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ABSTRACT

Immune biomarkers have become crucial for predicting disease outcomes and guiding therapeutic responses,
particularly in conditions like cancer, autoimmune disorders, and infectious diseases. These biomarkers reflect the
immune system's state activation, suppression, or modulation providing valuable insights into prognosis,
treatment efficacy, and potential side effects. With advancements in molecular and cellular technologies such as
high-throughput sequencing, single cell analysis, and bioinformatics, the identification and utilization of immune
biomarkers have significantly evolved. This review focuses on the classification of immune biomarkers, including
cellular, soluble, genetic, epigenetic, and metabolic biomarkers, and their mechanisms in predicting disease
progression and therapeutic responses. We highlight the role of immune biomarkers in oncology, where they are
essential for immunotherapy response prediction (e.g., PD-L1 expression, tumor mutational burden), and in
autoimmune diseases, where they aid in monitoring disease activity and response to treatments like biologics.
Moreover, emerging techniques such as single-cell profiling and multiplex assays offer new opportunities for
personalized medicine. However, challenges like immune system heterogeneity, dynamic biomarker levels, and
assay standardization hinder their clinical application. As research advances, immune biomarkers will increasingly
support precision medicine, offering personalized therapies that improve patient outcomes. This review discusses
these advances, their clinical implications, and the challenges in integrating immune biomarkers into routine
practice, while emphasizing the future potential for further breakthroughs.
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INTRODUCTION
Immune biomarkers have emerged as essential tools in predicting disease outcomes and guiding therapeutic
strategies, particularly in conditions where the immune system plays a pivotal role, such as cancer, autoimmune
diseases, and infectious diseases [17. These biomarkers are measurable indicators of immune activity, providing
crucial insights into the immune system’s status—whether it is activated, suppressed, or dysregulated. They offer
the potential to assess disease severity, predict treatment responses, and monitor disease progression over time
[27. In oncology, immune biomarkers are fundamental in predicting patient responses to immunotherapies, such
as immune checkpoint inhibitors (e.g., PD-1, PD-L1, and CTLA-4), which have transformed cancer treatment [37].
These biomarkers help identify which patients are likely to benefit from these therapies, thereby optimizing
treatment decisions. In autoimmune diseases, biomarkers of immune activation or suppression, like regulatory T
cell (Treg) function and cytokine levels, are critical in assessing disease activity and tailoring immunosuppressive
therapies [47]. Moreover, in infectious diseases, biomarkers that reflect host immune responses help evaluate the
effectiveness of vaccines or antiviral therapies. Recent advances in molecular and cellular technologies—such as
high-throughput sequencing, single-cell RNA analysis, and bioinformatics—have significantly enhanced the
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discovery and application of immune biomarkers [57]. These developments have expanded the scope of biomarkers
to include genetic, epigenetic, and metabolic markers, offering new opportunities for precision medicine. This
review will explore the types of immune biomarkers, their mechanisms, and their implications for disease
prognosis and treatment responses, while also addressing the challenges of integrating them into clinical practice.
Types of Immune Biomarkers
Immune biomarkers are diverse and can be classified into various categories based on their origin and function.
These include cellular biomarkers, soluble biomarkers, genetic and epigenetic biomarkers, and metabolic
biomarkers.
Cellular Biomarkers
Cellular biomarkers include immune cell populations that reflect the immune system's status in different disease
contexts. For example, in cancer immunotherapy, tumor-infiltrating lymphocytes (TILs) and the expression of
checkpoint molecules like PD-1 and CTLA-4 on T cells are critical for predicting therapeutic responses [67]. In
autoimmune diseases, the ratio of regulatory T cells (Tregs) to effector T cells (Teffs) can indicate disease activity
and the likelihood of a response to immunosuppressive treatments. Single-cell RNA sequencing and flow
cytometry have advanced the identification and characterization of specific immune cell subsets that are relevant to
disease prognosis and treatment outcomes [7]. These techniques allow for a more detailed analysis of immune cell
heterogeneity within tissues, providing a better understanding of how the immune system is altered in different
diseases.
Soluble Biomarkers
Soluble biomarkers refer to proteins, cytokines, and chemokines found in bodily fluids, such as blood, serum, or
cerebrospinal fluid, which can reflect immune activity. In cancer, elevated levels of soluble PD-L1 have been
associated with poor prognosis and resistance to checkpoint blockade therapies [87. Similarly, cytokines like
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a) are markers of systemic inflammation and can
predict disease severity in autoimmune diseases like rheumatoid arthritis and lupus [97. Advances in multiplex
assays, such as Luminex or ELISA-based platforms, have allowed for the simultaneous measurement of multiple
cytokines and proteins, providing a broader picture of the immune landscape in a patient [107]. These platforms
are particularly useful for monitoring immune responses to treatments and identifying changes in immune activity
that correlate with therapeutic efficacy.
