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Abstract  
 

Dendritic cells (DCs) have a critical effect on the outcome of 

adaptive immune responses against growing tumors. Recent 

studies on the metabolism on DCs provide new insights on the 

functioning of these critical controllers of innate and adaptive 

immunity. DCs within the tumor microenvironment (TME) often 

exist in an inactive state, which is thought to limit the adaptive 

immune response elicited by the growing tumor. Tumor-derived 

factors in the TME are known to suppress DC activation and 

result in functional alterations in DC phenotype. We are now 

beginning to appreciate that many of these factors can also 

induce changes in immune cell metabolism. In this review, we 

discuss the functional alternation of DC phenotype by tumor 

metabolites. 
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Oxide Synthase; NO- Nitric Oxide; mTORC1- Mammalian 

Target of Rapamycin Complex 1; ATX- Autotaxin; LPA- 

Lysophosphatidic acid; LPC- Lysophosphatidylcholine; GPCRs- 

G Protein-Coupled Receptors; ENTPD- Ectonucleoside 

Triphosphate Diphosphohydrolase; GPI- 

Glycosylphosphatidylinositol; eATP- Extracellular ATP; IDO- 

Indoleamine 2.3-dioxygenase 

 

Introduction  
 

Dendritic cells (DCs) are the most potent professional antigen-

presenting cells (APCs) and have a central role in maintaining 

immune homeostasis [1,2]. DCs are not only important for 

induction of primary immune responses, but may also have a 

pivotal role in priming T cell-mediated immune responses [3]. 

Active immunotherapy with dendritic cells can be used to induce 

anti-tumor immune responses and therefore offers an attractive 

alternative to conventional cancer treatments [4,5]. The recent 

development of methods for large-scale ex vivo production of 

DCs from peripheral blood monocytes has contributed to their 

growing use in cancer vaccination trials [6]. The primary goal of 

DC-based immunotherapy is to induce an antigen-specific 

immune response [7,8]. The effector arm of anti-tumor immunity 

is comprised of CD4
+
 and CD8

+
 T cells, which can only 

recognize antigen when it is presented by APCs [8]. Therefore, 

DCs are currently considered attractive therapeutic targets for 

use in combination with immune checkpoint inhibitors [9]. In the 

case of cancer vaccines, the DCs themselves are administered as 

the therapy. Preparation of a DC vaccine involves the generation 

of DCs from CD34
+ 

precursor cells or monocytes, loading the 

DCs with specific tumor antigens, and, finally, administration of 

the cells to the patient. Upon administration, the DCs must 

migrate to the secondary lymphoid organs and induce an 

antigen-specific immune response. DC-based cancer vaccines 

have been tested in clinical trials of patients with melanoma, 

myeloma, prostate cancer, renal cancer, breast cancer, ovarian 

cancer, and gastrointestinal cancer. Although there is evidence 

that DC vaccines can induce anti-tumor immune responses in 

some patients, clinical results remain poor. Multiple clinical 

studies have indicated that DCs within tumors are scarce and 
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functionally defective [10,11]. Although objective clinical 

responses have been observed, results so far have been 

somewhat disappointing compared with those obtained in vitro 

and in animal models. There may be multiple reasons for this 

lack of efficacy, including a tendency for early-phase clinical 

trials to enroll patients with advanced, metastatic disease and 

associated comorbidities, including immune suppression, which 

has only recently been recognized as a major barrier to the 

efficacy of tumor vaccines in general. Suboptimal maturation 

and immunogenicity of DCs within early vaccine formulations 

and the lack of definition of immunogenic neoantigens may also 

have contributed to the limited clinical efficacy of these 

strategies [12]. These relative failures must be re-interpreted in 

light of current data, particularly those concerning DC 

maturation status [13]. Using DCs that are not fully matured 

results in ineffective vaccination against tumor antigens and may 

even promote immune tolerance, suggesting that vaccines should 

incorporate signals to achieve full maturation and activation of 

DCs prior to vaccine administration [14-16]. This finding 

underscores the importance of the DC generation method to the 

success of a vaccination strategy. DC generation protocols 

mainly differ in their methods of DC maturation and in their 

serum components.  

