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Abstract

Immune checkpoint inhibitors (ICIs) represent a transformative class of immunotherapeutic
agents that have revolutionized cancer treatment by harnessing the body’s immune system to
target and destroy tumor cells. This paper reviews the mechanisms underlying immune
checkpoint inhibition, highlights key ICIs currently approved for clinical use, and explores
the resistance mechanisms that limit their efficacy. It also discusses strategies for overcoming

resistance, aiming to improve the therapeutic outcomes of ICIs in cancer treatment.
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1. Introduction

Cancer remains one of the leading causes of mortality worldwide, and traditional therapies,
such as surgery, chemotherapy, and radiation, often have limitations, including toxicity and
limited efficacy, particularly in advanced stages. Immunotherapy, specifically immune
checkpoint inhibitors (ICIs), has emerged as a groundbreaking approach in cancer treatment,
offering prolonged survival in several cancer types where conventional treatments have
failed. Immune checkpoint pathways, such as the PD-1/PD-L1 axis, play a significant role in
suppressing the immune response and allowing tumor cells to evade immune surveillance
(Liu et al., 2020). By blocking these pathways, ICIs effectively “release the brakes” on the
immune system, enabling a more robust immune response against tumors (Chowdhury &
Jafarzadeh, 2019). This paper provides a comprehensive overview of ICIs, their clinical
implications, and the challenges posed by resistance mechanisms that may hinder their

effectiveness.

2. Mechanism of Action of Immune Checkpoint Inhibitors
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ICIs primarily target immune checkpoint proteins, which are regulatory molecules that

maintain immune homeostasis by preventing excessive immune activation. In cancer, tumor
cells exploit these checkpoints to escape immune detection and destruction (Topalian et al.,
2015). Among the most studied checkpoint pathways are the PD-1/PD-L1 and CTLA-4 axes.
Immune checkpoint inhibitors (ICIs) work by blocking the inhibitory signals that tumors use
to evade immune surveillance, thereby unleashing the body’s immune system to recognize
and attack cancer cells. The primary mechanisms of action of ICIs involve the targeting of
immune checkpoint proteins, which are regulatory molecules that modulate immune
responses to prevent overactivation and damage to healthy tissues. When these checkpoint
pathways are exploited by tumor cells, they can inhibit the immune system's ability to mount
an effective response against the tumor. By blocking these pathways, ICIs “release the

brakes” on the immune system, enabling more robust immune attacks against tumor cells.
Here are the two main immune checkpoint pathways targeted by ICls:
2.1. PD-1/PD-L1 Pathway (Programmed Cell Death-1/Programmed Death Ligand-1)

The PD-1/PD-L1 pathway is one of the most critical mechanisms for immune evasion in
tumors. Under normal circumstances, PD-1 is a receptor expressed on the surface of T cells
(a type of immune cell responsible for recognizing and killing infected or cancerous cells).
PD-1 binds to its ligands, PD-L1 and PD-L2, which are expressed on various cells, including
tumor cells. The interaction between PD-1 and PD-L1 signals the T cell to downregulate its
activity, thus preventing an immune response that could potentially harm normal tissue. This

mechanism helps to maintain immune tolerance and prevent autoimmune diseases.

However, many tumors overexpress PD-L1 as a way to avoid detection by the immune
system. By binding to PD-1 on T cells, PD-L1 essentially “turns off” the T cell's ability to

attack tumor cells, allowing the tumor to persist and grow.
ICIs targeting this pathway include:

e Anti-PD-1 inhibitors (e.g., nivolumab and pembrolizumab): These drugs bind to PD-1
on T cells and block its interaction with PD-L1, preventing the inhibitory signal and
allowing T cells to become reactivated and attack tumor cells.
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e Anti-PD-L1 inhibitors (e.g., atezolizumab and durvalumab): These drugs bind to PD-L1

on tumor cells (and other immune cells) to block the interaction between PD-1 and PD-

L1, thereby preventing the tumor from inhibiting T cell activity.
2.2. CTLA-4 Pathway (Cytotoxic T-Lymphocyte Antigen-4)

CTLA-4 is another immune checkpoint receptor expressed on the surface of T cells,
particularly after T cell activation. It functions to inhibit T cell activation and proliferation,
primarily in the early stages of the immune response. CTLA-4 competes with the
costimulatory molecule CD28 for binding to CD80 and CD86, which are expressed on
antigen-presenting cells (APCs). When CTLA-4 binds to CD80/CD86, it sends an inhibitory

signal to the T cell, reducing its activation and immune response.

