutic impact. In order to strengthen the immune
response against tumours, adoptive cell therapies—suchas T-
cell and CAR-T cell therapies—are also being investigated in
combination with ICls.2

7.4. Personalized immunotherapy

Another line of research is personalised immunotherapy,
which makes use of transcriptomic and genomic data.
Clinicians can customise treatments to increase the chance of
a positive response and decrease side effects by discovering
patient-specific biomarkers.®

8. Regulatory and Ethical Considerations in the Use of
Immune Checkpoint Inhibitors

Although there are several clinical advantages to using
immune  checkpoint inhibitors  (ICIs) in  cancer
immunotherapy, there are also a number of ethical and
regulatory issues that need to be properly resolved to
guarantee patient safety and fair access.?
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8.1. Regulatory approvals

New immune checkpoint inhibitors must pass stringent
preclinical and clinical trials to prove their safety,
effectiveness, and long-term advantages before being
approved. Before approving a product for general use,
regulatory bodies such as the FDA and EMA assess the data
from these trials. Furthermore, thorough information on
synergistic effects, possible toxicities, and patient selection
criteria is necessary for the approval process of combination
therapies, such as those that combine ICls with chemotherapy
or targeted medicines. Regulators must modify approval
processes to satisfy the rising need for individualised and
efficient immunotherapy options as ICls are used more
frequently in different forms of cancer.®

8.2. Ethical considerations

Cost-effectiveness, patient access, and off-label use are
among the ethical challenges pertaining to the use of ICls.
Even while IClIs can save lives, access to them is sometimes
restricted by their expensive costs, especially in
environments with limited resources. Additionally, when
ICIs are used more frequently outside of recognised
indications—sometimes without adequate evidence of
benefit—the ethical ramifications of off-label usage become
apparent, posing questions regarding informed consent and
patient safety.®

8.3. Global disparities

Access to ICIs is further impacted by differences in
regulatory procedures around the world. Patients in various
nations may experience delays or lack access to potentially
life-saving medicines due to differences in approval timelines
and healthcare infrastructure. Reducing these differences is
essential to guaranteeing that cancer patients everywhere
gain from immunotherapy advancements.5!

9. Future Directions and Emerging Trends in Immune
Checkpoint Therapy

Immunocheckpoint therapy has a bright future thanks to new
targets and next-generation treatments. To overcome
resistance to existing treatments and expand the use of
immunotherapy, new checkpoint inhibitors that target TIM-
3, LAG-3, and TIGIT are being investigated. With the help
of genomic profiling and biomarkers, personalised
immunotherapy will increasingly direct treatment plans,
guaranteeing that patients receive the most efficient,
customised treatments. In order to improve efficacy, ongoing
clinical trials are still looking into these novel strategies, such
as combination medicines. There will be a global push to
increase accessibility as immunotherapy develops, making
these life-saving medicines more widely available, and
particularly in environments with limited resources.®%6?

10. Conclusion

With significant therapeutic improvements in a range of
cancers, immune checkpoint inhibitors (ICIs) have
revolutionised cancer immunotherapy. Targeting important
immunological checkpoints including CTLA-4, PD-1, and
PD-L1, these treatments have effectively stimulated the
immune system to identify and destroy tumour cells. But
issues including tumour heterogeneity, resistance
mechanisms, immune-related side effects, and the
requirement for improved patient classification continue to
be major roadblocks to maximising their effectiveness.
Immunotherapy's future depends on overcoming these
obstacles by creating novel combination treatments, next-
generation checkpoint inhibitors, and individualised
treatment plans based on molecular and genomic analysis. To
improve the therapeutic results of ICIs, more study into
overcoming resistance mechanisms and better patient
selection is essential. Furthermore, increasing access to these
treatments globally is still crucial to guaranteeing that all
patients can take advantage of these developments,
irrespective of financial or geographic constraints. It seems
obvious that immune checkpoint inhibition will continue to
be a key component of cancer treatment as the field develops.
Immunotherapy has the potential to further improve patient
outcomes and turn cancer into a chronic, manageable illness
for a large number of individuals.
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