 

Although lipopolysaccharide (LPS) is a commonly used 

maturation factor in mouse studies, interleukin (IL)-1β, IL-6, 

tumor necrosis factor (TNF)-α, and prostaglandin E2 (PGE2) are 

commonly used in the maturation of monocyte-derived DCs 

(mo-DCs) for clinical studies. The maturation stimulus is a major 

factor that determines the success or failure of DC therapy. TLR 

agonists [the TLR-4 agonist lipopolysaccharide (LPS), the TLR-

3 agonist poly (I:C), and the TLR-7/8 agonist resiquimod], 

cytokines [TNF-α, IL-1 β, IL-6, interferon (IFN)-α, and IFN-γ)], 

costimulatory receptor ligands (CD40L), and PGE2 have all been 

used either alone or in various cocktails to mature and program 

DCs [17]. The desired maturation outcome is to induce high 

expression of MHC molecules, costimulatory molecules such as 

CD80, CD86, and CD40, and chemokines such as CCR7, as well 

as the secretion of Th1 cytokines such as IFN-γ, so as to polarize 

DCs towards Th1 activation [18]. 
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Recently, the generation of DC with different serum components 

was also reported. Comparative analyses were conducted 

concerning the impact of various commercially available media 

and protein supplements on DC generation, maturation, and 

functional activity [13]. In addition, the secretion of 

immunosuppressive factors by cancer cells has been implicated 

in the control of DC maturation and function [10,19]. Areas of 

hypoxia and necrosis are common in tumors, which limits the 

availability of nutrients for both tumor cells and immune cells. 

However, tumor cells undergo metabolic reprogramming 

(glycolysis) even in the presence of oxygen, which allows them 

to sustain their own growth and proliferation, depriving immune 

cells of nutrients essential for their function and survival. The 

secretion and accumulation of tumor metabolites, termed 

oncometabolites, within the tumor microenvironment can also 

suppress immune cell function [20.21]. The conditioning of 

immune responses by metabolic challenges within the tumor 

microenvironment is increasingly becoming studied as a 

mechanism of tumor immune escape. Here, we discuss the 

current thinking on the involvement of these tumor metabolites 

and their effects on the generation of functional mo-DC. 

 

The Effects of Protein Components and Tumor 

Metabolites on DC Generation in vitro  
 

Several reports analyzed the effects of the culture medium and 

protein supplements on DC yield, viability, maturation, and 

function. Myeloid cells are more sensitive to supplementation 

used in culture media than other immune cells. Indeed, various 

protein supplements significantly altered the maturation status of 

DC generated in vitro [12]. Fetal bovine serum (FBS) may 

contain xenogeneic proteins as well as pathogenic viruses or 

prions that deactivate endogenous pancreatic enzymes [13,22]. 

Additionally, immunologic complications may occur, since FBS 

contains proteins that can induce immune responses. Instead, 

human serum albumin (HSA) and human serum or plasma are 

commonly used in the generation of mo-DCs, especially for 

clinical application. HSA, naturally present in the human body, 

was evaluated as a potential substitute for FBS in DC cultures 
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[23]. Furthermore, as HSA can be purified under Good 

Manufacturing Practice (GMP) conditions, culture protocols 

using HSA can be easily standardized. Moreover, the 

concentration of HSA that is used to generate mo-DCs is on the 

same order of magnitude as the protein concentration in serum 

[13]. HSA therefore acts as a kind of non-antigen culture 

substrate and provides the “cleanest” culture microenvironment, 

but it lacks the natural growth factors found in serum [24], which 

enhance DC maturation. Indeed, culture in media supplemented 

with autologous serum or plasma, which contains potential DC 

growth factors such as ecto- or exo-enzymes and metabolites, 

may be a good choice for DC generation [24-26]. Of course, the 

collection of autologous serum or plasma is suitable for healthy 

volunteers, but not patients. Furthermore, active tumor-derived 

factors in patients’ serum could impair the differentiation of 

monocytes into DCs in vitro [24,27-29]. It is widely known that 

many cytokines and immunosuppressive factors detected in the 

sera of cancer patients can inhibit various stages of DC 

generation and maturation [30]. Onishi et al. showed that 

monocyte-derived DCs from cancer patients had reduced 

antigen-presenting capacity compared with DCs generated from 

healthy volunteers [29]. This further supports the beneficial 

influence of allogenic serum on DC generation. 