Tumors can exploit the CTLA-4 pathway by promoting immune suppression within the
tumor microenvironment. Inhibition of CTLA-4 allows for enhanced T cell activation,

promoting a stronger immune response.
ICls targeting this pathway include:

e Anti-CTLA-4 inhibitors (e.g., ipilimumab): This drug binds to CTLA-4 and prevents its
interaction with CD80/CD86 on APCs. This leads to enhanced T cell activation and an

improved immune response against tumors.
2.3 Combined Mechanisms of Action

In some cases, immune checkpoint inhibitors targeting both the PD-1/PD-L1 and CTLA-4
pathways are used together to improve therapeutic outcomes. Combination therapy with anti-
PD-1 and anti-CTLA-4 inhibitors has shown to be more effective than single-agent therapy,
particularly in cancers such as melanoma, non-small cell lung cancer (NSCLC), and renal cell
carcinoma. The dual blockade acts at different stages of the immune response, with anti-
CTLA-4 therapy boosting T cell activation early in the immune response (in the lymph
nodes), while anti-PD-1 therapy acts later by releasing the brakes on T cells that have already

infiltrated the tumor site.

The mechanism of action of immune checkpoint inhibitors is to block inhibitory signals that
cancer cells use to escape immune surveillance. By targeting PD-1, PD-L1, or CTLA-4, ICIs
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enhance T cell function, allowing the immune system to recognize and attack tumor cells

more effectively. This has revolutionized the treatment of many cancers, although resistance
to ICIs can occur, requiring further investigation and the development of combination

therapies.

These pathways are critical to maintaining immune balance, but they also provide a
mechanism for tumors to evade immune detection. The clinical use of ICls has proven
effective in cancers such as melanoma, non-small cell lung cancer (NSCLC), and renal cell

carcinoma (RCC), where they have significantly improved survival outcomes.
3. Approved Immune Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs) have become a cornerstone of cancer immunotherapy,
significantly improving the prognosis of patients with various cancers. These therapies work
by blocking immune checkpoints that suppress the immune system's ability to detect and
destroy cancer cells. Several ICIs have been approved by regulatory agencies, such as the
U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA), for the
treatment of a range of cancers. Below is an overview of the most commonly used and FDA-

approved ICls.
3.1. Nivolumab (Opdivo)
e Target: PD-1 (Programmed Cell Death-1) receptor

e Mechanism: Nivolumab is an anti-PD-1 monoclonal antibody that blocks the interaction
between PD-1 (on T cells) and PD-L1 (on tumor cells and antigen-presenting cells). By
inhibiting this interaction, nivolumab prevents the immune suppression that occurs when

PD-1 binds to PD-L1, thus enabling T cells to remain active and attack cancer cells.
e Indications: Nivolumab is approved for a variety of cancers, including:
o Non-small cell lung cancer (NSCLC)
o Melanoma

o Renal cell carcinoma (RCC)
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o Hodgkin lymphoma

o Squamous cell carcinoma of the head and neck

o Urothelial carcinoma

o And several other cancers (e.g., microsatellite instability-high cancers)

« Efficacy: Nivolumab has been shown to improve overall survival and response rates in
many of these cancers, especially in cases of advanced or metastatic disease (Topalian et
al., 2015).

