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Introduction
The term ‘melanoma’ evokes fear among both the public 
and healthcare professionals. Despite a decrease in the 
incidence and mortality rates of many cancers in recent 
years, melanoma cases are on the rise. Currently, mela-
noma is ranked as the fifth most prevalent cancer in the 
United States. Although melanoma accounts for only 1% 
of skin cancers, it is responsible for over 80% of skin can-
cer-related deaths [1]. Many efforts have been undertaken 
to improve the morbidity and death rates associated with 
melanoma, which is considered the most dangerous kind 
of skin cancer [2]. A complex interplay of genetic sus-
ceptibility and environmental exposures contributes to 
melanoma development. While genetic factors increase 
the risk of melanoma, the most influential external fac-
tor is exposure to ultraviolet radiation, particularly inter-
mittent sun exposure [3, 4]. The treatment landscape of 
advanced melanoma has transformed remarkably since 
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Abstract
Melanoma, being one of the most dangerous forms of skin cancer, is characterized by its aggressive and 
metastatic nature, with the potential to develop resistance to various treatments. This resistance makes the disease 
challenging to treat, emphasizing the need for new treatment strategies. Within the tumor microenvironment 
(TME), melanoma cells exploit metabolic shifts, particularly glycolysis, to create an immunosuppressive TME that 
prevents dendritic cells (DCs) from functioning properly. Essential metabolic alterations such as lactate and lipid 
accumulation, and lack of tryptophan disrupt DC maturation, antigen presentation, and T cell activation. In recent 
years, melanoma immunotherapy has increasingly focused on reprogramming the metabolism of DCs. This review 
paper aims to provide insights into the metabolic suppression of melanoma-associated DCs, allowing the design 
of therapeutic strategies based on metabolic interventions to promote or restore DC function. This contribution 
reviews the metabolic reprogramming of DCs as a new approach for melanoma immunotherapy.
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the advent of targeted therapies. This has profoundly 
impacted the mortality rate. Since 2011, the approval of 
ten novel targeted immunotherapy agents has led to a 
nearly 30% decline in mortality rates in the United States 
[5, 6]. More recently, the clinical efficacy of dendritic 
cell (DC) vaccines in melanoma has been the subject of 
much research, having both potential benefits and limi-
tations. DCs are the most effective antigen-presenting 
cells (APCs). They can activate T lymphocyte responses 
to specific antigens and are integral to forming anti-
tumor immunity [7]. In melanoma, antigen presentation 
by DCs occurs both in secondary lymphoid organs, such 
as lymph nodes and within tertiary lymphoid structures 
(TLSs) that form in the tumor microenvironment (TME). 
While lymph nodes are the primary site for naïve T cell 
activation, TLSs are known for their role in shaping local 
anti-tumor immune responses, containing B cells, CD8+ 
and CD4+ T cells, and APCs, including DCs, which facili-
tate local priming and tumor-reactive T cells activation 
[8]. Melanomas contain a mixed population of DCs, resi-
dent Langerhans cells (LCs), and trafficking DCs. LCs, as 
tissue-resident antigen-presenting cells in the epidermis, 
act as frontline immune guards, detecting antigens and 
migrating to draining lymph nodes to initiate immune 
responses. Trafficking DCs, including conventional DC 
(cDC) subsets, continuously infiltrate the TME, facili-
tating T cell activation and shaping adaptive immunity 
[9, 10]. The presence of TLSs in melanoma is associated 
with improved patient survival and enhanced responses 
to immune checkpoint inhibitors, sustaining a func-
tional immune microenvironment. Also, TLSs appear to 
counteract T cell exhaustion by maintaining populations 
of memory-like TCF7+ T cells, further supporting their 
relevance in melanoma immunotherapy [8]. DC vac-
cines can activate CD8+ cytotoxic T lymphocytes (CTLs), 
resulting in anti-tumor effects. Studies have shown that 
DCs can be loaded with tumor-associated antigens, such 
as those derived from melanoma cells, inducing a strong 
CTL response [11, 12]. Clinical trials have also reported 
the DC vaccine’s effectiveness in melanoma patients. A 
phase II trial combining autologous monocyte-derived 
DC (moDC) vaccination with cisplatin suggested that 
this approach may enhance tumor-specific immune 
responses, specifically in advanced melanoma stages [13]. 
Also, a phase III MIND-DC trial evaluated adjuvant DC 
therapy in stage IIIB/C melanoma patients. The results 
showed that treatment was well-tolerated and induced 
tumor-specific immune responses, but it failed to 
improve survival outcomes [14]. Despite these achieve-
ments, challenges remain regarding the DC vaccine clini-
cal application [15]. Among the critical challenges in this 
context is the immunoediting phenomenon. In mela-
noma, immunoediting drives tumor evolution, enabling 
immune-resistant tumor cells to survive and thrive [16]. 

Immunoediting is a dynamic process that defines the 
interaction between the immune system and tumor cells. 
This occurs in three phases: elimination, equilibrium, and 
escape [17]. While immune cells, particularly CTLs, rec-
ognize and destroy tumor cells, cancer cells can adapt by 
acquiring mutations and altering their metabolic path-
ways to escape immune detection. They modify processes 
such as glycolysis, oxidative phosphorylation (OXPHOS), 
and lipid metabolism through metabolic reprogramming, 
creating an environment that supports immune escape. 
These metabolic changes lead to reduced antigen presen-
tation, increased expression of immune checkpoint mol-
ecules like programmed cell death ligand 1 (PD-L1), and 
the recruitment of immunosuppressive cells. As a result, 
melanoma cells can effectively evade immune surveil-
lance and continue to proliferate [18]. Moreover, many 
melanoma patients do not respond to the mentioned 
treatments, and some may experience disease relapse 
within the initial months of therapy [19–21], underscor-
ing the need for new therapeutic approaches. Similarly, 
the use of adoptive cell transfer (ACT) therapies, whether 
naturally occurring tumor-infiltrating lymphocytes or 
genetically engineered T lymphocytes, has resulted in 
complete tumor regression in up to 25% of melanoma 
patients. However, many patients do not experience any 
clinical benefits from these treatments [22]. Given the 
advancements in metastatic melanoma, the need for new 
therapeutic approaches to broaden treatment options 
and enhance clinical outcomes remains crucial. Meta-
bolic reprogramming shapes the immune system within 
the TME. For instance, lipid metabolism is a critical fac-
tor that influences the immunosuppressive functions of 
myeloid-derived suppressor cells (MDSCs) and tumor-
associated macrophages (TAMs), suggesting that tar-
geting metabolic pathways could reshape myeloid cell 
functions and improve therapeutic outcomes [23, 24]. 
DC metabolic reprogramming has also been implicated 
in tumor immune evasion, demanding a deeper under-
standing and targeting of specific metabolic pathways to 
overcome immune tolerance mechanisms in melanoma 
[25]. The potential of DCs to control tumor progression 
makes understanding their function in the TME of mela-
noma a key area of research [26]. As immunometabolism 
governs DC function, this article will review how meta-
bolic influences affect human DCs, underscoring their 
potential in identifying new therapeutic approaches.

