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ABSTRACT

Cancer immunotherapy has emerged as a promising treatment modality for various malignancies,
offering hope to patients who do not respond to traditional therapies. However, not all patients
benefit from immunotherapy, and predicting which patients will respond remains a major
challenge. Genomic biomarkers, which are specific genetic alterations associated with immune
response, have shown great potential in predicting the efficacy of immunotherapy. This article
discusses the role of genomic biomarkers in cancer immunotherapy, with a focus on genetic
alterations, immune cell profiling, and tumor mutational burden. The article also highlights the
current clinical applications of these biomarkers and their future directions in precision medicine.
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INTRODUCTION

Cancer immunotherapy, particularly immune checkpoint inhibitors (ICIs) such as PD-1/PD-L1
inhibitors and CTLA-4 blockers, has revolutionized the treatment of various cancers, including
melanoma, non-small cell lung cancer (NSCLC), and renal cell carcinoma. Despite the clinical
success of immunotherapies, their efficacy is often limited to a subset of patients. Identifying
biomarkers that can predict the response to immunotherapy is crucial for optimizing treatment
strategies. Genomic biomarkers, which include genetic mutations, immune-related genes, and
tumor characteristics, have gained significant attention for their potential to predict
immunotherapy outcomes. These biomarkers could guide clinicians in selecting patients who are
most likely to benefit from immunotherapy and in tailoring personalized treatment plans.

This article explores the genomic biomarkers associated with cancer immunotherapy, focusing on
tumor mutational burden (TMB), microsatellite instability (MSI), PD-L1 expression, and immune-
related genetic alterations. The integration of these biomarkers into clinical practice could pave
the way for more effective and personalized cancer treatment.

1. Tumor Mutational Burden (TMB) and Its Role in Immunotherapy Response
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Definition and Calculation of TMB

Tumor Mutational Burden (TMB) refers to the total number of somatic mutations present within
the coding regions of a tumor's genome. It is typically quantified as the number of mutations per
megabase (mut/Mb) of the tumor's exonic DNA. TMB is a key genomic characteristic that
influences the likelihood of a successful response to immune checkpoint inhibitors (ICIs), a form
of cancer immunotherapy.

TMB is calculated by sequencing the tumor genome, often through next-generation sequencing
(NGS) methods, to identify single nucleotide variants (SNVs), insertions, and deletions. The
number of mutations is then normalized based on the size of the tumor genome, typically expressed
as mutations per megabase of sequenced DNA.

The calculation of TMB is crucial in identifying which cancers are likely to have a high mutational
load and, therefore, a higher potential for immune recognition and response. Tumors with higher
TMB produce more neoantigens—novel proteins that the immune system recognizes as foreign—
leading to an increased likelihood of immune system activation.

Correlation Between High TMB and Response to Immune Checkpoint Inhibitors (ICIs)

The relationship between TMB and the response to immune checkpoint inhibitors (ICIs) such as
PD-1/PD-L1 inhibitors and CTLA-4 blockers has been extensively studied. High TMB is thought
to correlate with a better response to ICIs, as tumors with higher mutational loads generate more
neoantigens. These neoantigens are then presented to the immune system by tumor cells or antigen-
presenting cells (APCs), making the tumor more recognizable to immune cells like T lymphocytes.

ICIs work by blocking the inhibitory signals that prevent T cells from attacking tumor cells. The
greater the mutational burden, the more likely it is that the immune system will be able to recognize
and mount an effective attack on the tumor. This is why high TMB has been associated with
improved outcomes in patients treated with ICIs in various cancers, including non-small cell lung
cancer (NSCLC), melanoma, and urothelial carcinoma.

Several studies have shown that cancers with high TMB are more likely to benefit from
immunotherapy, as the immune system is more likely to identify and destroy tumor cells with
higher levels of mutations. For example, in melanoma and NSCLC, patients with high TMB have
shown significant clinical benefit from anti-PD-1 therapies such as pembrolizumab and
nivolumab.