3.2. Pembrolizumab (Keytruda)
o Target: PD-1 receptor

e Mechanism: Like nivolumab, pembrolizumab is an anti-PD-1 monoclonal antibody that
works by blocking the PD-1 receptor on T cells. This enables the immune system to
overcome the tumor-induced inhibition of T cell activity, leading to enhanced immune
responses against the tumor.

o Indications: Pembrolizumab is approved for a wide range of cancers, including:
o Non-small cell lung cancer (NSCLC)
o Melanoma
o Head and neck squamous cell carcinoma
o Classical Hodgkin lymphoma
o Urothelial carcinoma
o Gastric cancer

o And cancers with high microsatellite instability (MSI-H) or mismatch repair
deficiency (IMMR)
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o Efficacy: Pembrolizumab has demonstrated significant survival benefits, particularly in

cancers with high mutational burden or microsatellite instability, where it activates

immune responses more effectively (Garon et al., 2015).
3.3. Ipilimumab (Yervoy)
e Target: CTLA-4 (Cytotoxic T-Lymphocyte Antigen-4)

e Mechanism: Ipilimumab is an anti-CTLA-4 monoclonal antibody. CTLA-4 is a
checkpoint receptor expressed on T cells that downregulates immune responses by
preventing T cell activation. Ipilimumab blocks CTLA-4, leading to enhanced T cell
activation, particularly in the tumor-draining lymph nodes, and thus boosting the immune

response against cancer.
e Indications: Ipilimumab is primarily approved for:
o Melanoma (approved as a first-line treatment in combination with nivolumab)
o Renal cell carcinoma (in combination with nivolumab)
o Non-small cell lung cancer (in combination with nivolumab)

o Efficacy: Ipilimumab has shown substantial effectiveness in melanoma, significantly
improving survival in both advanced and metastatic stages (Labrie et al., 2017). It is often

used in combination with nivolumab to enhance overall efficacy.
3.4. Atezolizumab (Tecentriq)
e Target: PD-L1 (Programmed Death-Ligand 1)

e Mechanism: Atezolizumab is an anti-PD-L1 monoclonal antibody that binds to PD-L1,
preventing its interaction with PD-1. By blocking this interaction, atezolizumab enhances

the ability of T cells to recognize and attack cancer cells.
e Indications: Atezolizumab is approved for:

o Non-small cell lung cancer (NSCLC)
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o Urothelial carcinoma

o Triple-negative breast cancer (TNBC)
o Small cell lung cancer (SCLC)

Efficacy: Atezolizumab has shown positive results in NSCLC and urothelial carcinoma,
leading to increased overall survival in advanced stages of these cancers (Powles et al.,

2014). It has also been explored in combination with chemotherapy in several cancer

types.

3.5. Durvalumab (Imfinzi)

Target: PD-L1 receptor

Mechanism: Similar to atezolizumab, durvalumab is an anti-PD-L1 monoclonal antibody
that blocks the PD-L1 receptor on tumor cells and antigen-presenting cells, thus

preventing immune evasion and allowing T cells to remain active against cancer cells.
Indications: Durvalumab is primarily approved for:

o Non-small cell lung cancer (NSCLC) in patients with locally advanced,

unresectable disease
o Urothelial carcinoma

Efficacy: Durvalumab has shown benefits in patients with NSCLC, both in monotherapy
and in combination with chemotherapy. It has improved progression-free survival in

various cancer types (Antonia et al., 2017).

3.6. Avelumab (Bavencio)

Target: PD-L1 receptor

Mechanism: Avelumab, like atezolizumab and durvalumab, is an anti-PD-L1 monoclonal
antibody that works by blocking the interaction between PD-L1 and PD-1, thus enabling

T cells to attack tumor cells more effectively.
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« Indications: Avelumab is approved for:

o Merkel cell carcinoma (a rare and aggressive form of skin cancer)
o Urothelial carcinoma (in combination with axitinib)
o Renal cell carcinoma (in combination with axitinib)

« Efficacy: Avelumab has been shown to provide significant clinical benefit, particularly in

Merkel cell carcinoma, where it has led to durable responses (Bardet et al., 2018).

Immune checkpoint inhibitors have revolutionized cancer treatment by utilizing the immune
system to target and eliminate cancer cells. The most widely used ICIs include nivolumab,
pembrolizumab, ipilimumab, atezolizumab, durvalumab, and avelumab, which target the PD-
1/PD-L1 and CTLA-4 pathways. These therapies have demonstrated efficacy across a range
of cancers, offering hope for patients with previously untreatable advanced or metastatic
diseases. Despite their success, challenges such as resistance mechanisms, treatment costs,
and managing immune-related adverse events remain ongoing areas of investigation in the

field of cancer immunotherapy.

