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Abstract 

Artificial intelligence (AI)-driven metagenomic analysis is 

revolutionizing our understanding of the microbial influences on cancer 

development. The human microbiome, particularly the gut microbiota, plays a 

pivotal role in modulating immune responses, inflammation, and metabolic 

pathways, all of which are crucial in cancer initiation and progression. 

Advances in metagenomic sequencing, combined with AI techniques such as 

machine learning and deep learning, have facilitated the identification of 

microbial biomarkers and survival subtypes across diverse cancer types. 

These approaches provide insights into microbiome-immune interactions and 

their impact on treatment outcomes, including chemotherapy and 

immunotherapy efficacy. Despite the transformative potential, challenges 

persist, such as dataset complexity, biases, and the interpretability of AI 

models. Addressing these issues through explainable AI and diversified 

databases will enhance clinical integration and precision oncology. This article 

highlights the role of AI in unlocking the complex interplay between the 

microbiome and cancer, paving the way for innovative diagnostics, 

personalized therapies, and improved patient outcomes. 

Keywords: AI-driven metagenomics, cancer microbiome, microbial 

biomarkers, precision oncology, personalized medicine 

Introduction 

AI-driven metagenomic analysis has emerged as a pivotal tool in 

uncovering the microbial influences on cancer development, offering insights 

into the complex interactions between the microbiome and cancer. The 

human microbiome, particularly the gut microbiota, plays a significant role in 

cancer initiation and progression by modulating immune responses, 

influencing inflammation, and affecting metabolic processes(Istuti Saraswat & 

Anjana Goel, 2024; Md. Fakruddin et al., 2023). Dysbiosis, or microbial 
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imbalance, can disrupt the epithelial barrier, promote inflammation, and 

facilitate carcinogenesis(Istuti Saraswat & Anjana Goel, 2024; Л. Г. Соленова 

et al., 2024). Advanced metagenomic techniques, such as 16S rRNA 

sequencing and multi-omics approaches, have been instrumental in 

characterizing the tumor microbiome and identifying microbial biomarkers 

associated with various cancers(Istuti Saraswat & Anjana Goel, 2024; Ivania 

Valdés et al., 2024). AI and machine learning have further enhanced the 

analysis of microbiome data, enabling the identification of microbiome 

quantitative trait loci (mbQTLs) that link genetic variants to microbial 

abundances across different cancer types(İlhami KİZİROĞLU, 2023; “Pan-

Cancer Analysis of Microbiome Quantitative Trait Loci,” 2022). These 

technologies have also facilitated the discovery of survival subtypes and 

potential therapeutic targets by integrating microbial profiles with host gene 

expressions(Haohong Zhang et al., 2024). The tumor microbiome's influence 

extends to treatment outcomes, where it can modulate the efficacy and 

toxicity of chemotherapy and immunotherapy. For instance, specific microbes 

have been linked to treatment-related toxicity and immune modulation, 

affecting patient responses to cancer therapies(Saksham Garg et al., 2023; 

Sona Ciernikova et al., 2023). AI-driven analyses have also revealed 

interactions between the tumor microbiome and immune pathways, such as 

the HIF-1 signaling pathway, which may offer new avenues for personalized 

cancer treatment(Haohong Zhang et al., 2024). Overall, AI-driven 

metagenomic analysis provides a comprehensive framework for 

understanding the multifaceted role of the microbiome in cancer, highlighting 

its potential in developing personalized therapeutic strategies and improving 

clinical outcomes(İlhami KİZİROĞLU, 2023; Machine Learning on Microbiome 

Research in Gastrointestinal Cancer, 2023). 

Microbiome and cancer development  

The microbiome plays a multifaceted role in cancer development 

through its influence on immune balance, metabolic homeostasis, and 

dysbiosis-related mechanisms such as inflammation and immune modulation. 

The gut microbiota, a significant component of the human microbiome, is 

crucial in maintaining immune homeostasis and modulating the tumor 

microenvironment, which can either suppress or promote tumorigenesis 

depending on the microbial composition and its interactions with the host 

immune system(Istuti Saraswat & Anjana Goel, 2024; Zsuzsánna Réthi‐Nagy & 

Szilvia Juhász, 2024). Dysbiosis, or microbial imbalance, is linked to chronic 

inflammation and immune dysfunction, creating a pro-inflammatory 
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environment conducive to cancer progression, as seen in colorectal cancer 

(CRC) and head and neck cancer (HNC)(Veeksha V Shetty & Shilpa S. Shetty, 

2024; Zuzanna Chilimoniuk et al., 2024). Specific bacterial taxa, such as 

Fusobacterium nucleatum and Bacteroides fragilis, have been associated with 

CRC through mechanisms involving inflammation and genotoxin 

production(Zuzanna Chilimoniuk et al., 2024). Moreover, the gut microbiome 

influences cancer treatment outcomes by modulating drug metabolism and 

immune responses, affecting the efficacy of chemotherapy and 

immunotherapy(Istuti Saraswat & Anjana Goel, 2024; Sona Ciernikova et al., 

2023). For instance, dysbiosis can lead to immune suppression and reduced 

response to immune checkpoint blockade, as observed in lung cancer 

models(Zahraa Rahal et al., 2023). The microbiome's ability to modulate 

immune cells within the tumor microenvironment further underscores its role 

in cancer progression and treatment response(Liu et al., 2024; Saksham Garg 

et al., 2023). Therapeutic interventions targeting the microbiome, such as 

probiotics, prebiotics, and fecal microbiota transplantation, aim to restore 

microbial balance and enhance treatment efficacy(Zhou Chen et al., 2023; 

