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Mechanisms of Tumor Microenvironment Metabolic Reprogramming Leading to T
Cell Exhaustion and Intervention Strategies

Liu Gang
(Sakharov International Environmental Institute, Belarusian State University, Minsk, Republic of Belarus 220114)

Abstract: T cell exhaustion is a differentiated state where, under prolonged antigen stimulation, T cells gradually lose their effector functions,
which has become a key bottleneck in tumor immunotherapy resistance. In recent years, increasing evidence suggests that abnormal metabolic
patterns in the tumor microenvironment (TME) are not just passive bystanders of exhaustion but are important active drivers of T cell
exhaustion. Metabolic stresses like hypoxia, nutrient deprivation, lactate accumulation, and lipid metabolism disorders can reshape T cell
bioenergetics, epigenetics, and transcriptional networks, collectively upregulating exhaustion—related transcription factors and inhibitory
receptors, ultimately locking in terminal exhaustion programs. This article starts with the metabolic characteristics of T cell exhaustion,
systematically describing the sources of metabolic stress in the tumor microenvironment, comprehensively exploring how metabolic signals
lead to T cell fatigue through transcriptional reprogramming, mitochondrial dysfunction, and epigenetic changes, and looks into combination
therapies targeting metabolic vulnerabilities to restore anti—tumor immunity. Fully understanding the cause—and—eftect relationship between
metabolism and exhaustion may offer new ideas for overcoming the current limitations of immune checkpoint inhibitor therapies.
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