Studies were found using a literature search strat-
egy from PubMed, Scopus, Google Scholar, and Web 
of Science for all research and review articles related to 
DC metabolic reprogramming as an immunotherapeu-
tic approach for melanoma. The studies were published 
from the inception of each database with no language 
or regional restrictions. The oldest article used in this 
study is from 2001, and the most recent is from 2025. 
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The search terms were used according to the combined 
text and medical subject heading (MeSH) terms in the 
title and abstract based on the main keywords, including 
Dendritic cell, Melanoma, Metabolic reprogramming, 
Tumor microenvironment, and Immunotherapy.

Metabolic pathways in DCs
DCs are APCs that bridge innate and adaptive immune 
responses. DCs are strategic immune cells that can shape 
anti-tumor responses by processing and presenting 
tumor antigens to T cells [27]. Several recently discovered 
and essential markers of DCs are known to modulate T 
cell function and impact the efficacy of immunotherapeu-
tic approaches. New DC markers, such as CD5, CLEC9A 
(CD370), and XCR1, have been shown to modulate T 
cell responses. CD5 on type 2 cDCs (cDC2s) regulates 
inflammatory responses and priming of T cells, while 
CLEC9A and XCR1 on type 1 cDCs (cDC1s) facilitate 
cross-presentation of tumor antigens to CD8+ T cells. 
Other markers, including CD1c (BDCA1) and SIRP-α 

(CD172a) on cDC2s, enhance CD4+ T cell activation, 
whereas BDCA2 (CD303) and BDCA4 (CD304) charac-
terize pDCs, which either promote or suppress antitu-
mor immunity [28, 29]. DCs either induce inflammatory 
or tolerogenic responses, depending on the DC subtype 
and stimuli they receive from the local environment [30]. 
Cells utilize nutrients through metabolism to meet their 
energy and biosynthetic needs for various physiological 
processes. This metabolic dependency affects the fate of 
multiple cell types, including DCs [31]. Immature DCs 
can mature into either immunogenic DCs (iDCs), which 
promote Th1/Th2/Th17/CTL responses for T cell acti-
vation and pathogen elimination, or tolerogenic DCs 
(tol-DCs, tDCs), which induce regulatory T cell (Treg) 
expansion and T cell unresponsiveness to maintain 
immune tolerance [32–34] (Fig. 1; Table 1). Furthermore, 
the metabolic alterations occurring within the DCs might 
significantly influence the development of both pheno-
types [32].

Fig. 1 Different metabolic pathways in melanoma-associated DCs. DCs exhibit the ability to assume diverse tumorigenic and immunogenic phenotypes 
as a reaction to the tumor microenvironment and external stimuli. In each case, the cells engage specific metabolic pathways to maximize their functional 
efficacy. Abbreviations: DC: Dendritic cell, iDC: Immunogenic DC, tDC: Tolerogenic DC, IL: Interleukin, TNF-α: Tumor necrosis factor alpha, CD: cluster 
of differentiation, CCR7: Chemokine receptor type 7, MHC: Major histocompatibility complex, PAMPs: Pathogen-associated molecular patterns, DAMPs: 
Damage-associated molecular patterns, mTORC: Mammalian target of rapamycin complex, ATP: Adenosine triphosphate, PPP: The pentose phosphate 
pathway, ROS: Reactive oxygen species, NO: Nitric oxide, TCA: The citric acid cycle, OXPHOS; Oxidative phosphorylation, TLR: Toll-like receptors, Treg: Regu-
latory T cells, Breg: Regulatory B cells, Th2: T helper 2 cells, PD-L1/2: program cell death 1/2, TGF-β: Transforming growth factor beta, IDO: Indoleamine-
pyrrole 2,3-dioxygenase, FAO: Fatty acid oxidation

 



Page 4 of 16Nour et al. Cancer Cell International          (2025) 25:149 

Immunogenic phenotype
iDCs are generated from various progenitor cells in the 
bone marrow [35, 36]. Their development is a complex 
process with several stages, beginning with the differen-
tiation of hematopoietic stem cells into common myeloid 
progenitors, subsequently giving rise to DC precursors 
[37]. These precursors can then migrate to peripheral tis-
sues, where many antigens and signals can promote their 
maturation into fully functional iDCs [38]. The matura-
tion process and functional characteristics of iDCs are 
affected by their setting, including pathogen-associated 
molecular patterns (PAMPs), damage-associated molec-
ular patterns (DAMPs), and cytokines. In this regard, 

exposure to inflammatory cytokines such as interleukin 
(IL)-1β, tumor necrosis factor-alpha (TNF-α), and inter-
ferons (IFNs) can mature DCs, enhancing their ability 
to present antigens to naive T cells and activate them 
[39]. Antigen cross-presentation by DCs further leads 
to the activation of CD8+ CTLs, making them essential 
in anti-tumor immune responses [40]. Hence, immu-
nogenic DCs support the induction of effector T cell-
mediated immunity [34]. Three signals—T cell receptor/ 
major histocompatibility complex (MHC) (signal 1), co-
stimulatory molecules (signal 2), and cytokines (signal 
3)—are involved in DC-T cell crosstalk [41, 42]. When 
DCs detect changes in the homeostatic state induced by 
pathogens or tissue-derived inflammatory signals, they 
switch from rest to active state. During this process, there 
are critical shifts in metabolic activity. In this regard, DCs 
often alter their energy generation when activated by 
immunogenic factors. They go from breaking down lipids 
and utilizing oxygen (catabolic metabolism) to generating 
new cells and using sugar for energy (anabolic metabo-
lism). This metabolic shift, involving increased glycolysis 
and decreased OXPHOS, has significant implications 
for the immune response [34, 43]. Glycolysis, a key com-
ponent of glucose metabolism, converts glucose into 
pyruvate in the cytoplasm [44–46]. The switch to lactic 
fermentation reroutes glycolytic intermediates into the 
pentose phosphate pathway (PPP). Most of the generated 
pyruvate transforms into lactate instead of entering the 
tricarboxylic acid (TCA) cycle in the mitochondria, even 
if oxygen is available. This can lead to the accumulation 
of TCA intermediates, serving as immunomodulatory 
signals and supporting FAS and the production of reac-
tive oxygen species (ROS) and nitric oxide (NO) [46, 47]. 
These are classic characteristics of aerobic glycolysis [33, 
34]. This shift triggers the activation of DCs, enabling 
them to produce essential biosynthetic intermediates and 
actively participate in initiating the immune response 
[48]. Specifically, upon activation through toll-like recep-
tors (TLRs), DCs enhance their glycolytic metabolism, 
which supports their ability to produce pro-inflammatory 
cytokines and express co-stimulatory molecules essen-
tial for T cell activation [49]. Additionally, glycolysis 
plays a crucial role in the migration of activated DCs. It 
stimulates CCR7 oligomerization, which activates DCs 
and promotes their migration. Activated DCs express 
co-stimulatory markers within lymph nodes, initiating 
T cell priming [48]. Furthermore, the metabolic state of 
DCs can be influenced by their microenvironment. For 
instance, hypoxia and specific cytokines can alter DCs’ 
metabolic pathways, which, as a result, affects their 
immunogenicity [50].

Table 1 Comparative metabolic and functional characteristics of 
iDCs and tDCs
Aspect iDCs tDCs
Primary Meta-
bolic Pathway

Glycolysis: Increased 
glycolysis for rapid ATP 
production.