Clinical Validation of TMB as a Predictive Biomarker
The clinical validation of TMB as a predictive biomarker has been established in multiple clinical
trials, although there is still some variability in its effectiveness depending on cancer type, patient
characteristics, and specific treatment protocols.

e Non-Small Cell Lung Cancer (NSCLC): In NSCLC, several studies have shown that high

TMB is a predictive biomarker for better response to anti-PD-1/PD-L1 inhibitors, such as
pembrolizumab. The KEYNOTE-001 trial, which evaluated pembrolizumab in NSCLC,
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found that patients with high TMB had improved progression-free survival (PFS) and
overall survival (OS) compared to those with low TMB.

e Melanoma: In melanoma, the CheckMate trials that investigated nivolumab and the
combination of nivolumab and ipilimumab demonstrated that high TMB was associated
with improved responses to treatment. A study published in The Lancet Oncology
confirmed that melanoma patients with higher TMB experienced better clinical outcomes
when treated with immune checkpoint inhibitors.

o Bladder Cancer: In urothelial carcinoma, high TMB has been associated with positive
outcomes following treatment with PD-1 inhibitors. Clinical trials have shown that patients
with high TMB exhibited better responses to pembrolizumab and atezolizumab compared
to patients with lower TMB.

Despite these encouraging results, the use of TMB as a standalone biomarker has been debated,
and it is often used in conjunction with other biomarkers like PD-L1 expression and microsatellite
instability (MSI) for more reliable predictions. The FDA has approved TMB as a companion
diagnostic for pembrolizumab in certain cancers, marking a significant step in clinical validation.
However, there is still ongoing research to define the optimal TMB threshold for clinical use and
to establish standardized testing methodologies.

Tumor Mutational Burden (TMB) is a valuable genomic biomarker that plays a critical role in
predicting the response to immune checkpoint inhibitors. High TMB is associated with improved
clinical outcomes in several cancers, as it correlates with the generation of more neoantigens that
enhance the immune system's ability to recognize and attack tumors. The clinical validation of
TMB as a predictive biomarker has been supported by several large clinical trials, particularly in
NSCLC, melanoma, and urothelial carcinoma. As research continues, refining TMB thresholds
and integrating it with other biomarkers will further enhance its predictive value and clinical
application in personalized cancer immunotherapy.

Table 1: Tumor Mutational Burden (TMB) and its Association with Immunotherapy

Response
Tumor Type High TMB Immunotherapy Used Clinical Evidence
Response
Rates
Non-Small Cell 50-60% PD-1/PD-L1  Inhibitors High TMB correlates with
Lung Cancer (e.g., Pembrolizumab, improved  progression-free
(NSCLC) Nivolumab) survival (PFS) in NSCLC
patients.
Melanoma 60-70% PD-1 Inhibitors (e.g., High TMB is associated with
Nivolumab, enhanced response to PD-1
Pembrolizumab) inhibitors  in  melanoma
patients.
Bladder Cancer  40-50% PD-L1 Inhibitors (e.g., TMB is a promising
Atezolizumab, biomarker for PD-L1
Durvalumab) inhibitor efficacy in bladder
cancer.
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Colorectal 60-70% PD-1/PD-L1  Inhibitors TMB has been shown to
Cancer (CRC) (e.q., Pembrolizumab, predict favorable responses in
Nivolumab) mismatch repair-deficient

CRC.

2. Microsatellite Instability (MSI) and Its Predictive Value
Overview of MSI and Its Association with DNA Repair Deficiencies

Microsatellite instability (MSI) refers to the condition in which the length of microsatellites—
short, repetitive DNA sequences in the genome—becomes unstable due to defects in the DNA
mismatch repair (MMR) system. The MMR system plays a critical role in identifying and repairing
errors that occur during DNA replication. When this system is deficient, it leads to the
accumulation of errors in the microsatellite regions, resulting in MSI.