Zsuzsánna Réthi‐Nagy & Szilvia Juhász, 2024). These strategies highlight the 

potential of microbiome-based therapies to improve cancer prevention and 

treatment by leveraging the microbiome's complex interactions with the host 

immune system and metabolic pathways(Saksham Garg et al., 2023; Zhou 

Chen et al., 2023). Understanding these intricate relationships is crucial for 

developing personalized cancer therapies that optimize the microbiome's 

beneficial effects while mitigating its adverse impacts on cancer development 

and treatment outcomes(Istuti Saraswat & Anjana Goel, 2024; Zsuzsánna 

Réthi‐Nagy & Szilvia Juhász, 2024). 

Advances in metagenomic analysis 

Metagenomic sequencing has significantly advanced the understanding 

of the microbiome's role in cancer by revealing the complex interactions 

between microbial communities and cancer development, progression, and 

treatment response. This approach has primarily focused on identifying 

specific microbes associated with various cancers, such as Helicobacter pylori 

with gastric cancer and Fusobacterium nucleatum with colorectal cancer, 

highlighting the microbiome's potential as a diagnostic and therapeutic 

target(İlhami KİZİROĞLU, 2023). However, the functional implications of 

these microbial communities remain underexplored, with 

metatranscriptomics offering a promising avenue to bridge this gap by 

analyzing the active roles of microbiomes in cancer 
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environments(“Microbiomes, Their Function, and Cancer: How 

Metatranscriptomics Can Close the Knowledge Gap,” 2023). The integration of 

artificial intelligence (AI) into microbiome research addresses challenges such 

as large datasets, noise, and limitations of analytical tools. AI, particularly 

machine learning (ML) and deep learning (DL), enhances the interpretation of 

complex multi-omics data, facilitating precision oncology by identifying 

microbial patterns that influence cancer therapy outcomes(Miodrag Cekikj et 

al., 2022; Tamizhini Loganathan & George Priya Doss C, 2022). For instance, 

AI models like DeepMicroCancer and DeepGeni have demonstrated improved 

diagnostic accuracy across multiple cancer types and enhanced prediction of 

immunotherapy responses, respectively, by leveraging advanced techniques 

such as transfer learning and interpretable autoencoders(Teng Wang et al., 

2023; Tewabe Edmew Worku, 2023). These models not only improve 

diagnostic capabilities but also provide insights into the molecular 

mechanisms of microbiome-cancer interactions, which are crucial for 

developing personalized treatment strategies(Carlos S. Casimiro-Soriguer et 

al., 2022; Natascha Brandhorst, 2022). Furthermore, AI-driven analyses have 

uncovered numerous associations between tumor microbiomes and host 

molecular aberrations, offering potential biomarkers for cancer prognosis and 

therapy optimization(Jiuxin Qu & Shimin Shuai, 2023). By addressing the 

inherent complexity and variability of microbiome data, AI facilitates a deeper 

understanding of the microbiome's role in cancer, paving the way for 

innovative therapeutic interventions and improved clinical outcomes(Nick 

Ting et al., 2022). 

Role of AI in analyzing microbial influences on cancer 

Artificial intelligence (AI), particularly machine learning (ML) and deep 

learning (DL), has significantly advanced the fields of microbial classification, 

disease association, and biomarker discovery in cancer research. These AI 

techniques enable the analysis of complex datasets, facilitating the 

identification of novel biomarkers and improving diagnostic accuracy. AI's 

ability to integrate and analyze diverse data types, such as genomics, 

microbiome, and imaging data, has expanded the potential for precision 

oncology. The following sections explore the contributions of AI in these 

areas, highlighting strengths and limitations. 

Microbial Classification and Disease Association 

Microbiome-Based Diagnosis: AI models, such as DeepMicroCancer, 

utilize random forest and transfer learning techniques to diagnose a broad 

spectrum of cancer types based on microbiome data. These models have 
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shown superior performance in tissue and blood samples, indicating that 

specific microbial signatures can differentiate between cancerous and healthy 

states. 

Microbe-Disease Associations: The DSAE_RF model combines multi-

source features and deep learning to predict microbe-disease associations. 

This approach reduces the time and cost associated with biological 

experiments, achieving high accuracy in identifying disease-related 

microbes(Teng Wang et al., 2023). 

Explainable AI for Biomarker Identification: Techniques like Shapley 

Additive Explanations (SHAP) provide personalized insights into colorectal 

cancer biomarkers by analyzing gut microbiome compositions, allowing for 

subgroup-specific biomarker identification(Ryza Rynazal, 2023). 

Biomarker Discovery in Cancer Research 

Genomic and Multi-Omics Data: AI methods have expanded biomarker 

discovery beyond genomics to include transcriptomics and epigenomics. 

