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ABSTRACT

Immunotherapy has emerged as a promising and effective approach in cancer
treatment by stimulating the body’s immune system to target and eliminate
malignant cells. Despite its significant therapeutic potential, several challenges
remain, including accurate patient selection, identification of appropriate
therapeutic targets, and the minimization of adverse effects.

Artificial intelligence (Al) plays a critical role in addressing these challenges by
analyzing complex genomic, proteomic, and clinical datasets. Machine learning
and deep learning algorithms can accurately identify patients likely to respond to
immunotherapy, enabling the development of personalized treatment plans while
avoiding unnecessary interventions in low-response individuals.

A key application of Al is predicting the efficacy of immune checkpoint inhibitors
such as PD-1 and CTLA-4. By integrating medical imaging and genomic data, Al
models can forecast treatment outcomes, enhance diagnostic precision, and reduce
healthcare costs. Furthermore, Al is increasingly used in drug development, where
it simulates novel molecular structures and predicts their therapeutic efficacy,
thereby accelerating drug discovery and lowering development expenses. Al also
contributes to identifying and managing side effects, improving the safety profile
of immunotherapy.

Nevertheless, the implementation of Al in oncology is not without limitations.
These include the need for high-quality, annotated datasets, algorithmic
interpretability, and ethical concerns such as data privacy, algorithm transparency,
and psychological impacts of extensive genetic testing, excessive diagnostic
testing, potential treatment discrimination, and unclear legal responsibilities.

This article concludes that with robust data infrastructure and the advancement of
interpretable Al models, the full potential of Al in cancer immunotherapy can be
realized. This synergy promises a major leap toward precision medicine and a
brighter future in cancer care.
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Extended Abstract

Cancer remains one of the most serious risks to
world health, with increasing incidence and
fatality rates despite breakthroughs in
traditional treatments such as chemotherapy and
radiation. Immunotherapy has emerged as a
revolutionary paradigm, allowing the immune
system to selectively target and eliminate tumor
cells, resulting in long-term remissions in
difficult malignancies such as melanoma, non-
small cell lung cancer (NSCLC), and renal cell
carcinoma. Immune checkpoint inhibitors
(ICIs), such as anti-PD-1/PD-L1 and anti-
CTLA-4, chimeric antigen receptor (CAR) T-
cell treatments, oncolytic viruses, and tumor
vaccines, are among the key techniques.
However, its transformative potential is
hampered by formidable obstacles: tumor
heterogeneity causes unpredictable responses,
with only 20-40% of patients benefiting;
primary or acquired resistance undermines
efficacy; and conventional biomarkers—PD-L1
expression, tumor mutational burden (TMB),
and microsatellite instability (MSI)—frequently
fall short in sensitivity and specificity. Adverse
effects, including hyper progression and
immune-related toxicities, exacerbate clinical
decision-making. Precision medicine (PM) aims
to address these issues by tailoring medicines to
individuals' genetic, environmental, and
lifestyle profiles, combining multi-omics data
(genomics, transcriptomics, proteomics, and
metabolomics) with imaging and clinical
insights.

Artificial intelligence (Al), powered by
machine learning (ML) and deep learning (DL),
is at the forefront of this transition, deciphering
complicated information to reveal hidden
patterns and propelling immunotherapy into a
new era of unparalleled customization. Unlike
its inflexible rule-based predecessors, current
Al uses convolutional neural networks (CNNs),
graph  neural networks (GNNs), and
transformer-based large language models
(LLMs) for multimodal processing, resulting in
predicting accuracies that outperform human
skills. In 2025, innovative techniques such as
SCORPIO, created by researchers at Memorial
Sloan Kettering and Mount Sinai, will use
normal blood tests to predict ICI responses with
70-80% accuracy across a wide range of