Genetic and Epigenetic Biomarkers
Genetic variations and epigenetic modifications that affect immune function are also key biomarkers for predicting
disease outcomes. In cancer, mutations in genes like TP53 and alterations in the tumor mutational burden (TMB)
are associated with responses to immunotherapies, particularly immune checkpoint inhibitors [117. In
autoimmune diseases, certain HLA alleles have been linked to disease susceptibility and severity. For instance,
HLA-DRB11501 is associated with an increased risk of developing multiple sclerosis [127]. Epigenetic changes,
such as DNA methylation patterns in immune cells, can also serve as biomarkers. These modifications can
influence gene expression and, therefore, the function of immune cells. In cancer, DNA methylation patterns in
circulating tumor DNA (ctDNA) are emerging as important biomarkers for detecting minimal residual disease and
predicting responses to therapy [137].
Metabolic Biomarkers
The metabolic state of immune cells can profoundly influence their function and has been identified as a potential
biomarker for disease outcomes. Immune cells undergo metabolic reprogramming in response to activation, which
can be measured through metabolites such as lactate, glucose, and fatty acids [14]. For example, in cancer, the
metabolic shift toward glycolysis (the Warburg effect) in T cells can predict their ability to sustain an anti-tumor
response [157]. In autoimmune diseases, altered metabolism in Tregs has been linked to their dysfunction and the
loss of immune tolerance. Mass spectrometry and metabolomics platforms are enabling the detailed profiling of
immune cell metabolism, providing new insights into how metabolic pathways influence immune responses and
therapeutic outcomes [167].
ROLE OF IMMUNE BIOMARKERS IN DISEASE OUTCOMES
Cancer Immunotherapy
The advent of immune checkpoint inhibitors has revolutionized cancer treatment, but not all patients respond to
these therapies. Predictive immune biomarkers, such as PD-L1 expression and TMB, are critical for identifying
patients who are likely to benefit from these treatments [177]. PD-L1 expression on tumor cells and immune cells
in the tumor microenvironment (TME) has been correlated with better responses to PD-1/PD-L1 inhibitors,
while a high TMB is associated with a higher likelihood of generating neoantigens that can be recognized by T
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cells, leading to improved responses [18,197. Other emerging biomarkers in cancer immunotherapy include the
presence of specific immune cell subsets in the TME, such as TILs, as well as immune gene signatures derived
from RNA expression profiling [20].
Autoimmune Diseases
In autoimmune diseases, immune biomarkers help predict disease activity, progression, and therapeutic responses.
For instance, anti-citrullinated protein antibodies (ACPAs) are biomarkers for rheumatoid arthritis and are
associated with more severe disease and increased risk of joint damage [217. Similarly, levels of certain cytokines,
such as IL-6 and TNF-a, are elevated during disease flares and can be used to monitor response to biologic
therapies that target these pathways [227]. Biomarkers of regulatory T cell function are also being explored as
predictors of treatment response in autoimmune diseases. Low levels of Tregs or impaired Treg function are
associated with poor outcomes and resistance to therapies like methotrexate or TNF inhibitors [237].
Challenges and Future Directions
Despite the significant advancements in immune biomarkers, several challenges persist in their clinical application.
One of the primary hurdles is the complexity and heterogeneity of the immune system. Immune responses vary
widely across individuals, diseases, and therapeutic contexts, making it difficult to identify a single biomarker that
can reliably predict outcomes across different conditions [247]. Moreover, immune biomarkers are dynamic, with
levels that can fluctuate based on disease progression, treatment interventions, or even time of day, adding another
layer of complexity to their interpretation. The integration of immune biomarkers into clinical practice presents
further challenges. Standardizing assays across laboratories and healthcare systems is critical to ensure
consistency and reliability. Moreover, the validation of biomarkers in large, diverse patient cohorts is necessary to
confirm their utility and accuracy across different populations and disease states [257. Developing robust,
reproducible tests that can be easily adopted in clinical settings is also essential to translating biomarker
discoveries into routine use. Looking ahead, advances in artificial intelligence (AI) and machine learning (ML) are
expected to play pivotal roles in overcoming these challenges. AI and ML algorithms can analyze vast and
complex biomarker datasets, identify patterns that are not discernible through traditional statistical methods, and
uncover novel biomarker signatures that can predict disease outcomes and therapeutic responses with greater
accuracy [26]. These technologies hold the potential to personalize treatment decisions, improve diagnostic
precision, and optimize patient outcomes, marking a significant step forward in the use of immune biomarkers in
precision medicine.
CONCLUSION
The development of immune biomarkers has greatly enhanced our ability to predict disease outcomes and tailor
therapies to individual patients. Advances in technologies such as genomics, proteomics, and metabolomics have
expanded the range of potential biomarkers and improved our understanding of the immune landscape in various
diseases. While challenges remain, the integration of immune biomarkers into clinical practice holds great promise
for advancing precision medicine and improving patient outcomes across a range of immune-related diseases.
Continued research and validation efforts are critical to fully realize the potential of immune biomarkers in
predicting disease outcomes and therapeutic responses.
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