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Abstract

Tumors always evade immune surveillance 
and block T cell activation in a poorly immu-
nogenic and immunosuppressive environ-
ment. Cancer cells and immune cells exhibit 
metabolic reprogramming in the tumor micro-
environment (TME), which intimately links 
immune cell function and edits tumor immu-
nology. In addition to glucose metabolism, 
amino acid and lipid metabolism also provide 
the materials for biological processes crucial 
in cancer biology and pathology. Furthermore, 
lipid metabolism is synergistically or nega-
tively involved in the interactions between 
tumors and the microenvironment and con-
tributes to the regulation of immune cells. 
Antigen processing and presentation as the 
initiation of adaptive immune response play a 
critical role in antitumor immunity. Therefore, 
a relationship exists between antigen- 
presenting cells and lipid metabolism in 
TME.  This chapter introduces the updated 
understandings of lipid metabolism of tumor 
antigen-presenting cells and describes new 

directions in the manipulation of immune 
responses for cancer treatment.
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11.1  Introduction

Among the most important biological compo-
nents, lipids participate in many key biological 
functions, including maintaining steady-state 
levels of membrane biosynthesis, serving as 
energy storage sources, and playing pivotal roles 
as inflammatory mediators in immunity and can-
cer [1]. Cellular lipid metabolism importantly 
facilitates the functions of immune cells [2]. 
Increasing evidence suggests that tumor metabo-
lism, including lipid metabolism, inhibits the 
antitumor response. Over the past decade, studies 
have demonstrated the importance of the immune 
system in affecting the outcome of cancer. Tumor 
antigen processing and presentation play vital 
roles in the antitumor immune response, and sev-
eral studies reported that antigen-presenting 
cells, especially dendritic cells (DCs), are influ-
enced by lipid metabolism, resulting in tumor 
progression. In this chapter, we summarize the 
current reports and recent advances in lipid 
metabolism and tumor antigen presentation.
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11.2  Antigen Presentation

Antigen processing and presentation refer to the 
ability of an antigen-presenting cell (APC) to 
process and present antigenic peptides to antigen- 
specific T cells, which is a complex biological 
process with many molecular contributors and 
involves phagocytosis, antigen processing, pep-
tide loading, localization of major histocompati-
bility complex (MHC) molecules to the cell 
surface, and T cell binding. Antigen processing 
can be depicted in a simplistic manner as the deg-
radation of large antigens into smaller fragments, 

which are compatible with binding to antigen- 
presenting molecules [3]. In addition, the MHC/
peptide complex together with costimulatory 
molecules and secretion of pro-inflammatory 
cytokines induce an appropriate immune response 
via interactions with T cells [4]. Antigenic pep-
tides present antigens to T cells in two ways: on 
the one hand, they present endogenous antigens 
to CD8+ T cells through endogenous pathways of 
MHC Class I (MHC-I); on the other hand, they 
bind to MHC Class II (MHC-II) molecules 
through exogenous pathways and present them to 
CD4+ T cells (Fig. 11.1).
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Fig. 11.1 Classical antigen presentation. (1) Classical 
MHC class I (MHC-I) presentation: endogenous antigen 
is degraded into peptides by proteasomes in the cytosol, 
transporter-associated with antigen processing (TAP) 
translocates the peptides into the endoplasmic reticulum 
(ER) and combines the peptides with MHC-I, and then the 
MHC-I/peptide complex is transported to the antigen- 
presenting cell (APC) membrane through the Golgi com-
plex. (2) Classical MHC class II (MHC-II) presentation: 

exogenous antigens are internalized by professional APC, 
degraded into peptides in endosomes, and bound to 
MHC-II provided by ER.  Then, MHC class II/peptide 
complexes are delivered to the cell surface and interact 
with the T cell. In addition, MHC-II molecule expression 
is promoted by the MHC class II transactivator (CIITA), 
and invariant chain (li) is proteolyzed by cathepsin and 
replaced by peptide
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11.2.1  MHC Class I Presentation

MHC-I presentation refers to that in the cytosol, 
endogenous antigens are degraded into small 
molecular antigenic peptides by proteasomes, 
and the treated peptides are translocated by endo-
plasmic reticulum (ER), after modified by amino-
peptidases, peptides bind to newly synthesized 
MHC-I molecules to form an antigen–peptide–
MHC-I molecular complex, which is recognized 
by CD8+ T lymphocytes on the cell surface. 
Endogenous antigens, including tumor antigens, 
are processed in this manner. If self-peptides are 
produced by tumor cells, they trigger an antitu-
mor response. In contrast, if self-peptides are 
produced in normal host cells, it can lead to auto-
immunity or tolerance [5].

MHC-I molecules are expressed in most 
nucleated cell types. Peptides binding to MHC-I 
molecules are produced through a two-step pro-
teolytic mechanism: they are produced by cyto-
plasmic proteases, and then modified by 
aminopeptidase. These peptides are joined with 
MHC-I molecules in the ER. The degradation of 
most intracellular proteins and endogenous anti-
gens in cells is accomplished by proteasome. 
After cytoplasmic protein is dissolved, following 
cytosolic proteolysis, antigenic peptides are 
recruited into the ER and translocated into the 
endoplasmic reticulum lumen via the transporter 
associated with antigen processing (TAP), which 
is composed of TAP1 and TAP2 [6]. The proteins 
ERp57, tapasin and the calnexin–calreticulin sys-
tem certainly compose of peptide-loading com-
plex (PLC) with TAP.  Peptides loaded onto 
MHC-I molecules are only 8- to 11-amino acid 
residues long, while peptides can be much longer 
after the TAP translocation.. Finally, high-affinity 
peptide/MHC-I complexes are transported to the 
cell membrane via the Golgi body, triggering an 
antigen-specific CD8+ T cell response.

11.2.2  MHC Class II Presentation

Unlike the MHC-I molecules expressed in most 
nuclear cell types, MHC-II molecules are con-
stitutively expressed in a small number of 

immune cells, such as DCs, macrophages, and 
B lymphocytes. MHC-II molecules can also be 
expressed in restricted types of endothelial and 
epithelial–mesenchymal cells under inflamma-
tory conditions. Transcriptional control of the 
MHC-II locus depends on the activity of the 
MHC-II transactivator (CIITA) [7]. In addition, 
interferon γ (IFN-γ) is the main cytokine that 
drives the synthesis of CIITA and induces the 
expression of MHC-II. Other important immu-
nological molecular stimuli, such as Toll-like 
receptor (TLR) or transforming growth factor β 
(TGFβ) signaling, also contribute to this pro-
cess. APCs take up antigens through phagocy-
tosis, micro- or macropinocytosis, and 
endocytosis using Fc receptors, integrins, 
C-type lectin receptors, apoptotic cell recep-
tors, and scavenger receptors. After uptake, 
exogenous antigens are internalized into phago-
somes or endosomes [8, 9], and then, APCs 
process antigens into peptides that bind to 
MHC-II molecules to form the peptide/MHC-II 
complex. Invariant chain (li) protein, HLA-DM, 
HLA-DO, and other proteases are involved in 
this process. Peptide/MHC-II molecular com-
plexes are very stable and can continuously 
present antigens, increasing the chance of 
matching with CD4+ T lymphocytes. Finally, 
peptide/MHC-II complexes are transported to 
the plasma membrane and trigger T cell-medi-
ated immune responses [5].

11.2.3  Cross-Presentation

Antigen cross-presentation combines both 
MHC-I and MHC-II pathways, and this process 
has received considerable attention during the 
last 20 years. Antigenic peptides cross-present 
antigens in two ways: on the one hand, they bind 
endogenous antigens to CD8+ T cells through 
endogenous pathways of MHC-I; on the other 
hand, they bind to MHC-II molecules through 
exogenous pathways and present them to CD4+ T 
cells [10, 11]. DCs are the most efficient cross- 
presenting cell type; however, different subtypes 
of DC cells have different cross-presentation 
abilities [12]. Two major pathways of antigen 
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cross-presentation have been described: the cyto-
solic pathway and the vacuolar pathway [9]. 
Proteins that are endocytosed or phagocytosed 
enter the cytosol. In the cytosolic pathway, anti-
gens are transferred to the cytoplasm, processed 
in the proteasome, and then loaded onto the 
newly formed MHC class I molecules. This pro-
cess may involve the participation of the ER 
machinery. Similar to direct presentation, this 
approach relies on TAP. In contrast, the vacuolar 
pathway is TAP independent, and exogenous pro-
teins are degraded into peptides by lysosomal 
proteases within the phagolysosome or endo-
some in this pathway. These peptides are then 
loaded onto MHC-I molecules that recycle 
through the endocytic compartments by peptide 
exchange. The vacuolar pathway is less defined 
but is thought to occur in the endocytic compart-
ments because antigens are resistant to protea-
some inhibitors but sensitive to lysosomal 
proteolysis inhibitors. In addition, this pathway 
depends on cathepsin [13]. The use of each path-
way may depend on the type of antigen and the 
mechanism of its uptake. Both of these two anti-
gen presentation pathways are important in the 
process of cross-presentation, and existing evi-
dence suggests that cytoplasmic pathways also 
play an important role [5].

11.2.4  Nonclassical MHC 
Presentation

The recognition of lipids and glycolipids is 
restricted by a family of MHC-like molecules 
called CD1 that have evolved from MHC by 
acquiring a very hydrophobic groove capable of 
accommodating the acyl chains of a large number 
of lipids. Lipid antigen is captured by the four 
types of human CD1 antigen-presenting mole-
cules: CD1a, CD1b, CD1c, and CD1. At the cell 
surface, CD1a and CD1c readily capture exoge-
nous lipids, whereas CD1b and CD1d do this to a 
lesser degree [14]. Lipid antigen binding to CD1 
can stimulate natural killer T (NKT) cells. NKT 
cells are very important lymphocytes in both 
rodents and humans as these cells exhibit the 
unique property of recruiting natural killer (NK) 

cells, CD4 and CD8 T cells and B cells at the site 
of initial insult, coordinating the early events of 
DC maturation.

