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	Abstract  
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	Immunometabolism, the interdisciplinary nexus between cellular metabolism and immune regulation, has emerged as a pivotal field in understanding how metabolic cues shape immune cell fate, function, and pathogenicity. Beyond merely supporting energy demands, metabolic pathways actively reprogram immune cells by modulating signaling cascades, transcriptional networks, and epigenetic landscapes. During immune activation, immune cells dynamically transition between metabolic states, such as glycolysis, oxidative phosphorylation, fatty acid oxidation, and glutaminolysis, to meet distinct functional requirements. Dysregulation of these pathways has been implicated in chronic inflammation, autoimmune disorders, cancer progression, metabolic syndromes, and infectious diseases. Recent advances in single-cell technologies, metabolomics, and imaging have expanded our understanding of how nutrient availability and metabolic checkpoints govern immunity. Moreover, therapeutic targeting of immunometabolic pathways, ranging from glycolytic inhibition to mitochondrial bioenergetic enhancement, offers promising interventions for diverse clinical conditions, including cancer immunotherapy and metabolic inflammatory diseases. This review consolidates current insights into the metabolic regulation of innate and adaptive immune responses, emphasizing physiological homeostasis and pathological alterations, while also exploring emerging translational opportunities in immunometabolic therapeutics.
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1.0 Introduction
The immune system is an intricately regulated network of innate and adaptive components that require precise metabolic coordination to maintain homeostasis and defend against pathogens. Historically, cellular metabolism was considered a passive process, supplying energy and biosynthetic precursors for cell survival and proliferation. However, contemporary research has revealed that metabolism serves as an active regulatory mechanism, dictating immune cell differentiation, effector responses, and memory formation. This integration of immunology with cellular bioenergetics has given rise to the rapidly expanding field of immunometabolism [1]. A pivotal breakthrough in immunometabolism was the recognition that activated immune cells undergo a metabolic switch similar to the Warburg effect described in cancer biology. For example, activated T lymphocytes shift from oxidative phosphorylation (OXPHOS) to aerobic glycolysis to sustain rapid proliferation and effector functions, despite the lower efficiency of ATP production via glycolysis. Conversely, regulatory T cells and memory T cells preferentially rely on fatty acid oxidation and mitochondrial metabolism, highlighting the specificity of metabolic signatures for immune phenotypes [2]. Likewise, macrophages adopt distinct metabolic states depending on their polarization: pro-inflammatory M1 macrophages are glycolytic, while anti-inflammatory M2 macrophages depend on oxidative metabolism.
The study of immunometabolism holds immense translational relevance, as it underpins diverse pathologies ranging from cancer and obesity to infectious and autoimmune diseases. Recent clinical applications, such as metabolic adjuvants in cancer immunotherapy and drugs modulating glycolysis in autoimmunity, illustrate the therapeutic potential of targeting metabolic checkpoints [3]. In this review, we provide an in-depth analysis of the key metabolic pathways driving immune function, their role in health and disease, and future directions in immunometabolic therapeutics.
2.0 Historical Evolution of Immunometabolism
The roots of immunometabolism can be traced to early 20th-century studies on energy metabolism, particularly Otto Warburg’s observations of enhanced glycolysis in cancer cells. Although initially confined to oncology, the concept of metabolic reprogramming was later extended to immune cells. In the 1970s and 1980s, pioneering work on lymphocyte activation demonstrated that immune stimulation induced rapid glucose uptake and glycolytic flux [4]. These early studies, however, lacked mechanistic insight into how metabolic pathways regulate immune function. The resurgence of interest in immunometabolism occurred in the early 2000s, fueled by advancements in metabolomics, transcriptomics, and genetic tools. Key discoveries included the identification of mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) as central regulators of immune cell metabolism. These findings linked nutrient sensing and metabolic signaling directly to immune cell fate decisions [5].
