
   Dendritic Cells (DCs), the body’s most potent antigen-presenting cells, serve
as critical regulators of immune surveillance, tolerance, and response. Arising
from hematopoietic progenitors, DCs diversify into several subsets-classical
Dendritic Cells (cDCs), plasmacytoid Dendritic Cells (pDCs), and monocyte-
derived dendritic cells (moDCs)-each specialized in detecting pathogens,
capturing antigens, and priming T cells. While their immunological functions
have been well-characterized, recent advances reveal that the differentiation,
activation, and specialization of DCs are intricately shaped by their metabolic
programming. The metabolic landscape of dendritic cells involves a fine-tuned
interplay of glycolysis, Oxidative Phosphorylation (OXPHOS), fatty acid
metabolism, amino acid utilization, and redox regulation. These pathways not
only provide energy but also dictate cellular fate and function by influencing
epigenetic modifications, signal transduction, and cytokine secretion. Metabolic
reprogramming is now recognized as a hallmark of DC activation, guiding their
transition from a quiescent state to a highly immunogenic phenotype.
Understanding the metabolic underpinnings of DC biology opens new
therapeutic possibilities for modulating immune responses in cancer,
autoimmunity, infection, and vaccine development [1].
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   DC development and function rely on dynamic changes in cellular
metabolism. During steady-state conditions, immature DCs maintain a basal
metabolic rate largely reliant on mitochondrial OXPHOS and fatty acid
oxidation. This quiescent state supports long-lived survival and antigen
surveillance. Upon activation through Pathogen-Associated Molecular Patterns
(PAMPs) detected by Toll-like Receptors (TLRs), DCs undergo a metabolic
shift toward increased glycolysis, even in the presence of oxygen-a
phenomenon known as aerobic glycolysis or the "Warburg effect." This
reprogramming supports rapid energy needs, biosynthesis of macromolecules,
and robust cytokine production. Classical DCs are further divided into cDC1
and cDC2 subsets. cDC1s, which excel at cross-presentation of exogenous
antigens to CD8+ T cells, depend heavily on OXPHOS and fatty acid
metabolism [2].

Disruption of mitochondrial metabolism, such as inhibition of FAO with
etomoxir, shifts DCs toward an inflammatory phenotype, underscoring the
immunomodulatory role of mitochondria. Furthermore, mitochondrial ROS
(mtROS) generated during respiration can act as signaling molecules,  

activating inflammasomes (e.g., NLRP3) and promoting IL-1β secretion,
thuslinking metabolism with innate immunity. Fatty acids serve both as
structural components of membranes and energy substrates through β-
oxidation. In DCs, FAO supports OXPHOS and facilitates tolerogenic
programming. Flt3L-induced DCs, particularly cDC1s, show a dependency on
FAO during development. PPARγ and PGC-1α are transcriptional regulators
that enhance FAO and mitochondrial function, contributing to DC subset
specialization. Interestingly, lipid accumulation in DCs, often observed in the
tumor microenvironment or in chronic infection, can impair antigen processing
and presentation. Lipid-laden DCs show reduced cross-presentation capacity
and an exhausted phenotype. This metabolic reprogramming, often driven by
tumor-derived factors or hypoxia, represents a mechanism of immune evasion
[3].

   Amino acids such as glutamine, arginine, and tryptophan are critical for DC
function. Glutamine provides carbon for the TCA cycle, supports nucleotide
biosynthesis, and fuels OXPHOS in immature DCs. Upon activation,
glutaminolysis shifts toward providing metabolic intermediates for cytokine
production and epigenetic regulation. Arginine metabolism in DCs is catalyzed
by nitric oxide synthase (NOS) and arginase, yielding nitric oxide (NO) and
urea, respectively. NO can modulate T cell responses and induce apoptosis in
neighboring cells, while arginase-mediated arginine depletion suppresses T
cell proliferation, contributing to immune suppression in tumors and chronic
inflammation [4,5].
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Introduction

Description

   The metabolic landscape of dendritic cells is a critical determinant of their
differentiation, function, and fate. Far from being mere energy sources,
metabolic pathways serve as signaling platforms and epigenetic modulators
that shape immune responses. The balance between glycolysis, mitochondrial
respiration, fatty acid metabolism, and amino acid utilization orchestrates the
transition of DCs from immature sentinels to mature immunogenic or
tolerogenic agents. Understanding these metabolic circuits offers profound
insights into immune regulation and presents novel avenues for therapeutic
intervention. Whether in cancer immunotherapy, vaccine development, or
autoimmune disease modulation, targeting dendritic cell metabolism
represents a promising frontier in next-generation immunology.
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