11.3  Antigen-Presenting Cells

APCs are cells that can intake and process anti-
gens and present their information to T cells. 
Common APCs include DCs, mononuclear/mac-
rophage cells, and B lymphocytes that express 
MHC-II molecules. These cells are also called 
professional APCs. Nonprofessional APCs 
include endothelial cells, fibroblasts, epithelial 
cells, mesothelial cells, and eosinophilic granulo-
cytes, which also express MHC-II molecules and 
costimulating molecules under the stimuli of 
inflammatory or cytokines. Nonprofessional 
APCs exhibit weaker phagocytosis, processing, 
and presentation of antigen information abilities 
compared with professional APCs. In addition, 
all nucleated cells that express MHC-I can pro-
cess endogenous antigens, including virus-related 
antigens and tumor antigens. These cells then 
present antigens to CD8+ T cells called target 
cells. Thus, most cells are capable of acting as 
APCs to CD8+ T cells, but only professional 
APCs can present antigens to CD4+ T cells. DCs 
exhibit the strongest antigen-presenting function 
among APCs at present. DCs stimulate the acti-
vation and proliferation of naive T cells, which 
play an important role in adaptive immune 
responses.

11.3.1  Dendritic Cells

Dendritic cells play a pivotal role in the media-
tion of innate immune responses and mainte-
nance of adaptive immune responses. DCs are 
divided into immature (imDCs) and mature 
(mDC). imDCs exhibit a high capability of 
phagocytosis but low expression of MHC mole-
cules. Moreover, imDCs lack costimulatory mol-
ecules (CD40, CD80, CD86) and cannot 
effectively activate T cells. In contrast, mDCs 
exhibit high expression of MHC molecules and 
costimulatory molecules and activate T cells. 
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However, these cells do not effectively phagocy-
tize antigens. DCs are particularly adept at initi-
ating T cell responses, inducing T cell 
polarization, and presenting exogenous and 
endogenous antigens on either MHC-I or 
MHC-II [15].

DC maturation is critical for T cell expansion 
and differentiation, allowing T cells to become 
activated by making contact at the immunologi-
cal synapse. DCs also activate naive and memory 
B cells through their ability to stimulate CD4+ T 
cells. DCs accumulate in blood and lymphoid tis-
sues; however, these cells are found throughout 
the body, i.e., skin Langerhans cells and intestinal 
DCs. DCs originate in bone marrow from macro-
phage and DC precursors (MDP), which give rise 
to monocytes and common DC precursors (CDP). 
CDP can differentiate into two major categories: 
classical DCs (cDCs) and plasmacytoid DC 
(pDCs). cDCs express CD11c and CD11b mark-
ers. Furthermore, cDCs are classified into two 
major subpopulations: cDC1 and cDC2 [16]. 
Some cDC1 cells that reside in lymphoid tissues 
express CD8α, whereas others not in lymphoid 
tissues express CD103 [17]. cDC1 focuses on 
binding the internalized antigen to MHC-I and 
presenting it to CD8+ T cells in a process known 
as cross-presentation. CD103+ DCs produce large 
amounts of IL-12 and play a crucial role in the 
antigen cross-presentation and the initial initia-
tion of CD8+ T cells. The migration of CD103+ 
DCs from tumor environment to draining lymph 
nodes is regulated by CCR7, and initially prime 
naive CD8+ T cells are started by DC in lymph 
nodes [18]. Among migratory DCs, CD103+ cells 
are considered to be the main subset of cross- 
presenting antigens from peripheral tissues, such 
as skin, lung, and intestine. cDC2 cells are the 
main subtype of APC. Unlike DC1 cells, cDC2 
express CD11b and reside in lymphoid tissues, 
and present endogenous internalized exogenous 
antigens to CD4+ T cells, which is the first step of 
acquired immunity. The other major subset of 
DCs is pDCs, which specialize in the production 
of large amounts of type I interferon (IFN) in 
response to pathogen recognition and participate 
in antiviral immune responses. However, these 

cells also secrete IL-12, IL-6, tumor necrosis 
factor-alpha (TNF-α), and other pro- inflammatory 
cytokines. As APCs, pDCs also present antigens 
to T cells but less efficiently than cDCs. DCs can 
also process lipid antigens and present them on 
the CD1d molecule to activate NKT cells [19].

11.3.2  Macrophages

Macrophages are versatile innate immunocytes 
that contribute to diverse processes, express doz-
ens of receptors, produce dozens of enzymes, and 
secrete hundreds of bioactive products. Thus, 
these cells play an important role in the body’s 
defense and immune response. Macrophages 
exhibit a strong ability to intake antigens and 
express a variety of surface molecules related to 
antigen uptake, including the Fc receptor, com-
plement receptor, mannose receptor, scavenger 
receptor, and TLR. Similar to DCs, macrophages 
also express costimulatory molecules and 
MHC-I/II molecules and process exogenous anti-
gens to activated T cells. In addition, T cells 
secrete IFNγ, which positively activates and pro-
motes macrophage function. Thus, macrophages 
also enhance self-function by presenting anti-
gens. Numerous macrophages are located in the 
liver and are known as Kupffer cells. These cells 
suppress T cell activation induced by DCs. TLR2 
and TLR4 ligation activates human Kupffer cells 
by inducing IL-10 synthesis. Moreover, both 
reactive oxygen species and TLR3 ligation 
increased the expression of MHC class II and 
promoted the APC function of these cells. 
Kupffer cells can switch their immunological 
roles via two scenarios. These cells can switch 
from inactivators to activators of NK cells and 
from tolerance-inducing APCs to immunogenic 
APCs [20]. Macrophage can be induced to the 
M1 and M2 phenotypes according to the sur-
rounding microenvironment. Conventional M1 
macrophages promote immune responses and 
mainly participate in cellular immunity, whereas 
M2 macrophages participate in humoral immu-
nity, which is closely related to immunosuppres-
sive ability.
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11.3.3  Other APCs

B lymphocytes play an essential role in humoral 
immunity. As a professional APC, B cells present 
specific antigens to promote immunity but induce 
tolerance when presenting nonspecific antigens. 
In the presence of DCs or activated macrophages, 
the role of B cells in presenting nonspecific anti-
gens is negligible. B cells that develop in the 
bone marrow express MHC class II molecules 
and this expression is maintained throughout B 
cell differentiation and maturation. The function 
of MHC-II in bone marrow-derived B cells dif-
fers from that of mature B cells given the reduced 
expression of CD40, CD80, and CD86 as well as 
minimal MHC class II-associated invariant chain 
peptide (CLIP) on their HLA-DR molecules, 
HLA-DO is lacking, which inhibits DM function 
and attenuates its peptide-loading activity [21]. 
Exogenous protein gains access to B cells through 
fluid-phase pinocytosis or B cell receptor (BCR)-
mediated endocytosis. BCR-mediated presenta-
tion of specific antigen is far more efficient than 
presentation in pinocytotic antigens and subse-
quent T cell activation.

Endothelial cells are recognized as nonprofes-
sional APCs and include vascular endothelial 
cells (VECs) and lymphatic endothelial cells 
(LECs). Liver sinusoidal endothelial cells 
(LSECs) are a typical type of VECs that express 
various scavenger receptors, C-type lectin recep-
tors, and lipoprotein receptor-related protein-1 
for strong endocytic ability. LSECs are not only 
able to present exogenous antigens on MHC-II 
but also on MHC-I through cross-presentation, 
including antigens from virus-infected hepato-
cytes and apoptotic tumor cells. Amazingly, 
LSECs cross-present soluble antigens even more 
efficiently than DCs [22]. Prostaglandin E2 
(PGE2) and IL-10 downregulate the expression of 
MHC class II, CD80 and CD86, compromising 
antigen-specific and costimulatory signals [20]. 
LECs also exhibit a strong endocytic ability and 
present exogenous antigen to T cells on both 
MHC-I/II molecules. Moreover, LECs are potent 
immunoregulators and inhibit DC-mediated anti-
gen presentation.

Tumor cells are regarded as target cells that 
express MHC class I molecules; process mutated 
autoantigens, i.e., tumor antigens; and present 
antigenic information to CD8+ T cells in the form 
of antigenic peptide/MHC-1 molecular complex. 
Researchers recently reported that some types of 
tumors express MHC-II molecules, and upregu-
lation of MHC-II expression prolongs the sur-
vival time of tumor patients [23].

11.4  Tumor Antigen Presentation

Tumor antigens originate from endogenous self- 
antigens, which are poorly immunogenic and 
subject to changes during tumor progression. In 
the early stage of cancer development, the 
immune system generates tumor antigen-specific 
CD8+ T cells; therefore, tumor cells must clearly 
use additional approaches to escape immune rec-
ognition. Several requirements must be met for 
antigen presentation to efficiently stimulate anti-
tumor T cell responses: (a) the appropriate type 
of DC effectively recognize and capture tumor 
antigens; (b) antigens were processed into anti-
genic peptides and expressed on the surface of 
DCs; and (c) fully enhance the expression of DC 
costimulation molecules to ensure the effective 
activation of T cells [24]. As a tumor grows, 
tumor cells attempt to become “invisible” to the 
immune system by modifying the MHC-I antigen 
loading and presentation pathway. Thus, when 
cancer progresses, MHC-I expression is down-
regulated or lost. In general, tumors exhibit broad 
dysregulation of antigen presentation, especially 
B cell malignancies. However, malignant cells 
can affect the antigen presentation function of 
DCs through various mechanisms, on the one 
hand, disabling the generation of tumor- 
associated antigen-specific T cells, and on the 
other hand, increasing the tolerance of immune 
cells to tumors [25].