By the mid-2010s, immunometabolism had solidified as a distinct discipline, with major breakthroughs such as the role of hypoxia-inducible factor 1-alpha (HIF-1α) in glycolytic reprogramming of immune cells, and the identification of metabolic checkpoints that govern T cell exhaustion in cancer [6]. Currently, the field is expanding into areas such as epigenetic regulation by metabolic intermediates, organ-specific immunometabolism, and the influence of the microbiome on immune-metabolic networks. This historical trajectory underscores the paradigm shift from viewing metabolism as a housekeeping function to recognizing it as a central determinant of immunity.
3.0 Core Metabolic Pathways in Immune Cells
3.1 Glycolysis
Glycolysis is the central pathway of glucose metabolism and plays a vital role in supporting immune cell effector functions. Upon activation, T cells, macrophages, and dendritic cells upregulate glycolysis to rapidly generate ATP and biosynthetic intermediates required for proliferation and cytokine synthesis [7]. The glycolytic enzyme hexokinase II (HK2) and the glucose transporter GLUT1 are highly induced during immune activation, emphasizing the metabolic rewiring. Moreover, lactate production, a hallmark of glycolysis, influences immune
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responses by modulating the extracellular environment, often contributing to immune suppression within tumor microenvironments.
3.2 Oxidative Phosphorylation and the TCA Cycle
OXPHOS, coupled with the tricarboxylic acid (TCA) cycle, is the most efficient mechanism for ATP generation. Naïve and memory T cells rely on OXPHOS to maintain longevity and quiescence. Similarly, M2 macrophages utilize oxidative metabolism to support anti-inflammatory responses. Importantly, metabolic intermediates from the TCA cycle, such as succinate and fumarate, act as signaling molecules that stabilize HIF- 1α and regulate pro-inflammatory gene expression [8].
3.3 Fatty Acid Oxidation and Lipid Metabolism
Fatty acid oxidation (FAO) is indispensable for long-lived immune populations such as memory T cells and regulatory T cells (Tregs). FAO provides sustained energy and supports cell survival under nutrient-limiting conditions. Lipid metabolism also influences antigen-presenting cell function, where lipid droplet accumulation is associated with altered cytokine production and antigen presentation [9].
3.4 Amino Acid Metabolism
Amino acids such as glutamine, arginine, and tryptophan are essential metabolic substrates for immune regulation. Glutaminolysis supports biosynthesis and replenishes the TCA cycle in proliferating lymphocytes. Arginine availability modulates T cell proliferation and macrophage polarization, while tryptophan catabolism via indoleamine-2,3-dioxygenase (IDO) contributes to immune tolerance in tumors and chronic infections [10].
4.0 Regulatory Signaling Pathways Governing Immunometabolism
Immunometabolism is orchestrated by nutrient-sensing pathways that integrate environmental cues with intracellular responses. Among the most studied regulators are:
4.1 mTOR Pathway
The mechanistic target of rapamycin (mTOR) functions as a central metabolic regulator, integrating growth factor signaling, nutrient availability, and energy status. In T cells, mTORC1 promotes glycolysis and effector differentiation, while mTORC2 supports lipid metabolism and survival [11]. Pharmacological inhibition of mTOR with rapamycin enhances Treg differentiation, demonstrating the bidirectional link between metabolism and immune phenotypes.
4.2 AMPK Pathway
AMP-activated protein kinase (AMPK) acts as a metabolic checkpoint that promotes catabolic pathways under energy stress. By enhancing FAO and mitochondrial biogenesis, AMPK supports Treg and memory T cell development. Furthermore, AMPK activation restrains excessive inflammatory responses by inhibiting NF-κB and mTOR signaling [12].
4.3 HIF-1α and Hypoxia Pathways
Hypoxia-inducible factor 1-alpha (HIF-1α) is a transcription factor stabilized under hypoxic and glycolytic conditions. In immune cells, HIF-1α drives glycolytic reprogramming and regulates the differentiation of pro-inflammatory Th17 cells over Tregs. This balance is critical in autoimmunity and chronic inflammation [13].
4.4 c-Myc and Other Regulators
The proto-oncogene c-Myc regulates both glycolysis and glutaminolysis, supporting the biosynthetic demands of proliferating lymphocytes. Other key regulators include sirtuins, which link NAD+ metabolism to epigenetic control, and peroxisome proliferator-activated receptors (PPARs), which govern lipid metabolism in macrophages and dendritic cells [14].