These therapies have marked the beginning of a new era in cancer treatment, offering patients
with previously untreatable cancers a significant improvement in prognosis. However, not all

patients respond to ICIs, and some who initially benefit may eventually relapse.
4. Resistance Mechanisms to Immune Checkpoint Inhibitors

Despite the success of ICls, a significant proportion of patients either do not respond or
develop resistance over time. Understanding the underlying mechanisms of resistance is
crucial for developing strategies to improve outcomes. The main mechanisms of resistance
can be categorized into intrinsic and extrinsic factors. While immune checkpoint inhibitors
(ICIs) have revolutionized cancer treatment, a significant proportion of patients either do not
respond or eventually develop resistance to these therapies. Understanding the mechanisms of
resistance is critical for improving the efficacy of ICls and for developing strategies to
overcome these barriers. Resistance to ICIs can be categorized into intrinsic and extrinsic

mechanisms, involving both tumor-related factors and aspects of the immune system. Below
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is a detailed exploration of the various resistance mechanisms to immune checkpoint

inhibitors.
4.1. Intrinsic Resistance Mechanisms

Intrinsic resistance refers to tumor-inherent factors that hinder the ability of ICIs to trigger an
effective immune response. These factors are often related to the tumor's molecular and

genetic characteristics.
A. Low Tumor Mutational Burden (TMB)

Tumor mutational burden (TMB) refers to the number of mutations present in a tumor's
DNA. Tumors with high TMB tend to produce more neoantigens—novel proteins not found
in normal cells—which can be recognized by the immune system as foreign. High TMB is
associated with better responses to ICIs, as the immune system is more likely to identify and

attack the tumor cells.

e Resistance Mechanism: Tumors with low TMB produce fewer neoantigens, leading to
reduced immune system recognition and poorer responses to ICIs. These tumors may not
generate enough immune activation to benefit from checkpoint inhibition (Le et al.,
2017).

B. Defective Antigen Presentation

For T cells to recognize and destroy tumor cells, tumor cells must present tumor-specific
antigens (neoantigens) on their surface via major histocompatibility complex (MHC)
molecules. Defects in antigen presentation can occur through mutations or alterations in the

MHC pathway or through the loss of antigen expression altogether.

¢ Resistance Mechanism: Tumors with impaired MHC expression or antigen presentation
are less visible to T cells, preventing the immune system from recognizing and attacking

them even if ICIs are used to enhance immune activity (Yao et al., 2020).
C. Immunoediting and Tumor Heterogeneity

Immunoediting refers to the dynamic process where the immune system selects for cancer

cells that are less immunogenic and more capable of evading immune detection. Tumors
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often undergo changes in response to immune pressure, resulting in genetically

heterogeneous populations of cells, some of which may be resistant to immune attacks.

o Resistance Mechanism: Tumors with high genetic variability may include subclones that
do not express key antigens or may express checkpoint proteins in a way that is less
responsive to ICIs (Gajewski et al., 2013).

4.2. Extrinsic Resistance Mechanisms

Extrinsic resistance mechanisms involve changes in the tumor microenvironment (TME) or

the immune system that hinder the effectiveness of IClIs.
A. Immunosuppressive Tumor Microenvironment

The tumor microenvironment plays a critical role in immune resistance. Tumors often create
a microenvironment that promotes immune evasion and suppresses immune responses. This
is accomplished through the recruitment of immunosuppressive cells and the secretion of

immunosuppressive cytokines.
e Resistance Mechanism:

o Regulatory T cells (Tregs): Tumors can recruit Tregs to the tumor site, where
they suppress the activity of effector T cells. These immunosuppressive Tregs
inhibit the immune response and hinder the effectiveness of ICIs.

o Myeloid-derived suppressor cells (MDSCs): These cells inhibit the activation of
T cells and contribute to an immunosuppressive environment, thus preventing a

robust anti-tumor immune response.

o Cytokines: Tumors secrete cytokines like TGF-f (Transforming Growth Factor-
beta), which dampen immune activity and inhibit the proliferation and function of

T cells.