Thus, tumor antigens derived from apoptotic 
cells are captured by immature DCs, and antigen 
presentation by these cells likely results in 
immune tolerance [26]. Immune escape of tumor 
cells is mainly to block the process of tumor anti-
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gen presentation. Antigen presentation has two 
important processes in antitumor immunity. First, 
APC activates naive T cells. Second, activated 
cytotoxic effector T cells recognize target anti-
gens that bind to MHC-I. Second, activated cyto-
toxic effector T cells recognize target antigens 
that bind to MHC-I [27]. The dominant paradigm 
of tumor immunology dictates that the efficient 
cytotoxic T lymphocytes (CTL) initiation 
requires the uptake of tumor antigens by DCs in 
the peripheral tumor area. These cells then 
migrate to draining lymph nodes and present the 
antigens to CD8+ T cells in the context of MHC-I 
[23, 28]. DCs have access to a large amount of 
tumor antigens via numerous mechanisms, such 
as phagocytosis/endocytosis of cell-associated or 
soluble antigens bound to heat shock proteins, 
gap junction transfer through the capture of exo-
somes, or “cross-dressing” [29, 30].

Moreover, tumor antigen is cross-presented by 
professional APCs, such as DCs, via the MHC-I 
pathway. Thus, understanding and exploiting 
cross-presentation is becoming a very important 
topic in cancer immunotherapy because it affects 
a variety of key issues, including the develop-
ment of more efficacious vaccines [31]. The 
selective pressure of CD8+ T cells on tumor cells 
themselves and immunoediting by malignant 
cells help to limit T cells’ attack of tumor cells 
[32, 33]. Tumors also inhibit the function of the 
proteasome, thereby reducing the quantity and 
quality of antigenic peptides for binding to 
MHC-I [34]. Disruption of MHC-I function in 
tumor cells is a common method by which tumors 
prevent T cell recognition, but we are not aware 
of dysregulation of MHC-I expression in DCs in 
the tumor microenvironment [27]. In 2003, 
Nowak et al. found that induction of apoptosis in 
tumor cells increased the cross-presentation of 
tumor antigens and the activation of specific 
CD8+ T cells, thereby inhibiting tumor growth 
[35]. Importantly, Sec22b-dependent antigen 
cross-presentation is important in the treatment 
of anti-programmed death 1(PD-1). Another 
study also illustrated that both cross- presented 
DC subsets, migratory CD103+ DCs, and resident 
CD8+ DCs are necessary for the effectiveness of 

anti-PD-1 therapy and radiotherapy for tumors 
[36]. In addition, tumor antigens are occasionally 
cross-expressed with MHC-II, which is con-
trolled by the APC-specific regulator of tran-
scription CIITA. In summary, cross- presentation 
seems to play a critical role both in inducing anti-
tumor CD8+ cytotoxicity and in regulating the 
outcome of anti-immune checkpoint therapies.

11.4.1  Tumor Antigen Presentation 
by Dendritic Cells

DCs are professional APCs that can endocytose 
cell debris or dead tumor cells and transport 
cancer- associated antigens to the draining lymph 
node [37]. These cells then present tumor anti-
gens to T lymphocytes and express high levels of 
costimulatory or coinhibitory molecules that 
determine immune activation or immunosuppres-
sion [38, 39]. Moreover, DCs consistently acti-
vate cancer- specific T helper cells and CTL and 
mediate the early stage of the antitumor response. 
In general, DCs remain in a dormant immature 
state and gradually mature after capturing, recog-
nizing, and internalizing specific tumor antigens 
in peripheral tissues. DCs express a series of 
pattern- recognition receptors, including TLRs, 
that allow them to recognize microbial products 
or inflammatory stimuli and respond quickly. 
After encountering tumor antigens, DCs are acti-
vated via a process that involves enhanced cap-
turing and processing of antigens for the stable 
presentation of antigen-derived peptides in the 
context of MHC-I/II and induction of the expres-
sion of genes encoding chemokine receptors, 
cytokines, and costimulatory molecules. 
Internalized antigen is processed, loaded onto 
MHC-I/II molecules, and then presented to CD8+ 
and CD4+ T cells, respectively [40]. Antigen pre-
sentation in MHC class I molecules is important 
for the induction of CD8+ cytotoxic effector lym-
phocytes, which are essential for clearing tumor 
cells. Collectively, these changes enable DCs to 
promote local inflammation and traffic to T cell 
zones of secondary lymphoid organs, where they 
prime T cell responses [41]. Different subsets of 
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DCs are equipped to induce different types of T 
cell responses. In addition, the location and abil-
ity to capture tumor antigens also regulate DCs 
processing of antigens and subsequent T cell 
responses. Cross-presentation of antigens is a 
unique feature of DCs that is very important for 
antitumor immunity. DCs produce biologically 
active IL-12 p70, inducing remarkable anticancer 
immunity by potentiating the activity of NK 
cells.

The role of pDCs in cancer is thought to be 
tolerogenic, and high tumor infiltration by pDC is 
associated with poor prognosis [42]. During the 
presentation of tumor cell antigens, pDCs, which 
are unable to internalize cell membrane frag-
ments by phagocytosis, can efficiently acquire 
membrane patches and associated molecules 
from cancer cells of different histotypes. The 
transfer of membrane patches to pDCs occurs in 
a very short time and requires cell-to-cell contact. 
Membrane transfer also included intact human 
leukocyte antigen (HLA) complexes such that 
tumor-specific CD8+ T cells efficiently recog-
nized the antigens acquire by pDCs [43]. Defects 
in DC function have been well documented in 
tumor-bearing patients or mice with advanced 
disease. These defects manifest in the expansion 
of immature DCs, which are unable to properly 
present antigen, and the generation of cells with 
immune-suppressive activity, including regula-
tory DCs and myeloid-derived suppressor cells 
(MDSCs) [44].

In general, mature DCs are considered 
immune-stimulatory, whereas immature DCs are 
considered suppressive and tolerogenic. 
Moreover, increased imDCs, decreased mDC, 
and DCs with impaired functions are observed in 
the cancer microenvironment [45]. Tumor cells 
can secrete IL-10 and IL-6 to impair DC matura-
tion by downregulating both MHC-II and lymph 
node-homing receptor CCR7 expression and 
activating signal transducers and activators of 
transcription 3 (STAT3). Immature and paralyzed 
tumor-infiltrating DCs (TIDCs) suppress both 
innate and adaptive immune responses through a 
variety of mechanisms [46]. TIDCs showed 
reduced expression of costimulatory molecules 

and reduced antigen cross-presentation ability 
[47] and increased expression of related mole-
cules and receptors regulating immunosuppres-
sion [48]. TIDCs are characterized by high 
expression of IL-10 and low IL-12 secretion and 
induce FoxP3+ Treg differentiation from naive 
CD4+ T cells [23]. In melanoma, TIDC frequency 
tends to be increased in the peritumoral area, and 
these cells exhibit a more mature phenotype. In 
contrast, more immature TIDCs are found within 
the tumors [49]. DCs’ functional plasticity is 
complicated in the tumor microenvironment 
(TME), which makes it difficult to generalize its 
role in TME.  TIDCs as a group exhibited poor 
response to TLR stimulation in terms of antigen 
presentation capability. Data showed that the 
TIDCs coexpress PD-1 and programmed death 1 
ligand (PD-L1). Murine DCs expressed low lev-
els of PD-1  in the early stage of tumor growth; 
however, as the disease progresses, almost all 
TIDCs eventually have high levels of PD-1, 
which is induced by the transcription factor 
STAT3. In vitro, blocking PD-1 signaling in 
TIDCs enhances the production of immune- 
stimulatory cytokines, increases the activation of 
NF-κB in DCs, improves the expression of 
costimulatory molecules, and improves the abil-
ity of these DCs to activate T cells [48, 50]. 
TIDCs can also inhibit tumor immunity by 
upregulating the expression of T cell Ig and 
mucin domain 3 (TIM-3).TIM-3 is an inhibitory 
marker of Th1-type T cells. Various factors pres-
ent in both murine and human tumors induce 
upregulation of TIM-3  in DCs. The immune- 
activating potential of TIDCs is a balance 
between multiple inhibitory and activating mole-
cules. Besides PD-L1, DCs also have other 
mechanisms to block T cell activation. Liu et al. 
[51] reported that PGE2 and TGF-β which murine 
lung tumor cells released transformed immune- 
activating DCs into immune-suppressive DCs. 
Tumor-derived PGE2 induces indoleamine 
2,3-dioxygenase (IDO), which is expressed in 
TIDCs and plays an important role in mediating 
the suppression of adaptive immune responses 
[52]. TIDCs also suppress adaptive immune 
responses indirectly by induction of Treg [53]. 

H. Qin and Y. Chen



177

TIDCs interact with other immune cells, includ-
ing NK cells and B cells. The impact of factors on 
tumor antigen presentation by DCs is summa-
rized in Fig. 11.2.