These approaches have identified novel biomarkers for immune checkpoint 

inhibitors (ICI) and other cancer therapies, although prospective trials are 

needed for clinical integration(Arsela Prelaj et al., 2023). 

Angiogenesis-Related Biomarkers: Recurrent neural networks (RNNs) 

have been effective in identifying angiogenesis-related biomarkers, which are 

crucial for understanding tumor biology and developing targeted 

therapies(“Artificial Intelligence in Cancer Research: Predictive Modeling of 

Angiogenesis and Biomarker Discovery,” 2024). 

Strengths of AI Techniques 

High Accuracy and Efficiency: AI models, such as those using 

convolutional neural networks (CNNs), achieve high accuracy in microbial 

identification and cancer classification, often surpassing traditional 

methods(Gao et al., 2024; Yuan-Gu Wei et al., 2023). 

Integration of Diverse Data: AI's ability to integrate multimodal data, 

including genomics, radiomics, and pathomics, enhances the discovery of 

complex biomarkers and meta-biomarkers(Arsela Prelaj et al., 2023). 

Personalized Medicine: AI facilitates personalized treatment strategies 

by identifying molecular subtypes and specific biomarkers, contributing to 

precision oncology(Ghufran Ahmed & Shahid Hussain, 2023). 

Limitations and Challenges 

Generalizability: Current AI models often face challenges in generalizing 

across different cancer types and sample sources, such as tissue versus 

blood(Teng Wang et al., 2023). 
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Clinical Integration: Despite promising results, many AI-based 

discoveries lack high-level evidence for immediate clinical application, 

necessitating further validation through prospective trials(Arsela Prelaj et al., 

2023). 

Complexity and Interpretability: The complexity of AI models can 

hinder their interpretability, making it difficult for clinicians to understand 

and trust AI-driven insights(Ryza Rynazal, 2023). 

While AI techniques have demonstrated significant potential in 

advancing cancer research, challenges remain in their clinical application and 

generalizability. The integration of AI into clinical practice requires careful 

validation and consideration of ethical and interpretability issues. 

Nonetheless, AI continues to offer promising avenues for improving cancer 

diagnosis, treatment, and personalized medicine. 

Challenges and future directions 

The integration of artificial intelligence (AI) in cancer-related 

metagenomic analysis presents several challenges, particularly concerning AI 

models, data quality, and clinical applicability. One of the primary issues is the 

"black box" nature of AI, which limits transparency and interpretability, 

making it difficult for clinicians to trust and adopt these technologies in 

practice. This lack of interpretability is compounded by biases in AI models, 

which often arise from underrepresented populations in datasets, leading to 

healthcare disparities(“Artificial Intelligence in Oncology: Current 

Capabilities, Future Opportunities, and Ethical Considerations,” 2022). 

Additionally, the quality of data used in AI models is a significant concern. 

Metagenomic data, characterized by its high dimensionality and 

compositional nature, poses challenges in preprocessing and feature selection, 

which can affect the predictive performance of AI models(Georgios 

Papoutsoglou et al., 2023; Huriye Armağan Doğan, 2023). The complexity and 

sparsity of these datasets, often referred to as the "curse of dimensionality," 

further complicate the extraction of clinically meaningful insights(Doğan, 

2023). Despite these challenges, there are promising opportunities for 

improvement. The development of explainable AI (xAI) models is crucial, as 

they can provide insights into the decision-making process of AI systems, 

thereby enhancing trust and facilitating clinical adoption(AI in Healthcare: 

Applications, Challenges, and Future Prospects, 2024; J. Keyl et al., 2023). 

Expanding and diversifying databases to include a broader range of genetic 

and environmental factors can help mitigate biases and improve the 

generalizability of AI models(“Artificial Intelligence in Oncology: Current 
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Capabilities, Future Opportunities, and Ethical Considerations,” 2022; 

Danishuddin et al., 2023). Furthermore, validating AI findings through 

rigorous clinical studies is essential to ensure their reliability and 

effectiveness in real-world settings(AI in Healthcare: Applications, Challenges, 

and Future Prospects, 2024; J. Keyl et al., 2023). The future of AI in cancer 

research lies in the integration of multimodal data and the development of 

living databases that continuously update with new health information, 

enabling more personalized and precise treatment strategies(“Artificial 

Intelligence in Oncology: Current Capabilities, Future Opportunities, and 

Ethical Considerations,” 2022; Xifeng Wu et al., 2023). By addressing these 

challenges and leveraging these opportunities, AI can significantly advance 

the field of oncology, leading to improved patient outcomes and a deeper 

understanding of cancer biology. 

Conclusion 

In conclusion, the review highlights the pivotal role of the microbiome 

in cancer development and the transformative potential of AI-driven 

metagenomic analysis. By addressing challenges such as data complexity and 

integration, AI enables deeper insights into microbial influences on cancer, 

aiding biomarker discovery and disease prediction. Continued advancements 

in AI models and multi-omics integration will pave the way for innovative 

diagnostics and personalized treatments, significantly advancing cancer 

research and patient care. 
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