MSI is commonly associated with defects in the MMR genes, particularly MLH1, MSH2, MSHS6,
and PMS2. These genetic mutations lead to the inability to properly repair DNA replication errors,
allowing the accumulation of mutations in microsatellite regions and other parts of the genome.
As a result, MSl is often considered a biomarker for defective DNA repair mechanisms.

This DNA repair deficiency, particularly in the MMR system, also contributes to the generation of
novel antigens—neoantigens—that can be recognized by the immune system. Tumors with MSI
have a higher mutational burden, which increases the likelihood that the immune system will detect
and target these tumors. This characteristic makes MSI a significant predictive factor for the
response to immunotherapy, particularly immune checkpoint inhibitors (IClIs).

Role of MSI in Predicting Response to Immunotherapy in Various Cancers

Microsatellite instability (MSI) has been strongly linked to improved response rates to immune
checkpoint inhibitors (ICIs), such as pembrolizumab and nivolumab, across a variety of cancers.
The primary reason behind this enhanced response is the higher mutational load in MSI tumors,
which leads to the production of neoantigens. These neoantigens make the tumor cells more
recognizable to the immune system, leading to a more robust immune response when ICls are
administered.

1. Colorectal Cancer (CRC): MSI-H tumors, particularly those with Lynch syndrome or
other MMR deficiencies, have been shown to respond very well to immunotherapy. In
colorectal cancer, pembrolizumab has been approved by the FDA for the treatment of MSI-
H tumors, regardless of the cancer's tissue of origin. MSI-H tumors in CRC often have a
high mutational burden, which correlates with better outcomes when treated with PD-1
inhibitors.

2. Endometrial Cancer: MSI-H in endometrial cancer has also been associated with better
responses to immunotherapy. Similar to CRC, patients with MSI-H endometrial cancer
have shown significant improvement when treated with PD-1 inhibitors, such as
pembrolizumab. These tumors also tend to have a higher mutational load and more immune
cell infiltration, which enhances their responsiveness to immunotherapy.
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3. Gastric Cancer: MSI-H tumors in gastric cancer, although less common than in colorectal
and endometrial cancers, have demonstrated moderate responses to ICIs. Trials
investigating the use of pembrolizumab and nivolumab in MSI-H gastric cancer patients
have shown promising results, suggesting that MSI could serve as an important predictive
biomarker for immunotherapy in this cancer type as well.

4. Other Cancers: MSI has also been implicated in other cancers, such as ovarian, small
bowel, and hepatobiliary cancers. While the evidence for immunotherapy effectiveness in
these cancers is still emerging, MSI-H tumors in these cases often show better responses
to immunotherapy compared to microsatellite-stable (MSS) tumors.

Clinical Evidence Supporting MSI as a Biomarker for Immunotherapy Response

Clinical trials have provided strong evidence supporting the role of MSI as a predictive
biomarker for immunotherapy response:

1. KEYNOTE-164 Trial: This pivotal trial tested pembrolizumab in patients with MSI-H
colorectal cancer. The results showed that patients with MSI-H tumors experienced a
significantly higher response rate (about 40-50%) compared to those with microsatellite-
stable (MSS) tumors, highlighting the predictive value of MSI in CRC.

2. KEYNOTE-158 Trial: Another important trial, KEYNOTE-158, evaluated
pembrolizumab in a variety of cancers, including those with MSI-H tumors. The results
indicated that MSI-H tumors across different cancer types had a significantly higher overall
response rate to pembrolizumab, reinforcing the importance of MSI in predicting treatment
success with immune checkpoint inhibitors.

3. CheckMate Trials: The CheckMate trials, which focused on nivolumab (a PD-1 inhibitor),
also provided valuable insights into the role of MSI. For instance, patients with MSI-H
tumors in various cancers exhibited a durable clinical response to nivolumab, suggesting
that MSI could serve as an effective biomarker for immune checkpoint inhibition.