OXPHOS: Relies on mi-
tochondrial respiration 
and fatty acid oxidation.

Metabolic Shift Catabolic to Anabolic: 
Increased glycolytic flux; 
lactate production

Catabolic Maintenance: 
Reduced glycolysis; 
preserves mitochon-
drial activity.

Major 
Cytokines

Pro-inflammatory: IL-1β, 
TNF-α, and interferons 
promote activation

Immunosuppressive: 
Increased IL-10 and 
TGF-β; decreased IL-12.

Role in Immune 
Activation

T Cell Activation: Promotes 
CD8+, Th1/Th2/Th17 re-
sponses through antigen 
presentation

Immune Tolerance: 
Induces Treg expansion 
and suppresses effector 
T cell responses.

Surface 
Markers

Co-stimulatory Molecules: 
High expression of CD40, 
CD80, CD86

Inhibitory Markers: 
Lower CD40, CD80, 
CD86; increased PD-L1, 
PD-L2.

Immunological 
Outcome

Pro-inflammatory 
Response: Effective T cell 
priming for pathogen/
tumor elimination

Tolerogenic Response: 
Maintains immune 
tolerance; promotes 
Bregs and interacts with 
Tregs.

Environmental 
Influence

Inflammatory Influence: 
Hypoxia and PAMPs/
DAMPs drive glycolysis 
and migration via CCR7

Tolerogenic Influence: 
Interacts with apoptotic 
cells and TGF-β to main-
tain tolerance.

mTOR Pathway 
Involvement

mTOR Activation: Enhanc-
es glycolysis, supporting 
immunogenic functions

mTOR Inhibition: 
Promotes OXPHOS and 
mitochondrial activity, 
enhancing tolerance.

Key Cellular 
Processes

ROS & NO Production: 
Increased levels support 
immunogenic signaling

Reduced Glycolysis and 
ROS: Lower flux and 
NO production favor 
tolerogenic functions.

Abbreviations: iDCs: Immunogenic Dendritic Cells, tDCs: Tolerogenic 
Dendritic Cells, OXPHOS: Oxidative Phosphorylation, IL-1β: Interleukin-1 Beta, 
TNF-α: Tumor Necrosis Factor Alpha, IL-10: Interleukin-10, TGF-β: Transforming 
Growth Factor Beta, IL-12: Interleukin-12, Th1/Th2/Th17: T-helper 1/T-helper 
2/T-helper 17, Treg: Regulatory T cells, PD-L1: Programmed Death-Ligand 1, PD-
L2: Programmed Death-Ligand 2, Bregs: Regulatory B cells, PAMPs: Pathogen-
Associated Molecular Patterns, DAMPs: Damage-Associated Molecular Patterns, 
CCR7: C-C Chemokine Receptor Type 7, mTOR: Mechanistic Target of Rapamycin, 
ROS: Reactive Oxygen Species, NO: Nitric Oxide
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Tolerogenic phenotype
tDCs are a unique subset of DCs, possessing immuno-
suppressive properties and specializing in maintaining 
immune tolerance [51–54]. Their unique ability to induce 
T cell unresponsiveness promotes tolerance rather than 
activation of immune response [55]. The downregulation 
of any of the three signals in DC-T cell interaction can 
lead to the generation of tDCs [41, 42]. tDCs frequently 
present an immature or steady-state semi-mature phe-
notype, characterized by low levels of MHC and co-
stimulatory molecules and altered cytokine production 
[56, 57]. They are further distinguished by the expression 
of immunomodulatory molecules such as PD-L1 and 
PD-L2, reduction of CD40, CD80, and CD86 molecules, 
increased expression of inhibitory receptors, and pro-
duction of immunosuppressive molecules such as IL-10 
and transforming growth factor beta (TGF-β) [58]. In 
addition, tDCs usually show a decrease in IL-12 and an 
increase in IL-10 production and enhance their suppres-
sive effects by interacting with other immune cells [51]. 
Evidence has shown that induction of B cell differentia-
tion into regulatory B cells (Bregs) by tDCs can contrib-
ute to the tolerogenic environment. In this regard, in the 
TME of melanoma, tumor-associated tDCs suppress the 
immune response by reducing antigen presentation and 
stimulating Treg and Th2 responses [59–61]. The inter-
action between tDCs and Tregs is highly significant, 
as Tregs can inhibit DC maturation and maintain their 
tolerogenic state [62]. DCs’ tolerogenic function is sig-
nificantly influenced by their growth environment. This 
complexity is exemplified by the role of apoptotic cells 
and specific cytokines, which induce a semi-mature 
phenotype in DCs, as important factors to consider [55, 
63, 64]. On the other hand, the distinguishing feature of 
tDCs from iDCs is their distinct metabolic features in the 
TME. Unlike iDCs, tDCs rely on OXPHOS and fatty acid 
oxidation (FAO) for energy production [65]. Given that 
this metabolic program is associated with a low ability to 
stimulate T cells, it often maintains the tolerogenic state 
of DCs. tDCs have also been described as reducing gly-
colytic flux and OXPHOS dependence during the induc-
tion of unresponsiveness in T cells in an immunological 
homeostatic environment [50, 66]. In addition, the target 
of the rapamycin (mTOR) signaling pathway is critical in 
regulating DC metabolic states. In iDCs, activation of the 
mTOR pathway is associated with increased glycolysis, 
while its inhibition can increase mitochondrial function 
toward more tolerogenic phenotypes [67]. The reason 
is that mTOR inhibition increases the lifespan of TLR-
activated DCs by inhibiting NO production. This allows 
cells to continue using their mitochondria to produce 
adenosine triphosphate (ATP), leaving them flexible to 
use fatty acids or glucose as nutrients to fuel core metab-
olism [68]. The above process suggests that modulating 

mTOR activity could be a potential strategy to influence 
DC function and immune responses [67].