5.0 Immunometabolism in Innate Immunity
Innate immune cells represent the first line of defense and rely heavily on metabolic reprogramming to dictate their functional states.
5.1 Macrophages
Macrophages undergo polarization into pro-inflammatory (M1) or anti-inflammatory (M2) phenotypes, each with distinct metabolic programs. M1 macrophages are highly glycolytic, accumulate succinate, and release reactive oxygen species (ROS) to promote pathogen clearance. In contrast, M2 macrophages utilize FAO and OXPHOS to support tissue repair and resolution of inflammation [15].
5.2 Dendritic Cells
Activated dendritic cells shift toward glycolysis to fuel antigen processing and presentation. However, tolerogenic dendritic cells maintain oxidative metabolism, emphasizing the role of metabolic signatures in dictating immunostimulatory versus tolerogenic outcomes [16].
5.3 Natural Killer (NK) Cells
NK cell cytotoxicity is tightly linked to metabolic state. Upon activation, NK cells rapidly upregulate glycolysis and OXPHOS, driven by mTOR signaling. Dysregulation of NK cell metabolism is implicated in cancer immune evasion [17].
6.0 Immunometabolism in Adaptive Immunity
Adaptive immune cells, particularly T and B lymphocytes, are profoundly shaped by their metabolic environments, with each differentiation state exhibiting a distinct metabolic signature. Upon antigenic stimulation, naïve T cells undergo a dramatic metabolic shift to support rapid proliferation and effector functions. Glycolysis is upregulated despite oxygen sufficiency, a phenomenon akin to the Warburg effect, to provide biosynthetic precursors for nucleotide, amino acid, and lipid synthesis [18]. Effector CD4⁺ T helper cells, such as Th1 and Th17 subsets, are primarily glycolytic, enabling them to sustain high rates of cytokine production. In contrast, regulatory T cells (Tregs) rely heavily on fatty acid oxidation (FAO) and oxidative phosphorylation (OXPHOS) to maintain suppressive function and stability [19].
CD8⁺ cytotoxic T lymphocytes (CTLs) also undergo extensive metabolic remodeling. During activation, they rely on glycolysis for clonal expansion and effector functions. However, memory CD8⁺ T cells revert to mitochondrial metabolism and FAO to ensure longevity and rapid recall responses. The metabolic dichotomy between effector and memory cells underscores the plasticity of T cell bioenergetics [20]. Furthermore, amino acid metabolism plays critical roles in adaptive immunity. For instance, glutamine is required for proliferating T cells to fuel nucleotide biosynthesis, while tryptophan metabolism via the kynurenine pathway exerts immunosuppressive effects, particularly in tumor and chronic infection contexts [21]. B cells also exhibit metabolic heterogeneity depending on their activation state. Resting B cells maintain basal oxidative metabolism, whereas germinal center B cells adopt glycolysis to support rapid proliferation and antibody production. Plasma cells depend on robust mitochondrial activity to sustain immunoglobulin synthesis, whereas regulatory B cells (Bregs) show reliance on oxidative metabolism for immunosuppressive cytokine production [22].
7.0 Systemic Metabolism and Immune Responses
Beyond intrinsic cellular metabolism, systemic metabolic states exert profound influence on immunity. Nutrient availability, hormonal signals, and tissue microenvironments dictate immune cell behavior. For instance, obesity-induced metabolic syndrome leads to chronic low-grade inflammation driven by macrophage infiltration of adipose tissue and increased production of pro-inflammatory cytokines such as TNF-α and IL-6 [23]. Elevated circulating lipids and glucose contribute to immune dysregulation, often impairing adaptive immune responses while promoting innate immune activation. The liver and adipose tissue are major immunometabolic hubs, integrating systemic energy metabolism with inflammatory signaling. Hepatic immune cells are exposed to high fluxes of lipids and metabolites, shaping their polarization toward pro-inflammatory states during steatosis and non-alcoholic fatty liver disease (NAFLD). Similarly, skeletal muscle metabolism during exercise exerts anti- inflammatory effects by releasing myokines and enhancing fatty acid utilization by immune cells [24].