4. FDA Approval of Pembrolizumab: Based on the clinical success of pembrolizumab in
MSI-H tumors, the FDA granted approval for pembrolizumab to be used in the treatment
of MSI-H cancers, regardless of the tumor's origin. This marked a significant milestone in
the clinical validation of MSI as a biomarker for immunotherapy, as it allowed for the
personalized treatment of patients based on the molecular characteristics of their tumors.

5. International Consensus: Multiple international cancer organizations have acknowledged
MSI-H as a reliable biomarker for predicting response to immunotherapy. The molecular
profiling of cancers for MSI has now become an important component of precision
medicine, guiding clinicians in choosing the appropriate therapy for patients.

Microsatellite instability (MSI) is a critical genomic biomarker associated with defects in the DNA
mismatch repair system. Tumors exhibiting MSI-H (high instability) tend to have higher
mutational burdens, leading to the production of neoantigens that make them more susceptible to
immune recognition and attack. MSI-H has been clinically validated as a predictive biomarker for
improved responses to immune checkpoint inhibitors, particularly in colorectal, endometrial, and
gastric cancers. Clinical trials and regulatory approvals have firmly established MSI-H as a key
factor in determining the suitability of immunotherapy for patients. As a result, MSI testing is now
an essential part of cancer diagnostics, helping to guide treatment decisions and improve patient
outcomes in precision cancer therapy.
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Table 2: Microsatellite Instability (MSI) and its Role in Cancer Immunotherapy

Cancer Type MSI Immunotherapy Relevant Data
Status Response
Colorectal High Excellent response to MSI-H tumors exhibit increased
Cancer MSI PD-1 Inhibitors (e.g., immune cell infiltration and a higher
(MSI-H) Pembrolizumab) mutational load, leading to better
immunotherapy outcomes.
Endometrial  High Significant response to MSI-H in endometrial cancer is a
Cancer MSI PD-1 Inhibitors (e.g., strong predictive factor for response to
(MSI-H) Pembrolizumab) immune checkpoint inhibitors.
Gastric High Moderate response to MSI-H tumors in gastric cancer show
Cancer MSI immunotherapy variable responses to immunotherapy,
(MSI-H) but are more responsive than
microsatellite-stable (MSS) tumors.
Ovarian High Partial response to PD-L1  MSI-H tumors have shown better
Cancer MSI inhibitors immunotherapy responses in ovarian
(MSI-H) cancer, though further validation is
needed.

3. Immune-Related Genomic Alterations and Immune Cell Profiling

Immune-Related Genetic Alterations: Mutations in Immune Checkpoint Genes (PD-1, CTLA-
4)

Immune-related genetic alterations refer to changes in genes that regulate the immune system’s
ability to recognize and respond to cancer cells. Two critical immune checkpoint genes, PD-1
(programmed cell death protein 1) and CTLA-4 (cytotoxic T-lymphocyte-associated protein 4),
play central roles in modulating the immune response, and mutations or altered expression in these
genes can impact cancer progression and treatment outcomes.

1. PD-1and PD-L1 Pathway:

o PD-1 is an immune checkpoint receptor expressed on T cells, and its ligand, PD-L1, is
often overexpressed on tumor cells. The binding of PD-1 to PD-L1 inhibits T cell
activation, effectively allowing tumors to evade immune surveillance.

o PD-1 Mutations: Mutations in the PD-1 gene can alter the receptor's function, potentially
enhancing T cell activity against tumors. However, these mutations are relatively rare,
and their role in immunotherapy response is still being studied.

o PD-L1 Expression: Tumors expressing high levels of PD-L1 are more likely to escape
immune detection. Drugs that inhibit the PD-1/PD-L1 interaction, such as
pembrolizumab and nivolumab, have shown efficacy in patients with high PD-L1
expression, particularly in cancers like non-small cell lung cancer (NSCLC), melanoma,
and head and neck cancers.