Mitochondrial metabolic alterations in melanoma
Mitochondria promote apoptosis evasion, which under-
pins metabolic flexibility and resistance to targeted ther-
apies in melanoma. Treatment-resistant phenotypes are 
associated with several mitochondrial adaptations, such 
as increased OXPHOS, glutaminolysis, dynamic fusion-
fission regulation, and ROS pool modulation [69]. In con-
trast to the theory that the Warburg effect (glycolysis in 
the presence of oxygen) is the most prominent metabolic 
aberration in cancer, emerging data indicate that tumors 
encompassing melanoma can flexibly employ distinct 
metabolic pathways by alternating between glycolysis and 
mitochondrial respiration based on environmental fac-
tors [70, 71]. This metabolic plasticity may provide the 
basis for tumor cells to resist cytotoxicity adaptively 
[72]. Metabolic plasticity underlies resistance to BRAF/
MEK inhibitors in melanoma. Although BRAF mutant 
cells have elevated glycolysis in the early phase, BRAFi 
exposure induces a subset of resistant cells to upregulate 
PGC1α and activate mitochondrial OXPHOS to com-
pensate for the loss of glycolytic ATP production [73]. 
PGC1α stimulates mitochondrial biogenesis and respi-
ration, thus facilitating survival under metabolic stress 
[74]. Of granting a metabolic benefit for resistant cells, 
mitochondrial fusion, FAO, and glutaminolysis maintain 
ATP production, redox homeostasis, and biosynthetic 
precursors, allowing to counteract therapy-induced 
apoptosis [75]. These mitochondrial adaptive strategies 
maintain therapy resistance in melanoma. Mitochondria 
constantly change shape by fusing or fission, which affects 
how cancer cells respond to treatment [69]. In resistant 
melanoma, mitochondria fuse, along with proteins Mito-
fusin1/2 (MFN1/2) and OPA1, facilitating energy pro-
duction [76, 77]. In resistant cells, protein MCL1 also 
stabilizes mitochondria, which fuse and become unre-
sponsive to drug treatment. Therapeutic modification of 
metabolic elements such as MCL1 may improve tumor 
responses to targeted therapy [78]. Research indicates 
that targeting OPA1 may serve as a viable approach to 
impede melanoma progression, whereas only the silenc-
ing of MFN1 or MFN2 has little effect on tumor growth 
[79]. On the other hand, mitochondrial fission induced 
by DRP1 generally activates pro-apoptotic signaling path-
ways. DRP1 deficiency induces mitochondrial hyperfu-
sion, altering mitochondrial morphology and function in 
melanoma cells harboring active MAPK mutations. This 
reprogramming increases oxidative metabolism, perhaps 
facilitating survival and proliferation in cancer cells [77]. 
Glutaminolysis is a crucial mitochondrial adaptation 
in melanoma, sustaining energy generation and biosyn-
thesis for tumor development. In drug-resistant cells, 
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glutamine uptake and metabolism increase, particularly 
during metabolic stress [69]. The transcription factor 
MYC controls the process by upregulating glutaminase, 
which stimulates the TCA to generate ATP. Additionally, 

the RHOA-SRF axis promotes metabolic reprogram-
ming and glutaminolysis in resistant melanoma [69, 80]. 
SOX2, a central transcription factor in melanoma, pro-
motes tumor progression, metabolic plasticity, stemness, 

Fig. 2 (See legend on next page.)
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and drug resistance [81]. It is upregulated by several 
pathways — EGFR-STAT3, TGF-β/SOX4, and SHH/
GLI signaling. It is also induced by acidic microenviron-
ments due to lactate accumulation, leading to a metabolic 
switch from glycolysis to OXPHOS through inhibiting 
hypoxia-inducible factor 1-alpha (HIF-1α) [82]. Despite 
the challenges in directly targeting SOX2 as a transcrip-
tion factor, targeting its regulators (e.g., EGFR inhibi-
tors) is promising to overcome drug resistance, even 
though its precise function in tumor initiation is debated 
[69]. TRAP1, a mitochondrial HSP90 family chaperone, 
inhibits electron transport chain complexes II (SDH) 
and IV, stabilizes mitochondrial proteins, and inhibits 
ROS production. TRAP1 triggers mitochondrial fission 
and is regulated by HIF-1α, MYC, and MAPK signaling 
[83, 84]. TRAP1 plays a key role in resistance to MAPK 
inhibitors as a regulator of mitochondrial protein folding. 
Therefore, its suppression impairs glycolytic and respi-
ratory metabolism, which may overcome resistance to 
MAPK inhibitors [69, 85]. Moreover, serum response fac-
tor (SRF), a key mediator of drug resistance, is controlled 
by RHOA and regulates fission-fusion balance by G-actin 
polymerization. RHOA-SRF signaling activates glutami-
nolysis by inducing glutaminase 1 with the transcription 
factor MYC. Inhibition of RHOA signaling greatly sup-
presses MYC-dependent glutamine metabolism and thus 
represents a candidate for overcoming melanoma drug 
resistance [80]. Notably, AKT1 also stimulates glycolysis 
through HIF-1α upregulation and OXPHOS enzymes, 
providing metabolic plasticity. Therefore, AKT1 compen-
sates for bioenergetics after treatments like BRAF inhibi-
tion by enhancing glycolytic and oxidative metabolic flux, 
an important pathway to target melanoma plasticity [69]. 
These mitochondrial adaptations collectively contribute 
to drug resistance in melanoma by maintaining meta-
bolic flexibility. Thus, OXPHOS modulator inhibition, 
fusion proteins, and metabolic reprogramming pathways 
have potential strategies for improving the potency of 
melanoma treatment.

DCs in the TME of melanoma
DCs are considered central TME components and can 
promote anti-tumor T cell responses [26]. Various fac-
tors impact the functional capacity of DCs within the 
melanoma TME (Fig.  2). Particularly, DCs are alerted 

by factors originating from melanoma itself, including 
DAMPs released by apoptotic tumor cells. These DAMPs 
aid in the maturation and activation of DCs, enhancing 
their capability to elicit immune responses. For instance, 
surface calreticulin (CRT), ATP, IL-1β, high-mobility-
group box 1 (HMG-B1), and nucleic acids induce altera-
tions in DCs upon interaction with specific sensors such 
as RIG-I, TLR4, P2X, or CD91. DAMPs also promote the 
secretion of type I IFN and CXCL10, which in turn leads 
to the recruitment of effector immune cells to the tumor 
site. Consequently, inducers of immunogenic cell death 
(ICD), such as certain chemotherapies, hold promise for 
enhancing DC-mediated anti-tumor immune responses 
[86]. However, as evasion from immunity is a hallmark 
of cancer development, DC functions can be compro-
mised in an immunosuppressive environment, resulting 
in an altered phenotype and increased tolerogenicity. To 
reveal the suppressive impact of the melanoma TME on 
the DCs’ function, Blasio et al. developed an organotypic 
culture model of human cutaneous melanoma (OMC), 
suggesting that this culture medium is more effective 
for investigating TME activity mechanisms on DCs than 
conventional 2D co-cultures. Their model converted 
tumor-associated cDC2s into CD14+ DCs, displaying an 
immunosuppressive phenotype [87]. Numerous factors 
within the TME suppress DC function by disrupting their 
differentiation, maturation, activation, and overall func-
tion [88]. In this context, prostaglandin E2 (PGE2) and 
gangliosides produced by melanoma cells inhibit DC dif-
ferentiation and induce apoptosis [89, 90]. Additionally, 
TGF-β1 and IL-10 influence DC precursor differentiation 
towards myeloid populations with immunosuppressive 
characteristics [86, 91]. Furthermore, these factors sup-
press the expression of co-stimulatory molecules and 
cytokine secretion by DCs, resulting in the formation of 
regulatory DCs that support tumor growth by promot-
ing angiogenesis, recruiting immunosuppressive Tregs, 
and suppressing T cell responses [86, 89, 91, 92]. Beyond 
soluble factors and regulatory molecules present in the 
TME, DC suppression can be triggered by irregular gly-
cosylation patterns on the surface of tumor cells. Mela-
noma cells demonstrate a wide array of gangliosides and 
alterations in the glycosylation pattern of glycoproteins 
and glycolipids. Moreover, there are notable disturbances 
in the expression of enzymes involved in glycosylation 