11.4.2  Tumor Antigen Presentation 
by Macrophages

Numerous types of immune cells are found in 
advanced tumors, and macrophages are the most 
abundant. Macrophages are extremely versatile 
and adopt different activation states or pheno-
types in response to signals under different cir-
cumstances. Macrophages exhibit both anti- and 
pro-tumor functions by regulating tumor growth, 

angiogenesis, invasion, and metastasis [54]. 
Macrophages are innate immune cells in tissues 
and their main function is phagocytosis, func-
tioning as the host’s first line of defense against 
pathogens [55]. Macrophages can redirect anti-
gens away from cDCs, reduce the presence of 
danger signal molecules or damage-associated 
molecular patterns (DAMPs) by clearance of 
apoptotic cells and debris and suppress their own 
activation in response to apoptotic cell phagocy-
tosis [56].

As mentioned above, macrophages are classi-
fied into pro-inflammatory M1 and anti- 
inflammatory M2 cell types. M1 type cells are 
induced by IFNγ and lipopolysaccharide (LPS); 
express high levels of MHC molecules, espe-
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Fig. 11.2 Tumor antigen presentation by DCs. Tumor 
cells with MHC-I mutations, inhibition proteasome func-
tion, and downregulation of TAP lead to reduced expres-
sion of MHC-I/peptide. In addition, tumor cells secrete 
IL-6, IL-10, transforming growth factor β (TGFβ) and 
prostaglandin E2 (PGE2), thus inhibiting the production 
of IL-12 and decreasing expression of peptide/MHC-II, 
costimulatory molecules on DCs. In addition, pro-
grammed cell death protein 1 (PD-1), T cell Ig, and mucin 

domain 3 (TIM-3) are upregulated on the DC surface. 
Furthermore, activation of transcription factor activators 
of transcription 3 (STAT3) and attenuated NF-κB signal-
ing suppress DC maturation and promote DC dysfunction. 
Additional defects in MHC-II expression by downregula-
tion of CIITA are noted. Here, tumor-infiltrating DCs sup-
press CD8+ T cell activation, skewing CD4+ T cell 
differentiation toward the Th2 phenotype and increase 
Treg cells
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cially MHC-II; and play crucial roles in pathogen 
clearance and tumor antigen presentation. M2 
type cells are induced by IL-4 and IL-10 and 
express moderate levels of MHC molecules and 
IL-12, but these cells produce abundant anti- 
inflammatory cytokine to promote immunosup-
pression, tumor infiltration, and metastasis [57]. 
Unlike DCs, macrophages are generally tissue- 
resident cells, serving as the first cell to recognize 
and phagocytose antigens, including tumor cells 
in the host, and then present them to T cells.

Tumor-associated macrophages (TAM) are a 
unique group of macrophages, and most TAMs 
are M2 type. TAMs are important regulators of 
tumorigenesis that are either tissue-resident cells 
or derived from peripheral reservoirs, such as the 
bone marrow and spleen [58]. Depletion of 
TAMs markedly decreased tumor growth in 
mice, illuminating the importance of these cells 
for tumor progression [59]. TAMs lack costimu-
latory signals, such as CD80/CD86 coreceptors 
which are the second signals required for T cell 
activation. In the absence of a costimulatory sig-
nal, T cells can be expanded to unresponsive or 
anergic cells to induce immunotolerance [60]. 
Furthermore, TAMs and tumor cells secrete 
immunosuppressive cytokines, such as IL-10, 
TGFβ1, and PGE2, resulting in downregulation 
of MHC class II molecules in macrophages not 
only in the TME but also in the distant spleen 
and peritoneum, where TAMs exhibit dysfunc-
tional antigen presentation [61].

Recent studies identified a set of macrophages 
with a unique distribution in secondary lymphoid 
organs called CD169+ macrophages. These mac-
rophages were identified as lymph node-resident 
APCs that dominate the early activation of CD8+ 
T cells. The CD169 molecule is highly expressed 
by macrophages found in the subcapsular sinus 
and the medulla of lymph nodes and marginal 
zone in the spleen [62]. CD169+ macrophages in 
regional lymph nodes promote CD8+ T cell- 
mediated antitumor immunity and are associated 
with a better prognosis for colorectal and endo-
metrial carcinoma patients. The density of 
CD169+ macrophages exhibits a positive correla-
tion with the number of CD8+ cytotoxic T cells 

infiltrating tumor tissues [63, 64]. These cells can 
activate invariant natural killer T (iNKT) cells 
and CD8+ T cells via two different mechanisms: 
directly present antigen to CD8+ T cells or indi-
rectly transfer antigens to DCs in the spleen [65]. 
Asano, K [66] reported that CD169+ macro-
phages phagocytose dead tumor cells transported 
via lymphatic flow and subsequently cross- 
present tumor antigens to CD8+ T cells. Moreover, 
CD169+ macrophages capture exosomes and 
mediate the immune response to exosomal anti-
gen [67]. Via this function, CD169+ macrophages 
control the dissemination of tumor-derived extra-
cellular vesicles and reduce their pro-tumorigenic 
potential [68]. Therefore, targeting tumor-related 
macrophages for cancer treatment may represent 
an attractive approach to prevent tumor 
progression.

11.4.3  Tumor Antigen Presentation 
by Other APCs

Most tumor cells are able to present self-antigens 
to CD8+ T cells through the MHC-I pathway. In 
fact, tumor cells lose or downregulate their MHC 
class I molecules and other costimulatory signals 
to prevent antigen presentation [69]. Studies have 
demonstrated that high levels of MHC-I activate 
adaptive responses, the complete lack of MHC-I 
leads to cytotoxic NK cell-mediated tumor clear-
ance, and low MHC-I leads to tumor progression 
[70–72]. In addition, tumor cells lack costimula-
tory signals to present antigens; express high lev-
els of inhibitory ligands, such as PD-L1; and 
clear tumor-specific T lymphocytes. Interestingly, 
some types of tumors express MHC-II, and 
MHC-II expression is associated with tumor 
regression, increased cytotoxic T cells, and 
increased overall patient survival [73, 74].

B lymphocytes are considered professional 
APCs and express a specialized B cell receptor 
(BCR). B lymphocytes also express MHC-I and 
II as well as costimulatory molecules that allow 
them to sense and process antigens from a variety 
of sources. In cancer, the presence of B cells or 
tumor-specific antibodies is associated with 
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tumor progression. In primary tumors, like lung 
cancer, breast cancer, and colorectal cancer, the 
accumulation of tumor- specific antibodies is 
related to poor prognosis and late-stage disease 
[75–77]. Although B cells have a dual role in 
tumor immunity through their cellular and 
humoral responses, there is a defect in the B cells 
that presents tumor antigens to CD4+ T cells. On 
one hand, this presentation leads to the inhibition 
of cytotoxic T lymphocyte activity. On the other 
hand, it leads to a tumor humoral immune 
response to B cells. For example, in diffuse large 
B cell lymphoma, the antigen presentation of B 
cells is dysregulated because MHC-II expression 
is reduced by downregulation of CIITA and 
mutations within the MHC-II locus itself. In 
addition, in Hodgkin’s B cell lymphoma, 
HLA-DM fails to remove CLIP from the MHC-II 
peptide and influence the expression of MHC-II/
peptide compounds [27].

Endothelial cells, including vascular endothe-
lial cells (VECs) and lymphatic endothelial cells 
(LECs), exhibit the ability for antigen presenta-
tion to regulate immunotolerance in cancer. 
Treatment with monoclonal antibodies against 
vascular endothelial growth factors (VEGF) and 
VEGF-receptors (VEGFR) restores tumor immu-
nity. Liver sinusoidal vascular endothelial cells 
(LSEC) process tumor antigens from apoptotic 
cells and cross-present them to CD8+ T cells, 
inducing tumor immunotolerance [78]. Moreover, 
VECs express immunosuppressive molecules 
and inhibitory ligands, such as B7-H3, and 
PD-L1/PD-L2, to inhibit antitumor immunity 
[79–81]. LECs are an important component of 
the structure of primary and secondary lymphoid 
tissues, where the maturation and activation of 
immune cells occurs, and these cells play a criti-
cal role in tumor escape and metastasis. LECs 
can cross-present tumor antigens to CD8+ T cells 
in draining lymph nodes and cause CTL inhibi-
tion and deletion. This process is dependent on 
the secretion of VEGF-C by tumor cells [82]. 
Other cells, such as neutrophils, mast cells, and 
eosinophils, also participate in antitumor immu-
nity, but the role of these cells in antigen presen-
tation remains controversial.

11.5  Lipid Metabolism 
in Tumor APCs

The role of lipid metabolism in the regulation of 
immune cells has aroused general concerns. 
Several lines of evidence have demonstrated the 
importance of tumor immune metabolic repro-
gramming. Lipids are critical in malignant tumors 
as they are necessary not only for providing the 
membrane constituents of proliferating cells but 
also for energetic, biophysical, and signaling 
pathways that drive tumorigenesis [83, 84]. Lipid 
depletion in CD8+ T cells dramatically inhibits 
cell proliferation and signal transduction, which 
partly explains the lower number of CD8+ T cells 
in cancer tissues compared with adjacent tissues 
[85]. Evidence suggests that alterations in tumor 
lipid metabolism, including metabolite abun-
dance and accumulation of lipid metabolic prod-
ucts, lead to local immunosuppression in the 
TME [86]. Unlike normal cells, cancer cells take 
up fatty acid (FA) from the microenvironment 
and exhibit a high de novo lipid synthesis rate, 
suggesting FA accumulation in tumor cells. 
Many studies have focused on the effects of lipid 
reprogramming on the tumor immune response, 
but a few have reported the effects on antigen 
presentation function.