 

Tumor Microenvironment-Derived Factors 

Influence DC Maturation and Function  
 

The tumor microenvironment (TME) alters the metabolism of 

tumor-associated immune cells, facilitating tumor cell escape 

and immune detection. Multiple TME-generated factors 

contribute to suppressing DC function by inhibiting DC 

recruitment, activation, antigen presentation, and Th1 

polarization [18]. A study by Herber et al. in 2009 first reported 

that high lipid accumulation could render CD11c
+
 CD8

+
 DCs 

and classical tumor-associated DCs defective in antigen 

presentation and T cell activation in both murine cancer models 

and cancer patients [31]. Similarly, Cubillos-Ruiz et al. revealed 

that an inhospitable TME can cause DCs to accumulate 

endoplasmic reticulum (ER) stress in the form of reactive 

oxygen species and lipid peroxidation, resulting in abnormal 
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activation of the unfolded protein response (UPR). Aberrant 

UPR activation in turn induces expression of the transcription 

factor X-box binding protein (XBP)-1 and consequent inhibition 

of antigen processing and presentation by DCs [32,33]. 

Intriguingly, treatment with antioxidants and inhibition of XBP-1 

expression by using nanoparticles successfully ameliorated ER 

stress in DCs, recovering their potential to activate T cells and 

resulting in tumor suppression [18]. In the current review, we 

will focus on the metabolic signals that coordinate DC activation 

and maturation, and discuss whether targeting these fundamental 

cellular processes could be used to enhance adaptive immunity. 

 

It is increasingly recognized that the ability of DCs to become 

activated and prime adaptive immune responses is associated 

with profound alterations of the cellular metabolic state. 

Moreover, evidence is accumulating in the context of airway 

inflammation that various DC functions such as immune priming 

and immune polarization may have different metabolic 

requirements. This metabolic plasticity of DC function in airway 

remodeling could enhance our current understanding of DC 

metabolism in cancer therapy. Key exogenous metabolites 

induce the nutrient-sensitive anabolic and/or catabolic pathways 

to support DC maturation and function [34]. Therefore, the 

metabolic reprogramming of these cells will depend on the tissue 

environment, nutrient availability, and disease state in vivo. 

Moreover, activation-induced metabolic shift markedly induces 

the expression of inducible nitric oxide synthase (iNOS) and 

nitric oxide (NO) production. This is mediated via 

phosphoinositide 3-kinase (PI(3)K) signaling through 

mammalian target of rapamycin complex 1 (mTORC1), which 

promotes a long-term commitment for aerobic glycolysis and 

anabolic metabolism in inflammatory DCs. 

 

TME-Associated ecto- or Exto-Enzymes  
 

There is a growing appreciation that to effectively take up 

antigen, migrate to the draining lymph node, and present antigen, 

and therefore to initiate appropriate T cell-mediated immune 

responses, DCs must undergo the correct metabolic 

reprogramming. For example, autotaxin (ATX), a secreted 
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lysophopholipase D that is implicated in cancer cell motility, 