(See figure on previous page.)
Fig. 2 Melanoma TME effects on DC differentiation and metabolic pathways. Melanoma tumor cells secrete various molecules, including HMG-B1, IL-1, 
PGE-2, and TGF-β, which can exert both immunostimulatory and immunosuppressive effects. These molecules significantly impact the differentiation 
of dendritic cells and their associated metabolic pathways. For example, IL-1 promotes the development of immunogenic dendritic cells that engage in 
aerobic glycolysis, thereby facilitating anti-tumor responses. Conversely, TGF-β leads to the formation of tolerogenic dendritic cells that rely on OXPHOS 
and FAO pathways, ultimately supporting tumor growth and angiogenesiss. Abbreviations: DC: Dendritic cell, IL: Interleukin, IFN-I: The Type-I interferons, 
CD: Cluster of differentiation, MHC: Major histocompatibility complex, ATP; Adenosine triphosphate. PPP; The pentose phosphate pathway. TCA; The citric 
acid cycle, OXPHOS: Oxidative phosphorylation, TLR: Toll-like receptors, Treg: Regulatory T cells, PD-L1/2: program cell death 1/2, TGF-β: Transforming 
growth factor beta, FAO: Fatty acid oxidation, P2X: Purinergic receptors, RIG-I: Retinoic acid-inducible gene I, CXCL10: C-X-C motif chemokine ligand 10, 
CRT; Calreticulin, ICD: Immunogenic Cell Death, HMG-B1: High Mobility Group Box 1, PGE-2: Prostaglandin E2, TME: Tumor micro environment,
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and deglycosylation processes, such as glycosyl-transfer-
ases and glycosidases [93, 94]. Pankaj et al. demonstrated 
that hyperglycosylation of prosaposin (PSAP) in tumor-
associated DCs (TADCs), induced by TGF-β in the TME, 
hinders the lysosomal processing of apoptotic bodies. 
This impairment leads to reduced antigen presentation 
and promotes cancer immune evasion. The study fur-
ther indicates that restoring normal pSAP function may 
enhance T cell activation and increase the effectiveness 
of immune checkpoint inhibitor (ICI) therapies [95]. In 
another study, GLYcoPROFILE characterized melanoma 
tumor glycol codes and DC subset function. GlcNAc, 
NeuAc, TF-Ag, and Fuc codons were associated with a 
bad prognosis; however, Man and Glc residues displayed 
improved survival. GlcNAc suppressed cDC2s, while 
Fuc and Gal decreased cDC1s and plasmacytoid DCs 
(pDCs), respectively. The findings imply that addressing 
these glycan-lectin interactions may restore DC function 
and offer a potential treatment for melanoma immuno-
suppression [96]. Furthermore, within the melanoma 
TME, tumor cells disrupt DC function from an immu-
nometabolic standpoint, revealing new mechanisms of 
tumor-induced DC subversion. Tumor cells switch their 
metabolism from OXPHOS to glycolysis to fuel their 
rapid growth, resulting in an unfavorable microenvi-
ronment for invading DCs. This metabolic shift results 
in competition for scarce nutrients and the buildup of 
harmful metabolic byproducts in the TME, impairing 
immune cell function [86, 97]. It has been shown that 
melanoma cells in the TME diminish glucose levels, 
impairing glycolysis with reduced ATP production in the 
tumor-infiltrating DCs. Concurrently, the accumulation 
of lactic acid inhibits DCs’ differentiation and suppresses 
their function [98]. The accumulation of lipids in TADCs 
disrupts antigen processing and cross-presentation, while 
fatty acids impede DC maturation. Additionally, adenos-
ine, which increases in the melanoma TME due to ATP 
breakdown by CD39 and CD73 ectonucleotidases, has 
been shown to impair DC function through the A2A 
adenosine receptor [99]. Therefore, tumor cells ‘-related 
metabolic reprogramming in DCs significantly con-
tributes to DC dysfunction and facilitates the immune 
evasion of melanoma tumors. However, it is possible 
to increase the immune system’s efficiency in inducing 
anti-tumoral immune responses by reprogramming the 
tumor cells themselves. For example, Ascic et al. utilized 
adenoviral delivery of PU.1, IRF8, and BATF3 to repro-
gram tumor cells in vivo to present antigens as cDC1s. 
Reprogrammed tumor cells modified the TME, recruited 
CTLs, promoted tumor regression, and developed long-
term immunity in mice melanoma models. This repro-
gramming occurred in human tumor spheroids and 
xenografts without immunosuppressive barriers [100].

Impact of DC metabolic reprogramming on their 
function and tumor immune evasion in melanoma 
TME
As previously stated, DCs are essential mediators of anti-
tumor immunity, substantially contributing to generating 
effective responses to checkpoint inhibitor immunother-
apy. DCs’ metabolic programming directly influences 
their transition to an immunogenic or tolerogenic state, 
dictating whether they can actively mitigate effective T 
cell responses to malignancy. However, the potential of 
targeting these pathways in DCs as a therapeutic strat-
egy offers hope for effective melanoma immunotherapy 
[101]. Firstly, achieving this aim necessitates employing 
methods designed to assess metabolic processes in DCs.

Recent and advanced methods, including seahorse 
extracellular flux analysis, SCENITH, and metabolomics 
have been introduced to evaluate the metabolic profile 
in DCs [102]. These techniques are essential for study-
ing cellular metabolic rewiring [103–105]. The seahorse 
extracellular flux analyzer, introduced in 2006, measures 
oxygen consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) in real-time. It provides advantages 
over traditional techniques by presenting noninvasive 
measurements of key metabolic parameters [106, 107]. 
The effects of TLR activation on glycolysis and OXPHOS 
in DCs have been examined. It has also been shown that 
TLR activation in DCs leads to rapid glycolysis and con-
comitant changes in mitochondrial metabolism [108]. 
The single-cell energetic metabolism by profiling trans-
lation inhibition (SCENITH) technique is a recently 
announced method that employs flow cytometry to 
investigate the metabolic responses of various cell types, 
including DCs [104]. This technique also allows simul-
taneous changes in oxidative pathways, fatty acid beta-
oxidation, and glutathione metabolism at different stages 
of human DC maturation [109]. Metabolomics studies 
small-molecule metabolites in cells, organs, and organ-
isms to understand biochemical processes and metabolic 
pathways. It allows dynamic and in-depth immunome-
tabolism examination and extracellular flux analysis, 
LC-MS, GC-MS, and SESI-HRMS, providing sensitive 
and real-time data. These approaches highlight DC met-
abolic reprogramming, crucial for immune function 
and targeted therapies [110]. For instance, these studies 
focus on the activation of DCs − induced by LPS − which 
induces time-dependent alterations in nucleotide path-
ways, the TCA cycle, and arginine metabolism [111]. 
In addition, single-cell RNA sequencing (scRNA-seq) 
reveals metabolic heterogeneity in DC populations at 
the single-cell level. DC populations have been shown to 
have different metabolic profiles, with altered glycolytic 
rates and oxidative metabolism determined even under 
similar activation conditions [109]. These approaches 
have demonstrated that the metabolic reprogramming of 
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DCs directly influences their function in the TME. For 
instance, DCs with the immunosuppressive phenotype 
exhibit elevated activity in the mTOR/AMPK pathways 
and dependence on fatty acid β-oxidation for metabolism 
[109, 112].