The microbiome also plays a central role in systemic immunometabolism. Short-chain fatty acids (SCFAs) such as acetate, butyrate, and propionate, produced by microbial fermentation of dietary fibers, regulate immune homeostasis by promoting Treg differentiation and enhancing epithelial barrier integrity. Dysbiosis- induced alterations in metabolite availability, including bile acids and tryptophan derivatives, have been linked to autoimmune conditions, obesity, and cancer [25].
8.0 Immunometabolism in Inflammation and Autoimmunity
The dysregulation of immunometabolism is increasingly recognized as a driver of chronic inflammation and autoimmunity. Aberrant glycolytic activity in immune cells often exacerbates pathogenic responses, as seen in diseases such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), and multiple sclerosis (MS) [26]. In RA, synovial macrophages and fibroblasts adopt glycolytic metabolism, producing excessive inflammatory mediators that perpetuate joint damage. In SLE, alterations in mitochondrial metabolism contribute to increased reactive oxygen species (ROS) and defective Treg function [27]. Th17 cells, which are highly glycolytic, play central roles in autoimmune pathogenesis. Their metabolic reliance on HIF-1α-driven glycolysis biases differentiation away from Tregs, leading to loss of immune tolerance. Pharmacological interventions targeting glycolysis, such as 2-deoxy-D-glucose, have shown promise in preclinical autoimmune models [28]. Similarly, modulation of glutamine metabolism can influence T cell differentiation and may offer therapeutic avenues for autoimmunity.
Furthermore, metabolic checkpoints such as mTOR and AMPK are critical in maintaining immune balance. Hyperactivation of mTOR signaling enhances effector responses while impairing Treg development, contributing to autoimmune pathogenesis. Conversely, AMPK activation exerts anti-inflammatory effects by promoting FAO and mitochondrial metabolism. This has been explored therapeutically through the use of metformin, which activates AMPK and demonstrates beneficial effects in autoimmune and metabolic inflammatory diseases [29].
9.0 Cancer Immunometabolism
Cancer represents a prototypical setting where immunometabolism is profoundly dysregulated. Tumor cells exhibit high rates of glycolysis and glutaminolysis, leading to nutrient depletion and accumulation of metabolic byproducts such as lactate. This creates a hostile microenvironment that suppresses immune effector cells while promoting immunosuppressive populations such as Tregs and myeloid-derived suppressor cells (MDSCs) [30]. Lactate accumulation acidifies the tumor microenvironment, impairing CTL and NK cell cytotoxicity and favoring immune evasion. Immune checkpoint blockade therapies, such as PD-1/PD-L1 inhibitors, have revealed the critical role of metabolism in T cell exhaustion. Exhausted T cells exhibit mitochondrial dysfunction, impaired glycolysis, and defective nutrient uptake. Therapeutic strategies aimed at restoring T cell metabolism, such as PGC-1α-mediated mitochondrial biogenesis or modulation of glucose transport, are being explored to enhance checkpoint inhibitor efficacy [31]. Additionally, targeting metabolic pathways in tumors, such as lactate dehydrogenase (LDH) inhibition, has been proposed to improve anti-tumor immunity.
Cancer immunometabolism also involves cross-talk between tumor metabolism and immune cell differentiation. For example, tumor-derived kynurenine suppresses effector T cell responses via aryl hydrocarbon receptor (AhR) signaling. Inhibition of indoleamine-2,3-dioxygenase (IDO), the enzyme catalyzing tryptophan catabolism, has been investigated in clinical trials as a metabolic adjuvant to immunotherapy [32]. Thus, targeting immunometabolic dysfunction represents a promising strategy in oncology.