11.5.1  Lipid Metabolism in DCs

Pathological impairment of DC function is con-
sidered a cause of decreased tumor immunity in 
cancer patients. To avoid the immune response, 
the maturation or differentiation of DCs is sup-
pressed in several tumors. For example, DCs 
from hepatocellular carcinoma (HCC) patients 
exhibit an impaired ability to trigger immune 
responses, thus promoting immunosuppression 
[46]. One study confirmed that both NF-κB and 
STAT3 signaling pathways were simultaneously 
repressed by cancer sera, suggesting that attenu-
ated NF-κB and STAT3 signaling could be a 
leading cause of DC dysfunction in cancer [87].

The adverse effect of dietary lipid intake on 
DC functions has been confirmed by many stud-
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ies. Lipid accumulation in DCs was observed in 
many tumors, such as lung cancer, renal cell car-
cinoma, colon carcinomas, and thymic lympho-
mas. Several studies showed that lipid 
accumulation in DCs in cancer patients might 
suppress DC function, which subsequently 
reduces antitumor immunity [88, 89] as well as 
the expression of costimulatory molecules and 
DC-related cytokines. Arai, R et al. showed that 
lung cancer patients had significantly fewer DCs 
than healthy individuals, especially the number 
of myeloid DCs (mDcs), and patients with 
higher-stage cancers had a significantly reduced 
number of mDCs. In addition, DCs from stage IV 
lung cancer patients exhibit increased lipid con-
tent and reduced T cell proliferation compared 
with early-stage patients, and further tests 
revealed higher levels of triglycerides (TAG) in 
mDCs but not in pDCs [90]. Gardner, Gardner 
J. K. et al. showed that mesothelioma tumors and 
their secreted factors promote DC lipid accumu-
lation, reduce DC numbers, in particular cross- 
presenting CD8α+CD4−DCs [91]. TAGs are the 
main lipid components that accumulate in DCs. 
Some studies reported no changes in the level of 
phospholipids and cholesteryl-esters, whereas 
others observed minimal increases in cholesterol 
in these DCs. Gao, F et al. reported that lipopro-
tein lipase (LPL), fatty acid-binding protein 
(FABP), and the level of triacylglycerol (TAG) in 
serum increased in mouse thymic lymphomas, 
contributing to lipid accumulation in DCs. LPL 
increases the uptake of lipids, and FABP plays 
roles in fatty acid uptake, transport, and metabo-
lism. The mechanisms of lipid accumulation are 
unclear. The expression of macrophage scaven-
ger receptor (Msr-1) is increased in DCs with 
high lipid accumulation, and this protein can 
increase lipid uptake, specifically TAG, which 
reduces the ability of DCs to process tumor anti-
gens and stimulate T cell proliferation [88, 92]. 
In breast cancer, Nadine M. Lerret [92] showed 
that a single dose of irradiation leads to the down-
regulation of Msr-1 on DCs within the tumor and 
reduces lipid uptake of tumor-resident DCs, 
potentially enabling the DCs to present tumor 
antigen more efficiently and contribute to tumor 
clearance. However, in lung cancer patients, 

increased expression of Msr-1 on the surface of 
peripheral blood DCs was not observed. Zapata- 
Gonzalez et al. reported that fatty acids regulate 
the activity of human-derived DCs mainly via 
peroxisome proliferator-activated receptor-γ 
(PPAR-γ) [93]. PPAR-γ primarily acts as a posi-
tive transcriptional regulator in human develop-
ing DCs by controlling genes involved in lipid 
metabolism, such as ABCG1, ANGPTL4, 
CPT1A, and CD36 [94]. PPARγ is highly upreg-
ulated during monocyte-derived DC differentia-
tion, and PPARγ-instructed DCs exhibit enhanced 
phagocytic activity and a modified cytokine- 
production profile. These cells exhibit increased 
NKT cell activating capacity. Lipid/fatty acid 
metabolism-related categories were overrepre-
sented among the genes upregulated by PPARγ 
ligand. Everts, B. et al. found that during glycoly-
sis, TLR can drive the generation of citrate, which 
increases the de novo synthesis of fatty acids in 
DC cells, and the expansion of ER and Golgi pro-
motes the activation of DC, impacting their 
antigen- presenting ability [95]. This model of 
glycolysis supports the de novo synthesis of fatty 
acids by generating nicotinamide adenine dinu-
cleotide 2′-phosphate reduced tetrasodium salt 
(NADPH) through the pentose phosphate path-
way (PPP) and by providing the carbons to sup-
plement intermediates of the tricarboxylic acid 
(TCA) cycle that are extracted from the mito-
chondrial TCA cycle in the form of citrate or iso-
citrate for the synthesis of fatty acids. Notably, 
the immunogenicity of DCs with high lipid con-
tent was diminished when fatty acid synthesis 
(FAS) in these cells was inhibited. These results 
support the notion that the de novo synthesis of 
fatty acid is an integral component of DC activa-
tion and is required for the acquisition of an 
immunogenic phenotype. In pathogen-infected 
disease, dyslipidemia inhibited TLR-induced 
production of pro-inflammatory cytokines, 
including IL-12, IL-6, and TNFα, as well as 
upregulation of costimulatory molecules by 
CD8α− DCs. In addition, oxidized low-density 
lipoprotein (oxLDL) was the key active compo-
nent responsible for this effect because it directly 
uncouples TLR-mediated signaling on CD8α− 
myeloid DCs and inhibits NF-κB nuclear translo-
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cation. Previous studies demonstrated that 
different types of fatty acids have different effects 
on TLR.  Saturated fatty acids activate TLRs, 
while n  −  3 polyunsaturated fatty acids inhibit 
TLR activation. TLRs provide critical signals to 
induce innate immune responses in DCs that are 
subsequently linked to adaptive immune 
responses.

Recently, lipid droplets (LDs) in tumor- 
associated dendritic cells (TADCs) have attracted 
considerable attention. In addition, the accumu-
lation of lipids in DCs manifests in the formation 
of large LDs. The presence and size of LDs are 
defined by the accumulation of fatty acid precur-
sors and their esterification into TAGs and cho-
lesterol esters, which are the major constituents 
of the hydrophobic core of LDs. In some can-
cers, TADCs express scavenging receptors, such 
as Msr-1, which facilitates lipid uptake and 
accumulation. These findings support the role of 
these cells in immunogenic immune responses 
and cross-presentation [88, 96]. Researchers 
report that tumor-derived factors trigger lipid 
peroxidation in TADCs, and this process is medi-
ated by X-box binding protein 1 (XBP1). XBP1 
activation subsequently induces the lipid biosyn-
thetic program, which results in the accumula-
tion of LDs and blunted antigen presentation, 
leading to tumor progression [97]. Furthermore, 
the oxidized lipids in TADCs also affect cross- 
presentation, demonstrating that the accumula-
tion of oxidized polyunsaturated FAs, cholesterol 
esters, and TAG impaired cross-presentation 
without altering the presentation of endogenous 
antigens. However, the accumulation of non- 
oxidized lipids does not affect cross-presenta-
tion, suggesting that oxidized lipids block 
cross- presentation by reducing the expression of 
peptide–MHC class I complexes on the cell sur-
face. In addition, the storage of lipids and the 
accumulation of modified lipids altered DC 
function [98].

The above information demonstrates that fac-
tors influencing lipid accumulation include 
advanced age, serum triglyceride levels, and can-
cer stage. The expression of scavenger receptor B 
is potentiated during lipid accumulation in mouse 
bone marrow and spleen-derived DCs. Given that 

Msr-1 expression is not altered in patients, the 
receptors mediating DC lipid accumulation may 
differ between mice and humans. The mecha-
nism of lipid deposition in DCs is related to the 
PPAR and NF pathways.

11.5.2  Lipid Metabolism 
in Macrophages

Macrophages undergo changes in their lipid pro-
file in the tumor setting. TAMs undergo changes 
in lipid metabolism, including enhanced FA bio-
synthesis, uptake, and storage. TAMs are the pre-
dominant M2 phenotype to inhibit CTL antitumor 
responses in solid cancers [99]. Increased expres-
sion of multiple genes involved in lipid metabo-
lism and lipid signaling is noted in distinct 
populations of macrophages. FAS enzymes are 
upregulated in M2-polarized macrophages, and 
the de novo synthesized fatty acids are at least 
partially used for feedback into fatty acid oxida-
tion (FAO) [100, 101]. In addition, enhanced FAS 
is required for the augmentation of phagocytosis 
in monocytes. M1 macrophage inducers LPS and 
IFN-γ suppress fatty acid intake and oxidation, 
while M2 macrophages are likely to increase 
FAO. These processes may be driven by the acti-
vation of signal sensors, such as transcriptional 
activator 6 and PPARγ coactivator-1 beta 
(PGC-1β), in response to IL-4 treatment. The 
uptake of lipids, especially TAG, is also critical 
for FAO and M2 activation [100]. Other studies 
showed that lipid loading of macrophages is 
associated with increased tumoricidal and inflam-
matory capacity. Increasing intracellular lipid 
levels is associated with an increased cytotoxic 
activity of murine peritoneal macrophages, par-
ticularly in those that were artificially enriched 
with polyunsaturated FAs in contrast with those 
enriched in cholesterol [102]. In contrast, one 
study showed that monoacylglycerol lipase 
(MGLL) deficiency and increased cofactor of 
adipose triglyceride lipase abhydrolase domain 
containing 5 (ABHD5) expression in TAMs con-
tribute to lipid accumulation and promote tumor 
progression in colorectal cancer [103]. Several 
studies indicated that TAMs exhibit alterations in 
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arachidonic acid metabolism. Arachidonic acid 
metabolism mediates the switch of macrophage 
phenotypes. For example, PGE2 released by 
tumor cells can transform TAM from M1 to M2, 
resulting in immune system evasion [104]. PGE2, 
a cyclo-oxygenase (COX)-derived eicosanoid, is 
increased by M1 stimulation, while IL-4 induces 
the upregulation of 15-lipoxygenase (15-LOX) in 
macrophages. IL-10, IL-4, and TGFβ induce ade-
nosine 5′-monophosphate-activated protein 
kinase (AMPK) activation and drive TAMs to an 
immunosuppressive M2 phenotype. In particular, 
increased COX2 expression and PGE2 produc-
tion were observed in macrophages infiltrating 
tumor-bearing lungs compared with the macro-
phages from naive lungs.