Secondly, identifying factors potentially driving meta-
bolic reprogramming in melanoma-related DCs supports 
effectively formulating strategies to restore the appropri-
ate function of these cells. This section will focus on com-
mon metabolic abnormalities in the TME, such as high 
glucose levels, lipid accumulation, tryptophan depriva-
tion, and other factors that affect immune tolerance and 
cancer immune evasion (Table 2). Next, this section will 
address the possible ability of exosomes to cause meta-
bolic reprogramming in melanoma-associated DCs.

Metabolic abnormalities of DCs in the melanoma TME
Hyper Glycolysis
Melanoma can be reprogrammed towards glycoly-
sis by hyperactivating BRAF-based MAPK, inhibiting 
OXPHOS, and promoting glycolysis through PI3K/AKT/
mTOR/ HIF-1α signaling [113, 114]. The hypoxic TME 
relies on the BRAF oncogene, which activates transcrip-
tion factors, including MYC and HIF-1α, promoting gly-
colysis [115]. These transcription factors promote several 

critical genes related to glucose metabolism, including 
GLUT1, hexokinase, and lactate dehydrogenase (LDH) 
[116, 117]. Moreover, lactate alters CTL metabolism and 
immune escape function, prevents DC maturation, and 
increases inflammation-suppressing IL-10 in the TME, 
promoting melanoma invasion and metastasis [118]. 
Furthermore, BRAF mutations impede OXPHOS by 
decreasing the synthesis of MITF and PGC-1α, a criti-
cal regulator of mitochondrial activity [113]. Moreover, 
activating the mTOR pathway during glycolysis activates 
downstream transcriptional regulators, increasing the 
expression of inhibitory receptors like programmed cell 
death protein 1 (PD-1) on T cells and leading to T cell 
depletion and dysfunction [119]. Activated DCs primar-
ily rely on glycolysis for energy production, membrane 
stability, and migration. Thus, this pathway regulates 
their immunological responses, encompassing cyto-
kine synthesis, antigen presentation, T cell activation, 
MHC-II peptide loading, and TLR-dependent stimulat-
ing proteins [120, 121]. The ‘Warburg effect,’ a metabolic 
shift towards glycolysis, is closely associated with under-
developed or tolerant DCs and is the main trigger of 
the dependence of glycolytic cancers on glucose uptake 
[122]. This effect significantly affects the metabolic repro-
gramming of DCs in the TME, affecting their immune 

Table 2 Effects of metabolic pathways reprogramming on DCs function
Metabolic 
Pathway

Author/ Year Component Impacts on DCs References

Hyperglycolysis Niveau et al., 
2024

C-type lectin recep-
tor interaction with 
glycan patterns

Aberrant glycans delay DC TLR signaling and anti-tumor responses, 
promoting tumor growth.

 [85]

Péguet-
Navarro et al., 
2003

Ganglioside 
involvement

Reduction in CD1a, CD54, CD80, and CD40 levels leads to DC matura-
tion blockade, resulting in increased IL-10 and decreased IL-12 levels.

 [64]

Inamdar et al., 
2023

Glycolytic inhibitors Enhance DC function, trigger high CTL responses, and support 
metabolite-based immunotherapy

 [86]

Lipid 
Accumulation

Adamik et al., 
2023

Metabolic gene 
expression pathways, 
MCT1 (monocarbox-
ylate transporter-1)

Lipid accumulation alters DC metabolism, increasing MCT1 expression 
and glycolysis while decreasing oxidative phosphorylation (OCR). These 
changes impair immunostimulatory potential and DC differentiation.

 [84]

Zhao et al., 
2018

Wnt5a-β-catenin-
PPAR-γ signaling 
pathway

DCs stimulate fatty acid oxidation by modulating expression of carni-
tine palmitoyltransferase-1a (CPT1A), affecting immune responses.

 [91]

Matsushita et 
al., 2010

MARCO membrane 
component

Upregulation in DCs pulsed with mouse tumor lysis (TP-DC) increases 
tumor migration; anti-MARCO antibody use reduces dendritic-like 
processes and alters IL-10, IL-12p70, and TNF-α production.

 [93]

Zewdie et al., 
2024

MerTK expression Overexpression in DCs linked to melanoma resistance against anti-PD-1 
therapy

 [94]

Costa silva C 
et al., 2024

Intestinal microbiota 
interaction

Modifications in acylcarnitines, carboxylic acids, and fatty acids ob-
served during nDC treatment.

 [92]

Tryptophan 
Deprivation

Holtzhausen 
et al., 2023

Melanoma-derived 
Wnt5a ligand

Upregulates the durable expression and activity of indoleamine 2,3-di-
oxygenase-1 (IDO) in local DCs, promoting Treg differentiation in an 
IDO-dependent manner.

 [140]

Abbreviations: DC: Dendritic Cell, TLR: Toll-Like Receptor, CTL: Cytotoxic T Lymphocyte, MCT1: Monocarboxylate Transporter-1, OCR: Oxidative Phosphorylation, 
Wnt5a: Wnt Family Member 5  A, PPAR-γ: Peroxisome Proliferator-Activated Receptor Gamma, CPT1A: Carnitine Palmitoyltransferase-1  A, MARCO: Macrophage 
Receptor with Collagenous Structure, IL: Interleukin, TNF-α: Tumor Necrosis Factor Alpha, MerTK: Mer Tyrosine Kinase, nDC: Natural Dendritic Cell, IDO: Indoleamine 
2,3-Dioxygenase, Treg: Regulatory T Cell
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response capabilities. Accordingly, the higher glycolytic 
capacity of melanoma patients can affect mitochondrial 
bioenergetics in mature DCs by increasing proton leak-
age, decreasing ATP-related respiration, and suppress-
ing the cross-presentation ability of DCs [123]. Several 
studies have investigated the effect of hyper-glycolysis on 
the metabolic reprogramming of DCs. Niveau and col-
leagues examined how C-type lectin receptors interact 
with specific glycan patterns in melanoma. According to 
the results, the binding glycan motifs, especially fucose, 
to cDC2s, cDC1s, and pDCs alters immunological check-
points and cytokine/chemokine profiles. Aberrant gly-
cans delay DC TLR signaling and anti-tumor responses 
and promote tumor growth [124]. Using a SCENITH 
approach, Niveau et al. observed altered metabolism in 
melanoma in DC subsets (cDC1s, cDC2s, and pDCs). 
Tumor cells exploit DC metabolism by reprogramming 
signaling through aberrant glycans and modulating path-
ways such as mTOR/AMPK and MCT1. These metabolic 
alterations negatively impact anti-tumor T cell responses 
[125]. Additionally, several studies provide strong evi-
dence for gangliosides in immunosuppression. According 
to Navarro et al., GM3 and GD3 inhibit the proliferation 
of moDCs by reducing CD1a, CD54, CD80, and CD40 
levels. Furthermore, DC maturation blockade induces 
apoptosis characterized by a significant increase of IL-10 
and a corresponding decrease in IL-12 levels [89]. More-
over, glycolytic inhibitors have shown promise in enhanc-
ing DC function, triggering high CTL responses, and 
supporting metabolite-based immunotherapy, offering 
inspiration for future research and clinical applications 
[126].