10.0 Infectious Diseases and Immunometabolism
Pathogen–host interactions often exploit metabolic pathways to modulate immunity. Viral, bacterial, and parasitic infections induce distinct immunometabolic signatures that can determine disease outcomes. For example, during viral infections, activated CD8⁺ T cells undergo glycolytic reprogramming to fuel cytotoxic functions, while chronic viral infections such as HIV and hepatitis C virus (HCV) are associated with T cell exhaustion and metabolic insufficiency [33]. SARS-CoV-2 infection also demonstrates profound immunometabolic dysregulation, with hyperactivated glycolysis in monocytes and impaired mitochondrial function in lymphocytes contributing to cytokine storm and immune dysfunction [34]. Bacterial pathogens manipulate host metabolism to evade immune detection. Mycobacterium tuberculosis induces lipid droplet formation in macrophages, creating a nutrient-rich niche while dampening host immune responses. Likewise, intracellular parasites such as Plasmodium spp. alter host amino acid metabolism to sustain their replication [35].
Metabolic interventions have shown potential in infectious disease therapy. For instance, modulation of glutamine metabolism has been proposed to enhance macrophage antimicrobial responses, while AMPK activators can improve autophagy-dependent pathogen clearance. These insights highlight the dual role of immunometabolism in pathogen control and pathogenesis.
11.0 Technological Advances in Studying Immunometabolism
The rapid evolution of immunometabolism as a discipline has been facilitated by advanced tools that allow precise mapping of metabolic activity at cellular and molecular levels. Traditional biochemical assays have been augmented by high-resolution technologies capable of interrogating metabolic fluxes in immune cells in real time. Metabolomics platforms using mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy provide comprehensive profiling of intracellular metabolites, enabling identification of immunometabolic signatures under health and disease [36]. The advent of Seahorse extracellular flux analysis has allowed simultaneous measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), giving insights into mitochondrial respiration and glycolysis in immune populations. This technique has been instrumental in characterizing the metabolic phenotypes of T cell subsets, macrophage polarization states, and exhausted immune cells in tumors [37]. Furthermore, stable isotope tracer experiments combined with fluxomics now permit dynamic assessment of metabolic pathways such as glutaminolysis, FAO, and the TCA cycle in immune responses.
Single-cell RNA sequencing (scRNA-seq) integrated with metabolic gene expression analyses has revolutionized the field, revealing heterogeneity in metabolic programming among immune cells even within the same microenvironment. Imaging techniques, such as two-photon microscopy and positron emission tomography (PET) with radiolabeled glucose analogs, provide spatial and temporal visualization of immune metabolism in vivo [38]. Emerging tools like metabolite-sensitive biosensors and artificial intelligence-driven computational modeling are expected to refine our understanding of immunometabolic regulation further.
12.0 Therapeutic Targeting of Immunometabolic Pathways
Therapeutic modulation of immune metabolism is an area of growing clinical interest. Several small molecules and biologics that target metabolic enzymes, transporters, or regulators are currently in preclinical or clinical testing. Glycolysis inhibitors such as 2-deoxy-D-glucose have demonstrated efficacy in dampening pathogenic T cell responses in autoimmune disease models [39]. In contrast, agents that enhance mitochondrial function, such as PGC-1α agonists, are being explored to rejuvenate exhausted T cells in cancer immunotherapy. AMPK activators, including metformin and AICAR, have shown promise in modulating inflammatory responses by shifting immune cells toward oxidative metabolism. Metformin has been widely studied in both autoimmune and oncological contexts, with evidence suggesting improved T cell memory formation and reduced pro- inflammatory cytokine release [40]. Similarly, inhibitors of IDO and arginase pathways are being developed to counteract tumor-induced immunosuppression by restoring amino acid availability for effector lymphocytes.
Immunometabolic interventions are also relevant in infectious disease therapeutics. For instance, modulation of cholesterol and lipid metabolism has been proposed to limit pathogen replication in host cells. Moreover, dietary and lifestyle interventions that impact systemic metabolism, such as ketogenic diets and exercise, are increasingly being recognized for their ability to influence immune outcomes [41].