Saturated free fatty acids induce pro- 
inflammatory activation via TLR4, NF-κB, 
NLRP3, and JNK pathways in lipid metabolism. 
The mechanisms of lipid metabolism in TAMs 
are unclear, but the underlying mechanism 
involves peroxisome proliferator-activated recep-
tors (PPARs), live X receptors (LXRs), and sig-
nal transducer and activator of transcription 
(STAT) [105, 106]. PPARγ mediates M2 macro-
phage polarization to promote tumor progression 
and metastasis. Caspase-1 inactivates medium- 
chain acyl-CoA dehydrogenase (MCAD) by 
cleaving PPARγ and induces lipid accumulation 
in TAMs [107]. MGLL in TAMs functions as a 
tumor suppressor, and its deficiency is the major 
contributor to lipid accumulation in TAMs. 
Moreover, CB2 cannabinoid signaling is an 
oncogenic factor in tumor cells. Xiang, W. et al. 
[103] reported that MGLL deficiency via CB2/
TLR4 contributed to lipid accumulation, macro-
phage activation, CD8+ T cell inhibition, and 
tumor progression in inoculated and genetic can-
cer models. In contrast, TAMs highly express 
epidermal fatty acid-binding protein (E-FABP), 
which promotes the formation of lipid droplets 
and IFN-β production, thereby inhibiting tumor 
progression by enhancing the recruitment of 
tumoricidal effector cells, especially NK cells.

Recent studies on intracellular metabolism in 
macrophages provide new insights into the func-
tions of these critical controllers of innate and 
adaptive immunity [108, 109]. Complex changes 

in mitochondrial metabolism have been 
 characterized in mouse macrophages. M1 type 
macrophages exhibit decreased respiration and a 
broken Krebs cycle, leading to accumulation of 
succinate and citrate, which act as signals to alter 
immune function. In M2 type macrophages, the 
Krebs cycle and oxidative phosphorylation are 
intact, and FAO is utilized. In addition, activated 
macrophages transform mitochondria from ATP 
synthesis to reactive oxygen species (ROS) pro-
duction to promote a pro-inflammatory state. The 
lipid reprogramming of dendritic cells and mac-
rophages in the tumor microenvironment are pre-
sented in Fig. 11.3.

11.5.3  Lipid Metabolism 
in Other APCs

Obesity may damage B cell function. In human 
and mouse obesity models, B cell responses are 
impaired, and essential fatty acid status influ-
ences humoral immunity potentially through spe-
cialized pro-resolving lipid mediators. This 
mechanism effectively increased murine Ab lev-
els upon influenza infection [110]. The accumu-
lation of fat influences B lymphopoiesis in bone 
marrow and further studies showed that adipo-
cytes promote the accumulation of MDSC and 
subsequently inhibit B lymphopoiesis. Using 
cytokine array analysis, researchers found that 
IL-1 produced by MDSCs negatively regulates B 
lymphopoiesis [111]. Predictably, B cells also 
affect lipid metabolism. The absence of B cells 
causes a lack of IgA and impaired Gata4- 
dependent functions, which is a key player in 
intestinal gene regulation and function. This shift 
in intestinal function leads to lipid malabsorption 
and decreased deposition of body fat [112].

Endothelial cells (ECs) are an important part 
of new blood vessels in tumor progression. Many 
metabolic pathways, including FA metabolism, 
contribute to the altered behavior of tumor endo-
thelial cells. ECs use FAs for DNA synthesis and 
cellular replication, and ECs express the enzymes 
required for FA synthesis, including ATP citrate 
lyase (ACLY), acetyl-CoA carboxylase (ACC), 
and fatty acid synthase (FASN). Vascular endo-
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thelium expresses many FA transporter genes, 
including FAT/CD36 and FABP4, and influences 
EC proliferation, migration, and sprouting [113]. 
Carnitine palmitoyltransferase 1a (CPT1a) is a 
rate-controlling enzyme of FAO that imports 
fatty acids into the mitochondria, and CPT1a- 
controlled FAO stimulates EC proliferation as 
well as lymphatic ECs. Additionally, the tran-
scription factor PROX1 binds to the CPT1a pro-
moter and increases CPT1a gene expression, 
ultimately stimulating FAO [114].

11.6  Concluding Statements

Immune escape plays a fatal role in tumor pro-
gression and is one of the main reasons for dys-
functional tumor antigen presentation. In the 
TME, the disruption of MHC function as well as 
high expressions of inhibitory molecules, such as 
PD-1/PD-L1, IL-10, TGFβ, and PGE2 and down-
regulation of costimulatory molecules contribute 
to deficient antigen presentation function. Cancer 
and immune cell metabolism are instrumental in 
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Fig. 11.3 Lipid reprogramming of dendritic cells and 
macrophages in the tumor microenvironment. (1) Lipid 
accumulation, primarily in the form of triglycerides 
(TAGs) and lipid droplets (LD), in DC contributes to its 
dysfunction in cancer. The expression of macrophage 
scavenger receptor (Msr-1) in DCs increases lipid uptake, 
resulting in the expression of costimulatory molecules and 
reduced MHC class I/II expression. The mechanisms of 
lipid accumulation involve the PPAR-γ or NF-κB path-
ways. In general, the metabolic switch from anabolic 
metabolism to catabolic metabolisms is consistent with 
DC function modulation from immunogenicity to tolero-
genicity. Furthermore, fatty acid oxidation (FAO) renders 

DC tolerogenic, and increased generation of citrate by the 
tricarboxylic acid (TCA) cycle promotes fatty acid syn-
thesis (FAS) and the expansion of ER and Golgi networks 
required for DC activation. (2) Tumor-associated macro-
phages (TAM) with upregulated FAS enzymes and 
increased FAO result in immune system evasion. Both 
monoacylglycerol lipase (MGLL) deficiency and 
medium-chain acyl-CoA dehydrogenase (MCAD) inacti-
vation by caspase-1 through cleavage of PPARγ contrib-
ute to lipid accumulation in TAMs. In addition, PEG2 can 
transform TAMs from M1 to M2 and lead to the down-
regulation of MHC molecules
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tumor initiation, progression, and metastasis. 
Both MHC-I and cross-presentation processing 
pathways are involved in the antitumor immune 
response. Within the cancer microenvironment, 
there are complex mechanisms that suppress the 
actions of antitumor immune effectors, and lipid 
metabolism plays a crucial role in shaping 
immune cell differentiation and function. Here, 
we review that lipid metabolic disorders are 
related to immune suppression in APCs. APCs 
upregulate FAS and lipid uptake. These features 
result in lipid accumulation that impairs their 
function in the TME and ultimately promote 
tumor progression. As the most powerful APCs, 
DCs play an important role in tumor antigen pre-
sentation. DCs’ function is impaired in tumors 
via the accumulation of lipids, especially TAG, 
which contributes to an increased number of 
imDCs and impaired antigen-presenting function 
and T lymphocyte activation. Furthermore, the 
lipid loading of DCs caused by increased expres-
sion of Msr-1 and PPAR-γ may regulate lipid 
accumulation via mechanisms involving NF-κB 
and AMPK.  Similar to DCs, macrophage 
enhanced FA biosynthesis and lipid uptake and 
storage in the tumor microenvironment. 
Macrophages are more likely to switch to the M2 
phenotype, and these changes may also be medi-
ated by PPARs, LXRs, and STAT.

Above all, lipid metabolism disorders in APCs 
are associated with suppression of antigen pre-
sentation and reduced T cell activity in advancing 
tumors. The mechanisms of APC dysfunction 
remain unclear, and more studies are needed to 
explore these outstanding questions.

References

 1. Shimano H, Sato R. SREBP-regulated lipid metabo-
lism: convergent physiology—divergent pathophysi-
ology. Nat Rev Endocrinol. 2017;13(12):710–30. 
https://doi.org/10.1038/nrendo.2017.91.

 2. Loftus RM, Finlay DK.  Immunometabolism: cel-
lular metabolism turns immune regulator. J Biol 
Chem. 2016;291(1):1–10. https://doi.org/10.1074/
jbc.R115.693903.

 3. De Libero G.  Editorial overview: antigen process-
ing. Curr Opin Immunol. 2018;52:iv–v. https://doi.
org/10.1016/j.coi.2018.05.016.

 4. Lees JR. Targeting antigen presentation in autoim-
munity. Cell Immunol. 2019;339:4–9. https://doi.
org/10.1016/j.cellimm.2018.12.006.

 5. Kotsias F, Cebrian I, Alloatti A.  Antigen pro-
cessing and presentation. Int Rev Cell Mol 
Biol. 2019;348:69–121. https://doi.org/10.1016/
bs.ircmb.2019.07.005.

 6. Jensen PE.  Recent advances in antigen processing 
and presentation. Nat Immunol. 2007;8(10):1041–8. 
https://doi.org/10.1038/ni1516.

 7. van den Elsen PJ.  Expression regulation of major 
histocompatibility complex class I and class II 
encoding genes. Front Immunol. 2011;2:48. https://
doi.org/10.3389/fimmu.2011.00048.