Lipid accumulation
Melanoma cells use the acetyl-CoA-citrate pathway, 
FATP, and FABP to absorb fatty acids from the TME and 
promote lipogenesis. This metabolic mechanism helps 
cells develop and absorb energy. DC activation is related 
to improved antigen capture and presentation, enhanced 
cell surface markers, and secretory protein production. 
This mechanism is mediated by increased fatty acid syn-
thesis, which depends on the ER and Golgi network in 
bone marrow-derived DCs (BMDCs) triggered by granu-
locyte-macrophage colony-stimulating factor (GM-CSF) 
[32, 127]. Although lipid production is necessary for ER 
and Golgi biogenesis during DC activation, lipid accu-
mulation in DCs in malignancy is frequently linked with 
immune dysfunction. Lipid droplets in TADCs prevent 
T cell activation [128]. Lipid accumulation in DCs can 
compromise antigen cross-presentation and reduce anti-
gen handling capacity by disrupting the transportation of 
peptide-MHC (pMHC) class I complexes to the cell sur-
face. This suppresses the expression of CD86, increasing 
the production of IL-10 [129]. Cholesterol metabolism, 

both enzymatic and non-enzymatic, negatively affects 
DC function and antigen presentation, thereby reduc-
ing immune responses. Accordingly, Raccosta et al. have 
demonstrated that the inhibition of oxysterol receptors 
Liver X Receptors (LXRs) using an antagonist enhanced 
the differentiation of monocytes into intratumoral DCs, 
hindered tumor progression, and increased the efficacy 
of anti-PD-1 immunotherapy and adoptive T cell therapy 
[130]. Alternatively, the maturation of DCs is impeded 
by the binding and activation of the peroxisome prolifer-
ator-activated receptor (PPAR)-γ by oxidized lipids that 
accumulate in DCs in the TME. PPAR-γ promotes tumor 
progression and inhibits T cell function by increasing 
the synthesis and storage of fatty acids [131]. Many stud-
ies examine the correlation between lipid accumulation 
and metabolic reprogramming of DCs in melanoma. For 
instance, Adamik et al. compared 35 late-stage melanoma 
patients’ DCs with normal donors (cancer-free controls) 
and found metabolic reprogramming that impairs cancer 
immunotherapy. The cancer patient-induced metabolic 
shift of the DCs abandons efficient OXPHOS for gly-
colysis. The switch entails increased glucose consump-
tion, lactate overproduction, and the lactate transporter 
MCT1 upregulation. The metabolic aberrancies are 
coupled with defective lipid metabolism, defective fatty 
acid (FA)/phospholipid processing, and PPAR signaling 
pathways critical for lipid metabolism. Notably, path-
ways with positive clinical responses, such as FA oxida-
tion and sphingolipid metabolism, are suppressed in the 
DCs. These metabolic defects hindered DC maturation 
and their ability to activate immune responses, reducing 
vaccine effectiveness. Restoring OXPHOS, normalizing 
glycolysis, or enhancing lipid metabolism could reverse 
DC dysfunction and improve therapeutic outcomes 
[123]. Furthermore, DCs can stimulate FAO by modu-
lating the expression of carnitine palmitoyltransferase-
1a (CPT1A), a fatty acid transporter protein, through 
the Wnt5a-β-catenin-PPAR-γ signaling pathway. This 
signaling pathway promotes Treg induction and gener-
ates immunological privilege sites, suppressing T cell 
activation [132]. According to the results obtained from 
the emerging study on the impact of intestinal micro-
biota, especially Faecalibacterium prausnitzii and the 
use of autologous natural DCs (nDCs) compared to pla-
cebo, Costa Silva et al. mentioned a better prognosis and 
no recurrence of melanoma in two years. Additionally, 
they observed modifications in acylcarnitines, carbox-
ylic, and fatty acids during nDC treatment [133]. On the 
other hand, the MARCO membrane component, similar 
to other SR-As, exhibits the ability to bind to modified 
low-density lipoproteins. Recent studies have pointed 
to the role of MARCO in the immune response and the 
formation of lamellipodia-like structures and dendritic 
processes, which are also associated with melanoma 
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progression. The results showed that its upregulation in 
DCs pulsed with mouse tumor lysis (TP-DC) increases 
the tumor migration capacity. Therefore, using an anti-
MARCO antibody was directly related to the disap-
pearance of dendritic-like processes and changes in the 
production of IL-10, IL-12p70, and TNF-α. Moreover, 
using a selective inhibitor [25], its expression was shown 
to be related to the p38 MAPK pathway [134]. Besides, 
MerTK, a tyrosine kinase receptor, has also been over-
expressed on DCs in melanoma-resistant anti-PD-1 
therapy. In this approach, treating DCs with apoptotic 
melanoma cells enhanced mitochondrial respiration, 
FAO, and MerTK expression levels [135].

Tryptophan deprivation
The metabolism of tryptophan, an essential amino acid, 
can improve the intrinsic malignant features of tumor 
cells and impair anti-tumor immunity, making it a 
promising target for therapeutic development in cancer 
immunotherapy. The enzymes in the cytosol known as 
indoleamine 2,3-dioxygenase (IDO)-1, IDO-2, and tryp-
tophan 2,3-dioxygenase (TDO-2) are responsible for 
the tryptophan catabolism [136]. IDO-1 in DCs can be 
induced by multiple factors, such as TGF-β, IL-32, and 
other cytokines from tumor cells, immune cells, or the 
DCs in the TME [137]. IDO-1, the rate-limiting enzyme 
in the breakdown of tryptophan, can cause immuno-
suppression in the TME by breaking it down and form-
ing immunoregulatory chemicals known as kynurenines 
[138]. Given the role of IDO in developing tDCs in the 
TME, TKIs can hinder its function. In line with this, Chu 
et al. investigated the stimulatory effect of TKI-modified 
DCs on T cell activation. The findings indicated that the 
progression of B16 melanoma in mice was postponed by 
administering two TKIs, imatinib and dasatinib, due to 
the inhibition of tryptophan metabolism [139]. Accord-
ing to Holtzhausen et al., a positive correlation between 
the melanoma-derived Wnt5a ligand and IDO enzyme 
activity leads to tDCs via the catenin signaling pathway. 
It facilitates the melanoma-mediated immune system 
escape [140]. In addition, a clinical study was designed 
with the intervention of antigen-engineered DC vaccine 
to enhance the response of CD8+ and CD4+ polyclonal T 
cells against melanoma for 35 recipients. Notably, despite 
the significant role of a high-dose combination of IFN-α 
in improving outcomes, DC vaccines have a reliable place 
as promoters of the anti-tumor system [141].