13.0 Translational Relevance in Clinical Medicine
The clinical applications of immunometabolism extend across oncology, infectious diseases, autoimmunity, and metabolic disorders. In oncology, combining metabolic modulators with immune checkpoint inhibitors or CAR-T cell therapies represents a frontier of cancer immunotherapy. Enhancing metabolic fitness of engineered immune cells by overexpressing mitochondrial regulators or nutrient transporters has been shown to improve persistence and anti-tumor activity [42]. In autoimmune diseases such as MS, lupus, and inflammatory bowel disease, repurposing of metabolic drugs like metformin and dimethyl fumarate has already demonstrated clinical efficacy. These agents act not only as metabolic modulators but also as regulators of immune tolerance and anti-inflammatory signaling. In chronic infections, strategies to restore metabolic competence of exhausted T cells could revitalize immune control. For example, therapeutic blockade of PD-1 can partially normalize glycolysis and mitochondrial respiration in T cells during viral infections [43].
Furthermore, metabolic biomarkers are being investigated as diagnostic and prognostic tools. Circulating metabolites such as lactate, kynurenine, and SCFAs reflect immune-metabolic interactions and may serve as indicators of disease progression or therapeutic response. Thus, immunometabolism is poised to become a core component of personalized medicine, integrating immune phenotyping with metabolic profiling for individualized therapies.
14.0 Challenges and Limitations in Immunometabolism Research
Despite its promise, the field of immunometabolism faces several challenges. A major limitation lies in the context-dependent nature of metabolic pathways. For instance, glycolysis may promote pathogenicity in autoimmune effector T cells but is equally essential for anti-tumor and antiviral immune responses. This duality complicates therapeutic interventions, as indiscriminate metabolic inhibition may compromise protective immunity [44]. Another challenge is the complexity of metabolic interactions at the organismal level. Immune cells do not exist in isolation but are influenced by systemic metabolic states, nutrient availability, and interactions with stromal and microbial communities. Dissecting these multilayered influences requires integrative approaches combining systems biology, metabolomics, and multi-omics analyses. Additionally, differences between murine and human immunometabolic pathways limit translational generalization from animal models to clinical practice [45].
Pharmacological targeting of metabolic enzymes raises concerns about off-target effects, given the ubiquitous role of metabolism across cell types. Achieving tissue- and cell-specific modulation remains a technological hurdle. Moreover, metabolic heterogeneity among immune cells within the same disease microenvironment further complicates therapeutic design. Thus, precision targeting of immunometabolic checkpoints necessitates innovative drug delivery systems and context-aware therapeutic frameworks.

Table 1. Characteristic Metabolic Profiles of Immune Cell Subsets in Health and Disease
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	Pro-inflammatory cytokine production
	Host defense, chronic inflammation

	M2 Macrophages
	FAO, intact TCA
	PPAR-δ/γ,
	Tissue repair, anti-
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Figure 1. Schematic Representation of Immunometabolic Pathways Linking Energy Metabolism and
Immune Function

15.0 Future Perspectives
Immunometabolism has reshaped the understanding of how energy pathways dictate immune cell fate and function. The future of this field lies in integrating metabolic interventions into mainstream immunotherapy and clinical practice. Advances in single-cell multi-omics, CRISPR-based metabolic editing, and AI-driven metabolic modeling will likely uncover new therapeutic targets and biomarkers. Personalized medicine approaches that account for metabolic profiles, genetic backgrounds, and microbiome composition will refine immunometabolic interventions [46]. A particularly promising direction involves engineering immune cells with optimized metabolic circuits. For example, CAR-T cells designed with enhanced mitochondrial function or alternative nutrient utilization pathways could overcome exhaustion in nutrient-depleted tumors. Similarly,
microbiome-based therapies aimed at restoring beneficial metabolite production may represent novel avenues for immune modulation.
Conclusion
From an evolutionary perspective, immunometabolism exemplifies the adaptive integration of energy utilization and immune defense. In the context of global health, where metabolic and immune disorders are converging epidemics, understanding their intersection is critical. The next decade of immunometabolism research is expected to not only deepen mechanistic insights but also deliver transformative therapies that bridge metabolism and immunity in the clinic. In conclusion, immunometabolism is no longer a peripheral concept but a central paradigm in immunology and medicine. Its exploration continues to illuminate the delicate balance between energy utilization and immune regulation, offering new strategies for combating cancer, autoimmunity, infections, and metabolic diseases.
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