generates extracellular lysophosphatidic acid (LPA) from the 

precursor lysophosphatidylcholine (LPC). In 1992, ATX was 

identified as an autocrine factor in A2058 melanoma cells. LPA 

is a pleiotropic lipid molecule with strong effects on cell growth 

and migration. LPA induces diverse signaling pathways via six 

LPA G-protein-coupled receptors (GPCRs), resulting in cytokine 

production, inflammation, hyperplasia, tumor formation, and 

metastasis [35]. In mice, however, circulating LPA has a half-life 

of about 3 min. In this aspect, although DC generation media 

contains LPA, it may be consumed quickly in vitro. ATX is 

associated with various inflammatory diseases including cancer, 

fibrosis, rheumatoid arthritis, and neural defects. Immature DC 

derived from LPA3-deficient mice do not migrate to LPA in 

vitro, demonstrating a necessary requirement for this receptor in 

LPA-directed motility [36]. In addition to inducing immature DC 

migration, LPA can influence DC function (Figure 1). By 

promoting the mobility of both naive T cells and immature DC, 

LPA would seem to be well-suited to activate DC:T interactions 

in lymphoid organs and the initiation of adaptive immune 

responses.  
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Figure 1: Classical stimulators induce DC activation. 

Classical stimulators (e.g. LPA and LPS) influence DC function. ATX 

(autotaxin), LPC (lyso -phosphatidylcholine), LPA (lysophosphatidic acid). 

 

Expression of CD39 and CD73 by Human 

Tumors  
 

Recently, ecto-nuclase such as CD39 and CD73 were found to 

be novel immune check-points and potentially new therapeutic 

targets in solid tumors [37-39]. These molecules generate 

extracellular adenosine at the cancer interface [40]. CD39 is the 

prototype ectonucleoside triphosphate diphosphohydrolase 

(ENTPD) and was the first of the eight NTPDases described 

[41,42]. Like all NTPDases, CD39 has five highly conserved 

sequence domains (the apyrase conserved regions). CD39 is 

anchored to the cell membrane via two transmembrane domains 

that are essential for maintaining its catalytic activity and 

substrate specificity [43]. CD39 undergoes functional 

modifications, including limited proteolysis and glycosylation, 

the latter of which confers catalytic activity to CD39 [44]. CD73 

also exists as a soluble form that is generated by shedding of the 
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glycosylphosphatidylinositol (GPI) anchor and has similar 

activity as the membrane-bound form [45]. Functional CD73 is 

composed of a non-covalently linked homodimer stabilized by 

hydrophobic interactions between adjoining C-terminal domains. 

The purinergic signaling system has crucial effects on tumor 

growth, survival, and promotion by influencing not only the 

tumor itself but also immune responses and the tumor 

microenvironment. 

 

Expression of CD39 and CD73 on tumor cells has been proposed 

as a prognostic marker. CD39 was found to be highly expressed 

in pancreatic cancer and is mainly expressed by the vasculature 

and various stromal cells. A subsequent study performed in the 

setting of human rectal carcinoma demonstrated increased CD39 

expression in tumors and metastases compared with normal 

tissue, although it was proposed that expression of both CD39 

and CD73 leads to poor prognosis [46-48]. CD73 expression and 

its relation to clinicopathological characteristics have been 

studied in melanoma, acute lymphocytic leukemia, chronic 

lymphocytic leukemia, glioblastoma, breast cancer, head and 

neck cancer, ovarian cancer, endometrial cancer, colorectal 

cancer, prostate cancer, bladder cancer, gastric cancer, kidney 

cancer, and pancreatic cancer. These studies all revealed that 

high levels of CD73 expression in the TME were associated with 

worse clinical outcome [49-52]. 

 

The Tumor Interface can Influence DC 

Function  
 

In solid tumors, adenosine triphosphate (ATP) is abundantly 

released into the extracellular environment (its concentration can 

reach a few hundred micromoles per liter, a concentration more 

than a thousand times higher than in healthy tissues) [53]. This is 

largely due to cell death in the tumor core and to metabolic or 

hypoxic stress and pro-inflammatory signals that trigger active 

release of ATP by connexins and pannexin channels expressed 

by immune and endothelial cells [54]. In the tumor 

microenvironment, extracellular ATP (eATP) acts as a danger 

signal involved in the infiltration of innate immune cells and in 

the activation of anti-tumor immune response via the activation 
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of the P2X and P2Y receptors [55]. In support for a crucial role 

of P2 purinergic receptors in the priming of anti-tumor immune 

response, ATP release in the TME is accounted to be one of the 

three hallmarks of the process of immunogenic cell death [56]. 