2. CTLA-4 and Immune Modulation:

o CTLA-4 is another immune checkpoint receptor that inhibits T cell activation. It
competes with CD28 for binding to CD80 and CD86 on antigen-presenting cells,
reducing T cell activation.
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o CTLA-4 Mutations: Mutations in the CTLA-4 gene can lead to either increased or
decreased T cell activation, which may alter immune responses against tumors.

o CTLA-4 Inhibitors: Immune checkpoint inhibitors like ipilimumab, which targets
CTLA-4, have been shown to enhance T cell responses, leading to improved outcomes
in cancers such as melanoma. These inhibitors are particularly useful in combination with
other checkpoint inhibitors (e.g., PD-1 inhibitors) to provide synergistic effects.

These immune-related genetic alterations, including mutations and altered expressions of PD-1,
PD-L1, and CTLA-4, can influence how a tumor evades immune surveillance and how it responds
to immunotherapy. Understanding these alterations is key to predicting which patients will benefit
from immune checkpoint blockade therapies.

Role of Immune Cell Infiltration in Predicting Immunotherapy Outcomes

The immune microenvironment of tumors is a critical determinant of the effectiveness of
immunotherapy. Immune cells that infiltrate the tumor can either support or hinder the immune
system’s ability to mount an effective anti-tumor response. The quantity, quality, and type of
immune cells present within the tumor (known as immune cell infiltration) can influence the
outcome of immunotherapy.

1. Tumor-Infiltrating Lymphocytes (TILS):

o TILs are a key component of the immune response to cancer, particularly CD8+
cytotoxic T lymphocytes, which recognize and destroy cancer cells. A high density
of TILs in tumors is often correlated with a better response to immunotherapy, as
it indicates a pre-existing immune response against the tumor.

o TILs and Immunotherapy: Several studies have shown that the presence of high
TIL density is associated with improved outcomes in patients treated with immune
checkpoint inhibitors. For example, melanoma patients with high TILs showed
better responses to PD-1 inhibitors like nivolumab and pembrolizumab.

2. Macrophages and Myeloid-Derived Suppressor Cells (MDSCs):

o Tumor-associated macrophages (TAMs) and MDSCs are often involved in creating
an immunosuppressive  environment, hindering the effectiveness of
immunotherapy. MDSCs, in particular, can suppress the function of T cells and
natural killer (NK) cells, preventing them from attacking the tumor.

o The ratio of pro-inflammatory (M1) versus anti-inflammatory (M2) macrophages
can also affect immunotherapy responses. M1 macrophages are generally
associated with better immunotherapy outcomes, while M2 macrophages are linked
to immune evasion and resistance to therapy.

3. B Cells:

o Although less studied than T cells and macrophages, B cells within the tumor
microenvironment can also play a role in immune responses. In some cancers, the
presence of B cells correlates with better prognosis and improved responses to
immunotherapy, though their role is still under investigation.

Immune Cell Profiling:

Profiling the immune cells present within the tumor can provide valuable insights into its immune
landscape. Techniques like single-cell RNA sequencing, immunohistochemistry, and flow
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cytometry allow for the detailed analysis of immune cell populations in the tumor
microenvironment (TME). By assessing the composition of immune cells, clinicians can predict
the likelihood of a favorable response to immunotherapy. For example, tumors with a high
presence of cytotoxic T cells and a low presence of MDSCs are more likely to respond to immune
checkpoint inhibitors.

Profiling of Immune-Related Genes for Personalized Immunotherapy Strategies

Profiling immune-related genes involves analyzing genetic alterations in both the tumor and the
immune system that may influence the response to immunotherapy. This includes mutations in
immune checkpoint genes (like PD-1 and CTLA-4) and other immune-modulatory genes, as well
as changes in immune cell gene expression profiles.

1. Gene Expression Signatures:

o Gene expression profiles from tumor samples can reveal which immune pathways
are active in the tumor microenvironment. A high expression of immune
activation genes, such as interferon gamma (IFN-y) and genes related to T cell
activation, generally correlates with a better response to immunotherapy.

o Conversely, the upregulation of immunosuppressive genes, such as those related
to TGF-p signaling and immune checkpoint pathways, may predict resistance to
immunotherapy.