Exosomes as a possible inducer of metabolic 
reprogramming in melanoma-associated DCs
Exosomes are 30–200 nm extracellular vesicles secreted 
by different cell types, such as melanoma cancer cells, 
and contain lipid bilayer structures [142]. They are ves-
icles produced by the inward budding of the endosomal 

membrane during the growth of multivesicular bodies 
(MVBs). Exosomes contain cellular components, includ-
ing RNA (mRNAs, miRNAs, long non-coding RNAs 
(lncRNAs), DNA (single-stranded, double-stranded, and 
mitochondrial), proteins, lipids, and metabolites, which 
vary depending on the origin of the exosomes [143, 144]. 
These vesicles can transmit these molecules to recipi-
ent tissues over extended distances, and occasionally, 
entire organelles, such as mitochondria, are transferred 
[145]. Melanoma-derived exosomes display a distinctive 
lipid composition that correlates with their tumorigenic 
potential. Exosomes in highly metastatic melanoma cells 
include longer saturated fatty acid chains than those 
derived from less metastatic cells, which contain shorter 
and more saturated fatty acids [146]. Palmitoylcarnitine, 
sphingosine 1-phosphate, elaidic carnitine, phosphatidyl-
cholines, phosphatidylethanolamines, and glycosphingo-
lipid ganglioside GM3 were significantly downregulated 
in melanoma exosomes [147]. Apart from their struc-
tural function, exosomal lipids significantly affect cargo 
selection since cholesterol- and sphingolipid-enriched 
lipid rafts serve as molecular organizers, directing the 
recruitment of specific proteins and macromolecules 
[148]. Accordingly, various molecules are present within 
melanoma-derived exosomes. These exosomes have been 
reported to carry extensive mRNA transcripts involved 
in metastasis, such as TOP1, ABCB5, and TYRP1. They 
also may transport mRNAs relevant for inflammation, 
including CXCL1, CXCL2 and CXCL8. The high levels 
of PD-L1 mRNA from plasma-derived EVs also highlight 
their role as predictive biomarkers since PD-L1 is a tar-
get in various ICI therapies [149, 150]. They also carry 
several oncogenic proteins and have become potential 
biomarkers even with little clinical data regarding their 
protein content. Several proteins like MHC-I, MART-1, 
MUC-18, annexins, syntenin-1, and CD44 are recog-
nized as markers for tumor progression, angiogenesis, 
and metastasis [148]. Moreover, clinical studies show 
that exosome protein composition differs based on mela-
noma stages and contains migration-facilitating, apop-
tosis-regulating, and immune evasion proteins such as 
TYRP2, VLA-4, HSP70, MIA, and S100B, which are the 
characteristic diagnostic or prognostic markers [142]. 
Melanoma-derived exosomes have enhanced miRNAs, 
including miR-214-3p, miR-199a-3p, miR-155-5p, miR-
92b-3p, and miR-183-5p, which facilitate tumor growth 
and metastasis [151]. MiR-106b-5p promotes epithelial-
mesenchymal transition (EMT), increasing invasion and 
metastasis [152]. In addition, melanoma exosomes con-
tain lncRNAs such as Gm26809, which can transform 
fibroblasts into cancer-associated fibroblasts (CAFs) 
and modify the TME [153]. Exosomal DNA represents 
a promising biomarker currently under investigation 
in melanoma. It detects BRAF mutations better than 
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circulating tumor DNA (ctDNA), especially during BRAF 
inhibitor treatment [154]. Even though mitochondrial 
DNA (mtDNA) has been identified in melanoma exo-
somes, its function remains unclear [155]. Recent stud-
ies suggest melanoma exosomes have a dual function in 
immunoregulation [148, 156]. They interact with DCs 
to present tumor antigens to T lymphocytes, leading to 
immune responses. MHC-I, MHC-II, and co-stimulatory 
molecules on exosomes enhance the activation of CTLs 
[157]. Nevertheless, they can also create an immunosup-
pressive TME and impair the functions of immune cells 
like DCs. These exosomes can diminish the activity of 
DCs, which may also obstruct antigen presentation and 
result in metabolic changes. For instance, these exosomes 
can carry pro-tolerogenic elements like MerTK-inducing 
ligands. When DCs were exposed to apoptotic melanoma 
cells in vitro, there was a notable increase in MerTK 
expression, heightened mitochondrial respiration, and 
FAO, alongside a decrease in their ability to activate T 
cells, all of which are characteristics associated with dys-
functional DCs [158, 159]. Non-coding RNAs represent 
another type of cargo that exosomes can deliver, influ-
encing the metabolic pathways of DCs. This influence 
can increase mitochondrial OXPHOS, prompting DCs to 
manifest a tolerogenic phenotype [160]. Hence, the inter-
action of melanoma-derived exosomes with DCs may 
affect DCs, leading to metabolic modification and sup-
pressing their anti-cancer functions.

Conclusions and future directions
A turning point in melanoma immunotherapy is the 
investigation of metabolic reprogramming of DCs 
because there is an essential connection between metab-
olism and the immune system. Several factors, including 
lactate accumulation, lipid metabolism alterations, and 
tryptophan depletion, influence the metabolic altera-
tions of melanoma-associated DCs. The factors above 
inhibit the maturation and antigen-presenting functions 
of DCs and consequently interfere with the development 
of DC-mediated antitumor immunity. Also, the interac-
tion between exosomes originating from melanoma and 
DCs could impact DCs’ functionality, causing metabolic 
changes that inhibit their ability to combat cancer. In this 
case, metabolic reprogramming of DCs is needed to get 
around the tumor setting, which usually changes the phe-
notypic status of DCs in a way that makes them less use-
ful for activating T cells. Accordingly, focusing on these 
metabolic processes may enhance the performance of 
current immunotherapies and pave the way for new strat-
egies to restore DC activity. Recently, it has become clear 
that the metabolic attributes of individual DC popula-
tions impact their immune potential and that more direct 
manipulations of glycolysis and OXPHOS correlate with 
better outcomes in melanoma patients. Furthermore, 

incorporating comprehensive body metabolism profil-
ing into clinical practice may also serve as a predictor 
of immunotherapy response in patients. Therefore, the 
new arena combat for curing melanoma is not just about 
understanding these metabolic pathways but also about 
using and targeting them to develop more effective and 
refined treatments tailored to each patient’s specific met-
abolic domain. A focus on these metabolic processes may 
enhance the performance of current immunotherapies 
and pave the way for new strategies that aim to restore 
the activity of DCs. For example, a potential future thera-
peutic approach is to combine ICIs with metabolic inhib-
itors (PGC1α inhibitors or FAO blockers) that can block 
tumor adaptation, making cancer cells more susceptible 
to immune attack and enhancing response to immuno-
therapy. Moreover, melanoma-derived exosomes func-
tion in immune modulation and therapeutic resistance. 
Exosomes not only play a role in immune evasion by 
carrying PD-L1, miRNAs, and immunosuppressive lip-
ids in the TME but also carry tumor antigens, which can 
be used for DC-based vaccines. Exosomes engineered 
to carry metabolic inhibitors or immune-stimulation 
molecules provide a novel approach for attenuating 
tumor immunosuppression and promoting ICI activ-
ity. Given the immune-specific inhibitors currently used 
in melanoma treatment, incorporating metabolic repro-
gramming into current immunotherapy approaches can 
significantly improve clinical outcomes. Mitochondrial 
adaptations, metabolic plasticity, and immune metabo-
lism may be exploited using metabolic interventions to 
improve antigen presentation, enhance T cell activation, 
and avoid immune exhaustion. In conclusion, future 
research should primarily look into clinical trials combin-
ing metabolic inhibitors with ICI or exosome-based ther-
apies to develop more durable and effective treatments 
for melanoma.
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