 8. Burgdorf S, Kurts C.  Endocytosis mechanisms 
and the cell biology of antigen presentation. Curr 
Opin Immunol. 2008;20(1):89–95. https://doi.
org/10.1016/j.coi.2007.12.002.

 9. Joffre OP, Segura E, Savina A, Amigorena 
S.  Cross- presentation by dendritic cells. Nat 
Rev Immunol. 2012;12(8):557–69. https://doi.
org/10.1038/nri3254.

 10. Bevan MJ.  Cross-priming for a secondary cyto-
toxic response to minor H antigens with H-2 con-
genic cells which do not cross-react in the cytotoxic 
assay. J Exp Med. 1976;143(5):1283–8. https://doi.
org/10.1084/jem.143.5.1283.

 11. Bevan MJ. Minor H antigens introduced on H-2 dif-
ferent stimulating cells cross-react at the cytotoxic 
T cell level during in  vivo priming. J Immunol. 
1976;117(6):2233–8.

 12. Sanchez-Paulete AR, Teijeira A, Cueto FJ, Garasa 
S, Perez-Gracia JL, Sanchez-Arraez A, Sancho D, 
Melero I.  Antigen cross-presentation and T-cell 
cross-priming in cancer immunology and immuno-
therapy. Ann Oncol. 2017;28(suppl_12):xii44–55. 
https://doi.org/10.1093/annonc/mdx237.

 13. Sabado RL, Balan S, Bhardwaj N.  Dendritic cell- 
based immunotherapy. Cell Res. 2017;27(1):74–95. 
https://doi.org/10.1038/cr.2016.157.

 14. Moody DB, Cotton RN. Four pathways of CD1 anti-
gen presentation to T cells. Curr Opin Immunol. 
2017;46:127–33. https://doi.org/10.1016/j.
coi.2017.07.013.

 15. Mildner A, Jung S.  Development and func-
tion of dendritic cell subsets. Immunity. 
2014;40(5):642–56. https://doi.org/10.1016/j.
immuni.2014.04.016.

 16. Guilliams M, Ginhoux F, Jakubzick C, Naik SH, 
Onai N, Schraml BU, Segura E, Tussiwand R, 
Yona S.  Dendritic cells, monocytes and macro-
phages: a unified nomenclature based on ontogeny. 
Nat Rev Immunol. 2014;14(8):571–8. https://doi.
org/10.1038/nri3712.

 17. Patente TA, Pinho MP, Oliveira AA, Evangelista 
GCM, Bergami-Santos PC, Barbuto JAM.  Human 
dendritic cells: their heterogeneity and clinical appli-
cation potential in cancer immunotherapy. Front 
Immunol. 2018;9:3176. https://doi.org/10.3389/
fimmu.2018.03176.

H. Qin and Y. Chen

https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1074/jbc.R115.693903
https://doi.org/10.1074/jbc.R115.693903
https://doi.org/10.1016/j.coi.2018.05.016
https://doi.org/10.1016/j.coi.2018.05.016
https://doi.org/10.1016/j.cellimm.2018.12.006
https://doi.org/10.1016/j.cellimm.2018.12.006
https://doi.org/10.1016/bs.ircmb.2019.07.005
https://doi.org/10.1016/bs.ircmb.2019.07.005
https://doi.org/10.1038/ni1516
https://doi.org/10.3389/fimmu.2011.00048
https://doi.org/10.3389/fimmu.2011.00048
https://doi.org/10.1016/j.coi.2007.12.002
https://doi.org/10.1016/j.coi.2007.12.002
https://doi.org/10.1038/nri3254
https://doi.org/10.1038/nri3254
https://doi.org/10.1084/jem.143.5.1283
https://doi.org/10.1084/jem.143.5.1283
https://doi.org/10.1093/annonc/mdx237
https://doi.org/10.1038/cr.2016.157
https://doi.org/10.1016/j.coi.2017.07.013
https://doi.org/10.1016/j.coi.2017.07.013
https://doi.org/10.1016/j.immuni.2014.04.016
https://doi.org/10.1016/j.immuni.2014.04.016
https://doi.org/10.1038/nri3712
https://doi.org/10.1038/nri3712
https://doi.org/10.3389/fimmu.2018.03176
https://doi.org/10.3389/fimmu.2018.03176


185

 18. Roberts EW, Broz ML, Binnewies M, Headley 
MB, Nelson AE, Wolf DM, Kaisho T, Bogunovic 
D, Bhardwaj N, Krummel MF.  Critical role for 
CD103(+)/CD141(+) dendritic cells bearing 
CCR7 for tumor antigen trafficking and prim-
ing of T cell immunity in melanoma. Cancer Cell. 
2016;30(2):324–36. https://doi.org/10.1016/j.
ccell.2016.06.003.

 19. Houston SA, Cerovic V, Thomson C, Brewer J, 
Mowat AM, Milling S.  The lymph nodes drain-
ing the small intestine and colon are anatomi-
cally separate and immunologically distinct. 
Mucosal Immunol. 2016;9(2):468–78. https://doi.
org/10.1038/mi.2015.77.

 20. Crispe IN. Liver antigen-presenting cells. J Hepatol. 
2011;54(2):357–65. https://doi.org/10.1016/j.
jhep.2010.10.005.

 21. Chen X, Jensen PE.  The role of B lymphocytes 
as antigen-presenting cells. Arch Immunol Ther 
Exp. 2008;56(2):77–83. https://doi.org/10.1007/
s00005- 008- 0014- 5.

 22. Mehrfeld C, Zenner S, Kornek M, Lukacs-Kornek 
V.  The contribution of non-professional antigen- 
presenting cells to immunity and tolerance in the 
liver. Front Immunol. 2018;9:635. https://doi.
org/10.3389/fimmu.2018.00635.

 23. Cerezo-Wallis D, Soengas MS. Understanding tumor- 
antigen presentation in the new era of cancer immu-
notherapy. Curr Pharm Des. 2016;22(41):6234–50. 
https://doi.org/10.2174/1381612822666160826111
041.

 24. Schnurr M, Chen Q, Shin A, Chen W, Toy T, 
Jenderek C, Green S, Miloradovic L, Drane D, Davis 
ID, Villadangos J, Shortman K, Maraskovsky E, 
Cebon J. Tumor antigen processing and presentation 
depend critically on dendritic cell type and the mode 
of antigen delivery. Blood. 2005;105(6):2465–72. 
https://doi.org/10.1182/blood- 2004- 08- 3105.

 25. Veglia F, Gabrilovich DI. Dendritic cells in cancer: 
the role revisited. Curr Opin Immunol. 2017;45:43–
51. https://doi.org/10.1016/j.coi.2017.01.002.

 26. Kim R, Emi M, Tanabe K, Arihiro 
K.  Potential functional role of plasmacy-
toid dendritic cells in cancer immunity. 
Immunology. 2007;121(2):149–57. https://doi.
org/10.1111/j.1365- 2567.2007.02579.x.

 27. Bandola-Simon J, Roche PA.  Dysfunction of anti-
gen processing and presentation by dendritic cells in 
cancer. Mol Immunol. 2019;113:31–7. https://doi.
org/10.1016/j.molimm.2018.03.025.

 28. Alvarez D, Vollmann EH, von Andrian 
UH. Mechanisms and consequences of dendritic cell 
migration. Immunity. 2008;29(3):325–42. https://
doi.org/10.1016/j.immuni.2008.08.006.

 29. Wakim LM, Bevan MJ. Cross-dressed dendritic cells 
drive memory CD8+ T-cell activation after viral 
infection. Nature. 2011;471(7340):629–32. https://
doi.org/10.1038/nature09863.

 30. Dolan BP, Gibbs KD Jr, Ostrand-Rosenberg 
S. Dendritic cells cross-dressed with peptide MHC 
class I complexes prime CD8+ T cells. J Immunol. 

2006;177(9):6018–24. https://doi.org/10.4049/
jimmunol.177.9.6018.

 31. Bol KF, Schreibelt G, Gerritsen WR, de Vries IJ, 
Figdor CG.  Dendritic cell-based immunother-
apy: state of the art and beyond. Clin Cancer Res. 
2016;22(8):1897–906. https://doi.org/10.1158/1078-
  0432.ccr- 15- 1399.

 32. Garrido F, Romero I, Aptsiauri N, Garcia-Lora 
AM.  Generation of MHC class I diversity in pri-
mary tumors and selection of the malignant pheno-
type. Int J Cancer. 2016;138(2):271–80. https://doi.
org/10.1002/ijc.29375.

 33. Carretero R, Romero JM, Ruiz-Cabello F, Maleno 
I, Rodriguez F, Camacho FM, Real LM, Garrido F, 
Cabrera T.  Analysis of HLA class I expression in 
progressing and regressing metastatic melanoma 
lesions after immunotherapy. Immunogenetics. 
2008;60(8):439–47. https://doi.org/10.1007/
s00251- 008- 0303- 5.

 34. Seliger B, Maeurer MJ, Ferrone S.  Antigen- 
processing machinery breakdown and tumor growth. 
Immunol Today. 2000;21(9):455–64. https://doi.
org/10.1016/s0167- 5699(00)01692- 3.

 35. Nowak AK, Lake RA, Marzo AL, Scott B, 
Heath WR, Collins EJ, Frelinger JA, Robinson 
BW.  Induction of tumor cell apoptosis in  vivo 
increases tumor antigen cross-presentation, 
cross-priming rather than cross-tolerizing 
host tumor-specific CD8 T cells. J Immunol. 
2003;170(10):4905–13. https://doi.org/10.4049/
jimmunol.170.10.4905.