However, in the TME, eATP is usually degraded into 

immunosuppressive adenosine via the coordinated enzymatic 

activity of CD39 and CD73 [57]. As a consequence, in solid 

tumors, adenosine levels can reach micromolar concentrations. 

High levels of adenosine can inhibit anti-tumor immunity 

through the activation of P1 receptors on immune cells. 

Furthermore, while high concentrations of ATP have been 

related to enhanced anti-tumor immunity and immune cell-

mediated cytotoxicity of tumor cells, low ATP levels due to 

immoderate ectonucleotidase activity can support tumor growth. 

Both solid tumors and leukemias produce the ectoenzymes 

responsible for conversion of ATP into adenosine 

(immunosuppressive), resulting in suppression of effector T cells 

and DCs. 

 

The effects of eATP on mo-DCs have been demonstrated in a 

number of studies. ATP has been found to stimulate human DC 

maturation, as indicated by high expression of costimulatory 

molecules such as CD80 [58]. The expression of these 

costimulatory molecules and the secretion of IL-12 by ATP-

activated mo-DC was mediated by P2Y11R [59]. However, 

exposure of human mo-DCs to eATP gradients inhibited their 

migratory capacity in a dose-dependent manner, and this effect 

was also dependent on P2Y11R. Microarray analysis of ATP-

stimulated human DCs revealed induction of indoleamine 2.3-

dioxygenase (IDO), a potent immunosuppressive factor, 

suggesting a crucial role for ATP in promoting tolerogenicity 

[60]. CD73-derived adenosine also promotes abnormal 

differentiation of DCs. Obviously, up-regulation of the A2b 

receptor on DCs promotes a tolerogenic phenotype characterized 

by increased production of IL-10, transforming growth factor 

(TGF)-β, and vascular endothelial growth factor (VEGF), and 

increased expression of immunosuppressive factors such as IDO 

and arginase 2. Injection of adenosine or adenosine receptor 

antagonist-treated DCs into tumor-bearing mice were shown to 
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increase tumor growth, further confirming the impact of 

adenosine on tumor DCs (Figure 2) [61,62]. 

 

 
 
Figure 2: TME-derived factors can influence DC function. 

TME and tumor-derived metabolites alter the metabolism of DCs. TME (tumor 

microenvironment), VEGF (vascular endothelial growth factor), N-CCL2 

(nitrated C-C motif chemokine ligand 2), CXCL12 (C-X-C motif chemokine 

ligand 12), ATP (adenosine triphosphate), AMP (adenosine monophosphate), 

ADO (adenosine), IL-10 (interleukin-10), TGF- β (transforming growth factor-

β), VEGF (vascular endothelial growth factor), IDO (indoleamine 2.3-

dioxygenase), Arg-2 (arginase 2). 

 

Conclusions  
 

To our knowledge, this is the first review focusing on that tumor-

derived metabolites can be greatly associated with negative 

aspects of DC function in immune system, whereas previous 

reviews have mainly concentrated on influences on general and 

broad immune system. Although little research has concentrated 

on manipulating DC metabolism to induce activation and 

priming capacity, evidence is accumulating that addresses how 

metabolic perturbations are linked to the ability of DCs to 

facilitate immune responses. Taken together, these findings 

suggest that agents that restore DC metabolic health should be 

studied, developed, and tested in combination with immune 

checkpoint blockade. The composition of the culture medium, 
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particularly the presence of metabolites, is as important as other 

therapeutic products such as cytokines and maturation agents in 

the function of monocyte-derived DCs, and therefore must be 

taken into account when establishing standard operating 

procedures for the generation of DC for experimental use or 

vaccination. The potential to enhance immune responses to other 

modalities of immunotherapy makes clinically effective "second-

generation" DC vaccination strategies a priority for cancer 

immunologists. 
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