In such a suppressive TME, even if ICIs activate T cells, the presence of these suppressive

cells and cytokines can limit the immune response (Tauriello et al., 2018).
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B. Upregulation of Alternative Immune Checkpoints

In response to immune checkpoint inhibition, tumors may compensate by upregulating other
immune checkpoint molecules that inhibit T cell activity, thus bypassing the blockade of PD-
1/PD-L1 or CTLA-4.

e Resistance Mechanism: For example, tumors may upregulate other checkpoint
molecules such as LAG-3 (Lymphocyte-activation gene 3), TIM-3 (T-cell
immunoglobulin and mucin-domain containing-3), or VISTA (V-domain Ig suppressor of
T cell activation). These molecules can re-engage inhibitory pathways that dampen T cell
activity, reducing the efficacy of ICls that target PD-1, PD-L1, or CTLA-4 (Thompson et
al., 2020).

C. Loss of Tumor Infiltrating Lymphocytes (TILs)

Tumor-infiltrating lymphocytes (TILs) are critical for anti-tumor immunity. However, tumors
can develop mechanisms to exclude or reduce the number of TILs that are able to infiltrate

and remain active within the tumor.

o Resistance Mechanism: Some tumors can create a physical or chemical barrier that
prevents TILs from entering the tumor tissue. For instance, extracellular matrix
remodeling or the presence of immunosuppressive metabolites like adenosine can inhibit

the infiltration of T cells into tumors, limiting the effectiveness of ICls (Hui et al., 2017).
D. Epigenetic Modifications and Immune Evasion

Epigenetic changes in tumor cells can also contribute to resistance to ICIs. These
modifications can alter the expression of immune-related genes, including those involved in

antigen presentation and immune response pathways.

e Resistance Mechanism: Epigenetic silencing of immune-related genes can impair the
tumor’s ability to present antigens or express immune-activating molecules. Additionally,
changes in the expression of checkpoint molecules may lead to resistance by enabling

tumor cells to escape immune recognition (Brahmer et al., 2021).

4.3. Adaptive Resistance
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Adaptive resistance refers to the dynamic ability of tumors to evolve mechanisms of

resistance during treatment. This can involve the selection of tumor clones that are less

sensitive to immune checkpoint blockade or the modification of existing resistance

mechanisms in response to selective immune pressure.

Resistance Mechanism: Over time, as tumors are exposed to IClIs, they may evolve to
express alternative immune checkpoints, reduce antigenicity, or alter their immune
microenvironment in ways that reduce the effectiveness of the immune response. This
process of adaptive resistance highlights the challenge of long-term control over tumors
with immune checkpoint inhibitors (Benci et al., 2016).

4.4 Overcoming Resistance to ICls

Several strategies are being explored to overcome resistance to ICIs, including:

Combination Therapy: Combining ICIs with other treatments like chemotherapy,
targeted therapies, or radiation can enhance immune responses and overcome immune

resistance.

Targeting Tumor Microenvironment: Therapies that modulate the tumor
microenvironment by depleting Tregs, MDSCs, or blocking immunosuppressive
cytokines like TGF-B are under investigation.

Biomarker Identification: Identifying predictive biomarkers for ICI response and
resistance (such as TMB, PD-L1 expression, and gene expression profiles) may help

tailor treatments to individual patients.

New Immune Checkpoint Targets: The development of inhibitors targeting other
immune checkpoints (e.g., LAG-3, TIM-3, and VISTA) is an area of active research,
aiming to enhance or restore the immune response when PD-1/PD-L1 or CTLA-4

inhibitors are ineffective.

Resistance to immune checkpoint inhibitors remains a major challenge in cancer therapy, as

both intrinsic tumor-related factors and extrinsic immune microenvironment factors can limit

their effectiveness. Understanding the mechanisms behind resistance and developing new
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strategies to overcome these barriers will be key to improving patient outcomes and

expanding the benefits of immunotherapy to a broader range of cancer patients.
5. Strategies to Overcome Resistance