2. Immune-Related Mutations and Polymorphisms:

o Genetic polymorphisms in immune-related genes (such as PD-1 and CTLA-4) can
impact how an individual’s immune system responds to cancer. For example,
certain genetic variations in PD-1 and CTLA-4 have been linked to better or worse
responses to immune checkpoint inhibitors.

o Profiling these polymorphisms can help predict which patients may benefit from
specific therapies, allowing for more personalized treatment plans.

3. Immune Signatures and Tumor Microenvironment:

o Profiling the tumor microenvironment (TME) for immune cell-related gene
signatures, such as immune checkpoint gene expression and immune infiltration
markers, can provide insight into the potential for response to immunotherapy. For
instance, tumors with a "hot" TME, characterized by high levels of TILs and
immune-related gene expression, are more likely to respond to ICIs compared to
"cold" tumors with low immune infiltration.

Immune-related genetic alterations, such as mutations in PD-1 and CTLA-4, play a significant role
in modulating the immune system's ability to recognize and attack tumor cells. Tumors with
specific alterations in these immune checkpoint genes may respond better to immune checkpoint
inhibitors. Additionally, immune cell infiltration within the tumor microenvironment is a key
predictor of immunotherapy success, with high levels of tumor-infiltrating lymphocytes (TILS)
generally correlating with favorable outcomes. Profiling immune-related genes and the immune
landscape of tumors offers a promising strategy for personalizing immunotherapy treatments. By
integrating immune cell profiling and genomic alterations into clinical practice, clinicians can
make more informed decisions about which therapies are likely to be most effective for individual
patients, improving the overall success of immunotherapy.

45| Page



HYDERABAD JOURNAL OF SCIENCES

Table 3: Immune-Related Genetic Alterations and Immune Cell Profiling

Genetic Role in Impact on Immune Clinical Evidence
Alteration Immunotherapy Cell Infiltration
Response
PD-1/PD-L1 High PD-L1 expression High PD-L1 expression High PD-L1
Expression correlates with better promotes immune expression is a
response to PD-1/PD- evasion and better predictive marker for
L1 inhibitors treatment efficacy when PD-1/PD-L1 inhibitors
targeted in various cancers.
CTLAA4 CTLA-4 mutations or Mutations in CTLA-4 CTLA-4 mutations
Mutations expression levels can may enhance T-cell have been linked to
affect T-cell activation response to therapy better outcomes in
and immunotherapy combination  therapy
response (PD-1/CTLA-4).
Tumor- Increased TIL density Higher TIL density A high TIL count has
Infiltrating generally correlates indicates a pre-existing been linked to
Lymphocytes  with better immune response to the improved responses to
(TILS) immunotherapy tumor, which can be immunotherapy in
outcomes enhanced by melanoma and
immunotherapy NSCLC.
Summary

Genomic biomarkers are playing an increasingly critical role in predicting the response to cancer
immunotherapy, enabling more personalized and effective treatment strategies. Tumor mutational
burden (TMB) and microsatellite instability (MSI) are two of the most promising biomarkers that
help predict which patients will benefit from immune checkpoint inhibitors. Additionally,
immune-related genetic alterations, such as PD-1/PD-L1 expression and CTLA-4 mutations, can
significantly influence treatment outcomes. Profiling immune cells within the tumor
microenvironment (TME) also provides valuable insights into immune response, further guiding
immunotherapy decisions.

As immunotherapy continues to evolve, the integration of genomic biomarkers into clinical
practice will be crucial for optimizing therapeutic outcomes. Personalized treatment plans, based
on genomic and immune profiling, are the future of cancer care, offering the potential to improve
patient survival, reduce unnecessary treatments, and provide a more targeted approach to cancer
management. Further research and clinical validation are essential to expand the utility of these
biomarkers in a broader range of cancer types and improve patient selection for immunotherapy.
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