malignancies, democratizing access by
eliminating the need for intrusive biopsies.
Similarly, the Compass foundation model, a
2025 invention from Harvard and Roche,
incorporates pan-cancer transcriptomics to
predict outcomes with AUC scores more than
0.90, generalizable across 33 tumor types and
regimens, and represents a step toward
universal immunotherapy guidance.
Al's disruptive impact is exemplified by digital
pathology, which has transformed whole-slide
imaging (WSI) into a diagnostic and prognostic
tool. CNN-driven algorithms can now segment
tumor cells, measure PD-L1 (AUC 0.87-0.94 in
NSCLC), detect MSI (AUC>0.92 in
gastrointestinal malignancies), and spatially
map tumor-infiltrating lymphocytes (TILs),
classifying microenvironments as "inflamed" or
"deserted" to determine ICI appropriateness.
Models like HistoTME, introduced by NCI
colleagues in early 2025, combine histology
and Al to predict TME dynamics, exceeding
established methods in forecasting resistance.
Al serves as a "first reader" for triage and a
"second reader" for wvalidation, reducing
diagnostic times by 50% and addressing
pathologist  shortages. = Hybrid = ML-DL
frameworks  improve interpretability by
combining handcrafted features with automated
extraction to reduce overfitting in uncommon
malignancies.

Radiomics and imaging-omics enhance this
precision by extracting quantitative information
from CT, MRI, or PET scans to non-invasively
investigate tumor biology. Recent 2025 studies,
including those published in JAMA Oncology,
verify DL models that predict ICI responses in
advanced NSCLC with AUCs ranging from
0.85-0.92, and correlate radiomic signals with
CD8+ TIL infiltration and PD-L1 levels.
Integrating radiomics and genomes, as
demonstrated by Sun et al.'s enduring 2018
architecture updated in 2024 trials, allows for
real-time  monitoring of  spatiotemporal
heterogeneity, directing adaptive therapeutics
and eliminating wasteful exposures.
Genomics and multi-omics integration via Al
provide deeper insights by examining next-
generation sequencing (NGS) outputs such as
whole-exome sequencing (WES) to identify
neoantigens and resistance drivers. Xie et al.'s
2020 clustering model, enhanced by 2025
validations, divides cancers into
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"hyperimmune" subcategories with better
prognoses. Transcriptomics, aided by Al,
identifies immunogenic peptides for
personalized vaccines; a 2024 Nature study
combined exome data and mass spectrometry to
design neoantigen therapies, resulting in 70%
response rates in trials. Nuance is added by
epigenetic layers, such as DNA methylation in
CAR-T cells, and microbiome signatures, in
which Al links Bifidobacterium abundance to
improved ICI efficiency. According to Harel et
al.'s 2019 discoveries, proteomics using high-
resolution mass  spectrometry indicates
metabolic alterations such as enhanced
oxidative phosphorylation in responders, which
are extended in 2025 Protica Bio platforms.
Multi-omics fusion exemplifies Al's synergy by
outperforming silos. Vanguri et al's 2022
dynamic attention DL model, updated in 2025,
combines radiology, pathology, and omics to
predict PD-(L) 1 in NSCLC (AUC 0.92).
Emerging tools such as COMPASS and IRRS
(for colorectal cancer) use microbiomics and
spatial omics to forecast synergies and
toxicities. Patient-derived organoids (PDOs),
Al-optimized for TME simulation, provide for
high-throughput screening; 2025 Bioactive
Materials evaluations highlight DL for
predicting ICI synergies wusing cellular

necroptosis indices (CNI).
Despite these accomplishments, difficulties
remain: Data silos and heterogeneity impede
generalizability; "black-box" models erode
trust, necessitating explainable Al (XAI) such
as SHAP; ethical quandaries—data privacy
breaches, algorithmic bias favoring specific
demographics, psychological tolls from over-
testing, and liability for mispredictions—
require robust frameworks. Computational
demands and regulatory constraints, as
mentioned in 2025 Frontiers evaluations,
impede clinical use.

In the future, interpretable GNNs will model
complex TME networks, real-time WSI
analysis will incorporate single-cell sequencing,
and Al-guided neoantigen vaccinations will
tailor regimens to individuals. According to
AACR estimates for 2025, adaptive trials will
speed up drug development, while microbiome-
modulating adjuncts will improve efficacy. By
overcoming hurdles through federated learning
and ethical Al, this convergence envisions a
future in which immunotherapy is universally
effective, equitable, and transformative,
transforming cancer from a death sentence to a
manageable condition and saving millions of
lives globally.
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