To overcome resistance to ICIs, researchers have explored several strategies, including
combination therapies, biomarker identification, and novel immunomodulatory agents. While
immune checkpoint inhibitors (ICIs) have significantly improved cancer treatment, resistance
to these therapies remains a major challenge. Various resistance mechanisms—ranging from
tumor-intrinsic genetic factors to the immunosuppressive tumor microenvironment—can
limit the effectiveness of ICls. To address this, researchers and clinicians are exploring
several strategies to overcome resistance and improve patient outcomes. These strategies can
be broadly classified into combination therapies, modulation of the tumor
microenvironment, targeting alternative immune checkpoints, and biomarker-based

approaches.
5.1. Combination Therapy

One of the most promising strategies to overcome resistance to ICIs is to combine them with
other treatments. By targeting multiple aspects of the immune response or tumor biology
simultaneously, combination therapies can potentiate the effects of ICIs and counteract

mechanisms of resistance.
A. Combination with Chemotherapy
Chemotherapy can enhance the effects of immune checkpoint inhibition in several ways:

e Immune Activation: Chemotherapy can increase the release of tumor antigens (i.e.,
"tumor neoantigens"), which are processed by antigen-presenting cells and presented to T

cells, thereby boosting the immune response.

e Reduction of Immunosuppressive Cells: Certain chemotherapies can reduce the number
of immunosuppressive cells, such as regulatory T cells (Tregs) and myeloid-derived

suppressor cells (MDSCs), in the tumor microenvironment.
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For example, combining nivolumab (anti-PD-1) or pembrolizumab (anti-PD-1) with

chemotherapy has been shown to improve response rates and overall survival in non-small

cell lung cancer (NSCLC) and other cancers (Garon et al., 2015; Hellmann et al., 2019).
B. Combination with Targeted Therapy

Targeted therapies can also be used in conjunction with ICIs to address specific molecular

alterations in tumors. Some examples include:

e« EGFR Inhibitors: For patients with NSCLC harboring EGFR mutations, combining
EGFR inhibitors (e.g., osimertinib) with PD-1/PD-L1 inhibitors has been explored to

overcome resistance.

e VEGF Inhibitors: Vascular endothelial growth factor (VEGF) inhibitors (e.g.,
bevacizumab) are used to normalize tumor vasculature and improve immune cell
infiltration. Combining VEGF inhibitors with ICIs like nivolumab or ipilimumab has
shown promise in renal cell carcinoma (RCC) and NSCLC.

C. Combination with Radiation Therapy

Radiation therapy can enhance the effectiveness of ICls by inducing immunogenic cell death
(ICD), which releases tumor antigens that stimulate immune responses. Radiation also
increases the expression of immune checkpoints such as PD-L1, making the tumor more
susceptible to checkpoint inhibition. Combination of radiation with ICls has been studied in
several cancer types, including melanoma and lung cancer, showing promising results in

terms of overall survival and response rates.
5.2. Modulation of the Tumor Microenvironment

The tumor microenvironment (TME) plays a critical role in shaping the immune response.
Tumors often create an immunosuppressive TME that limits the effectiveness of ICls.

Several strategies aim to modify the TME to enhance anti-tumor immunity.
A. Depletion of Immunosuppressive Cells

e Regulatory T cells (Tregs): Tregs are often recruited to the tumor site, where they
suppress the activity of effector T cells. Depleting Tregs or inhibiting their function can
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enhance the anti-tumor immune response. Drugs targeting Treg depletion, such as anti-

CD25 monoclonal antibodies, have shown promise in combination with ICIs.

e Myeloid-Derived Suppressor Cells (MDSCs): MDSCs contribute to immune
suppression by inhibiting T cell activation. Inhibiting the accumulation or function of
MDSCs can improve the efficacy of ICIs. Drugs like pegloticase and regorafenib are
being studied for their potential to deplete MDSCs in the TME.

B. Targeting Immunosuppressive Cytokines

Cytokines like TGF-p and IL-10 are often overexpressed in the TME and contribute to
immune evasion. Blocking these cytokines can increase immune cell activity and enhance ICI
effectiveness. Several TGF-B inhibitors (e.g., fresolimumab, LY2157299) are being tested

in combination with ICls in clinical trials.
C. Improving Tumor Vasculature

Many tumors exhibit abnormal vasculature that limits immune cell infiltration. Anti-
angiogenic therapies, such as bevacizumab (anti-VEGF), aim to normalize blood vessels,
allowing better immune cell infiltration and improving ICI efficacy. This strategy has shown

promise in cancers like glioblastoma and RCC.
5.3. Targeting Alternative Immune Checkpoints

In addition to PD-1, PD-L1, and CTLA-4, other immune checkpoint molecules contribute to
tumor-induced immune suppression. Targeting these alternative checkpoints may help

overcome resistance to ICls.
A. LAG-3 (Lymphocyte Activation Gene-3)

LAG-3 is an inhibitory receptor expressed on T cells that contributes to immune resistance.
Blocking LAG-3 in combination with PD-1 inhibitors has shown enhanced anti-tumor
responses in preclinical studies and early clinical trials (Sakuishi et al., 2010). Clinical trials

targeting LAG-3, such as implications of relatlimab, are ongoing.
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B. TIM-3 (T-cell Immunoglobulin and Mucin-domain containing-3)

TIM-3 is another immune checkpoint expressed on exhausted T cells and plays a role in
immune tolerance. Preclinical studies have shown that blocking TIM-3 can overcome
resistance to PD-1 inhibitors, and drugs targeting TIM-3 are in early-phase clinical trials
(Rogan et al., 2020).

C. VISTA (V-domain Ig Suppressor of T cell Activation)

VISTA is a negative regulator of T cell responses and has been implicated in immune
resistance. Similar to LAG-3 and TIM-3, VISTA can be targeted with monoclonal antibodies
to enhance the efficacy of PD-1/PD-L1 inhibitors. Clinical trials targeting VISTA are

ongoing, and initial results are promising (Wang et al., 2020).
5.4. Biomarker-Based Approaches

Identifying predictive biomarkers for ICI response and resistance is crucial for personalized
treatment strategies. By selecting patients who are most likely to benefit from IClIs, clinicians

can optimize treatment outcomes.
A. Tumor Mutational Burden (TMB)

TMB reflects the number of mutations present in a tumor, and a high TMB is often associated
with better responses to ICIs. Incorporating TMB as a biomarker can help identify patients
who are more likely to benefit from IClIs, especially in cancers like non-small cell lung cancer
(NSCLC) and melanoma.

B. PD-L1 Expression

PD-L1 expression on tumor cells or immune cells has been used as a biomarker to predict
response to anti-PD-1/PD-L1 therapies. However, it has limitations as not all PD-L1 positive
tumors respond to therapy. The use of combination biomarkers (e.g., PD-L1 with TMB or

microsatellite instability status) may improve predictive accuracy.
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C. Microsatellite Instability (MSI) and Mismatch Repair Deficiency (dIMMR)

Cancers with high microsatellite instability (MSI-H) or deficient mismatch repair (IMMR)
are more likely to respond to ICIs. Testing for MSI-H or dMMR status can help identify
patients who are likely to benefit from PD-1 blockade (Le et al., 2017).

5.5. Immunotherapy “Reset” Strategies

Adaptive resistance can lead to exhaustion or dysfunction of immune cells, particularly T
cells. Strategies to "reset” the immune system, such as the use of immune stimulatory
molecules (e.g., 1L-2, CD40 agonists), are under investigation. These agents aim to
reinvigorate exhausted immune cells and enhance the effectiveness of ICls.

Resistance to immune checkpoint inhibitors remains a major barrier to their success in
treating various cancers. However, through a combination of strategies—such as combination
therapies, modulation of the tumor microenvironment, targeting alternative immune
checkpoints, biomarker-based approaches, and immune system "reset" strategies—
researchers are developing innovative ways to overcome these resistance mechanisms.
Personalized treatment strategies that incorporate these approaches hold great promise for

improving the efficacy of ICIs and providing long-term benefits to patients with cancer.
6. Conclusion

Immune checkpoint inhibitors have revolutionized cancer therapy, providing new hope for
patients with various malignancies. While significant progress has been made, resistance
mechanisms remain a major challenge. Further research into the molecular underpinnings of
resistance and the development of combination therapies, along with better biomarkers for
patient selection, will be crucial in improving the long-term success of ICIs in cancer
treatment. As the field of immuno-oncology continues to evolve, overcoming these barriers

promises to unlock the full potential of immunotherapy in the fight against cancer.
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