 36. Sanchez-Paulete AR, Cueto FJ, Martinez-Lopez M, 
Labiano S, Morales-Kastresana A, Rodriguez-Ruiz 
ME, Jure-Kunkel M, Azpilikueta A, Aznar MA, 
Quetglas JI, Sancho D, Melero I.  Cancer immu-
notherapy with immunomodulatory anti-CD137 
and anti-PD-1 monoclonal antibodies requires 
BATF3-dependent dendritic cells. Cancer Discov. 
2016;6(1):71–9. https://doi.org/10.1158/2159- 8290.
CD- 15- 0510.

 37. Gardner A, Ruffell B.  Dendritic cells and cancer 
immunity. Trends Immunol. 2016;37(12):855–65. 
https://doi.org/10.1016/j.it.2016.09.006.

 38. Reizis B. Plasmacytoid dendritic cells: development, 
regulation, and function. Immunity. 2019;50(1):37–
50. https://doi.org/10.1016/j.immuni.2018.12.027.

 39. Palucka K, Banchereau J.  Cancer immunotherapy 
via dendritic cells. Nat Rev Cancer. 2012;12(4):265–
77. https://doi.org/10.1038/nrc3258.

 40. Boks MA, Bruijns SCM, Ambrosini M, Kalay H, 
van Bloois L, Storm G, Gruijl T, van Kooyk Y.  In 
situ delivery of tumor antigen- and adjuvant-loaded 
liposomes boosts antigen-specific T-cell responses 
by human dermal dendritic cells. J Invest Dermatol. 
2015;135(11):2697–704. https://doi.org/10.1038/
jid.2015.226.

 41. Palucka AK, Coussens LM.  The basis of oncoim-
munology. Cell. 2016;164(6):1233–47. https://doi.
org/10.1016/j.cell.2016.01.049.

 42. Faget J, Bendriss-Vermare N, Gobert M, Durand I, 
Olive D, Biota C, Bachelot T, Treilleux I, Goddard- 

11 Lipid Metabolism and Tumor Antigen Presentation

https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1038/mi.2015.77
https://doi.org/10.1038/mi.2015.77
https://doi.org/10.1016/j.jhep.2010.10.005
https://doi.org/10.1016/j.jhep.2010.10.005
https://doi.org/10.1007/s00005-008-0014-5
https://doi.org/10.1007/s00005-008-0014-5
https://doi.org/10.3389/fimmu.2018.00635
https://doi.org/10.3389/fimmu.2018.00635
https://doi.org/10.2174/1381612822666160826111041
https://doi.org/10.2174/1381612822666160826111041
https://doi.org/10.1182/blood-2004-08-3105
https://doi.org/10.1016/j.coi.2017.01.002
https://doi.org/10.1111/j.1365-2567.2007.02579.x
https://doi.org/10.1111/j.1365-2567.2007.02579.x
https://doi.org/10.1016/j.molimm.2018.03.025
https://doi.org/10.1016/j.molimm.2018.03.025
https://doi.org/10.1016/j.immuni.2008.08.006
https://doi.org/10.1016/j.immuni.2008.08.006
https://doi.org/10.1038/nature09863
https://doi.org/10.1038/nature09863
https://doi.org/10.4049/jimmunol.177.9.6018
https://doi.org/10.4049/jimmunol.177.9.6018
https://doi.org/10.1158/1078-0432.ccr-15-1399
https://doi.org/10.1158/1078-0432.ccr-15-1399
https://doi.org/10.1002/ijc.29375
https://doi.org/10.1002/ijc.29375
https://doi.org/10.1007/s00251-008-0303-5
https://doi.org/10.1007/s00251-008-0303-5
https://doi.org/10.1016/s0167-5699(00)01692-3
https://doi.org/10.1016/s0167-5699(00)01692-3
https://doi.org/10.4049/jimmunol.170.10.4905
https://doi.org/10.4049/jimmunol.170.10.4905
https://doi.org/10.1158/2159-8290.CD-15-0510
https://doi.org/10.1158/2159-8290.CD-15-0510
https://doi.org/10.1016/j.it.2016.09.006
https://doi.org/10.1016/j.immuni.2018.12.027
https://doi.org/10.1038/nrc3258
https://doi.org/10.1038/jid.2015.226
https://doi.org/10.1038/jid.2015.226
https://doi.org/10.1016/j.cell.2016.01.049
https://doi.org/10.1016/j.cell.2016.01.049


186

Leon S, Lavergne E, Chabaud S, Blay JY, Caux 
C, Menetrier-Caux C.  ICOS-ligand expression on 
plasmacytoid dendritic cells supports breast can-
cer progression by promoting the accumulation of 
immunosuppressive CD4+ T cells. Cancer Res. 
2012;72(23):6130–41. https://doi.org/10.1158/0008-
  5472.CAN- 12- 2409.

 43. Bonaccorsi I, Morandi B, Antsiferova O, Costa 
G, Oliveri D, Conte R, Pezzino G, Vermiglio G, 
Anastasi GP, Navarra G, Munz C, Di Carlo E, 
Mingari MC, Ferlazzo G. Membrane transfer from 
tumor cells overcomes deficient phagocytic abil-
ity of plasmacytoid dendritic cells for the acquisi-
tion and presentation of tumor antigens. J Immunol. 
2014;192(2):824–32. https://doi.org/10.4049/
jimmunol.1301039.

 44. Gabrilovich DI, Ostrand-Rosenberg S, Bronte 
V.  Coordinated regulation of myeloid cells by 
tumours. Nat Rev Immunol. 2012;12(4):253–68. 
https://doi.org/10.1038/nri3175.

 45. Dudek AM, Martin S, Garg AD, Agostinis 
P.  Immature, semi-mature, and fully mature den-
dritic cells: toward a DC-cancer cells Interface 
that augments anticancer immunity. Front 
Immunol. 2013;4:438. https://doi.org/10.3389/
fimmu.2013.00438.

 46. Tran Janco JM, Lamichhane P, Karyampudi 
L, Knutson KL.  Tumor-infiltrating dendritic 
cells in cancer pathogenesis. J Immunol. 
2015;194(7):2985–91. https://doi.org/10.4049/
jimmunol.1403134.

 47. Harimoto H, Shimizu M, Nakagawa Y, Nakatsuka 
K, Wakabayashi A, Sakamoto C, Takahashi 
H.  Inactivation of tumor-specific CD8(+) CTLs 
by tumor-infiltrating tolerogenic dendritic cells. 
Immunol Cell Biol. 2013;91(9):545–55. https://doi.
org/10.1038/icb.2013.38.

 48. Krempski J, Karyampudi L, Behrens MD, Erskine 
CL, Hartmann L, Dong H, Goode EL, Kalli KR, 
Knutson KL.  Tumor-infiltrating programmed 
death receptor-1+ dendritic cells mediate immune 
suppression in ovarian cancer. J Immunol. 
2011;186(12):6905–13. https://doi.org/10.4049/
jimmunol.1100274.

 49. Klarquist JS, Janssen EM.  Melanoma-infiltrating 
dendritic cells: limitations and opportunities of 
mouse models. Onco Targets Ther. 2012;1(9):1584–
93. https://doi.org/10.4161/onci.22660.

 50. Karyampudi L, Lamichhane P, Scheid AD, Kalli 
KR, Shreeder B, Krempski JW, Behrens MD, 
Knutson KL.  Accumulation of memory precursor 
CD8 T cells in regressing tumors following combi-
nation therapy with vaccine and anti-PD-1 antibody. 
Cancer Res. 2014;74(11):2974–85. https://doi.
org/10.1158/0008- 5472.CAN- 13- 2564.

 51. Liu Q, Zhang C, Sun A, Zheng Y, Wang L, Cao 
X.  Tumor-educated CD11bhighIalow regulatory 
dendritic cells suppress T cell response through argi-
nase I.  J Immunol. 2009;182(10):6207–16. https://
doi.org/10.4049/jimmunol.0803926.

 52. Hargadon KM.  Tumor-altered dendritic cell func-
tion: implications for anti-tumor immunity. Front 
Immunol. 2013;4:192. https://doi.org/10.3389/
fimmu.2013.00192.

 53. Chen W, Liang X, Peterson AJ, Munn DH, Blazar 
BR.  The indoleamine 2,3-dioxygenase pathway is 
essential for human plasmacytoid dendritic cell- 
induced adaptive T regulatory cell generation. 
J Immunol. 2008;181(8):5396–404. https://doi.
org/10.4049/jimmunol.181.8.5396.

 54. Franklin RA, Liao W, Sarkar A, Kim MV, Bivona 
MR, Liu K, Pamer EG, Li MO.  The cellular and 
molecular origin of tumor-associated macrophages. 
Science. 2014;344(6186):921–5. https://doi.
org/10.1126/science.1252510.

 55. Noy R, Pollard JW.  Tumor-associated macro-
phages: from mechanisms to therapy. Immunity. 
2014;41(1):49–61. https://doi.org/10.1016/j.
immuni.2014.06.010.

 56. DeNardo DG, Ruffell B.  Macrophages as regula-
tors of tumour immunity and immunotherapy. Nat 
Rev Immunol. 2019;19(6):369–82. https://doi.
org/10.1038/s41577- 019- 0127- 6.

 57. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi 
A, Locati M.  The chemokine system in diverse 
forms of macrophage activation and polarization. 
Trends Immunol. 2004;25(12):677–86. https://doi.
org/10.1016/j.it.2004.09.015.

 58. Quail DF, Joyce JA.  Microenvironmental regula-
tion of tumor progression and metastasis. Nat Med. 
2013;19(11):1423–37. https://doi.org/10.1038/
nm.3394.

 59. Dehne N, Mora J, Namgaladze D, Weigert A, 
Brune B.  Cancer cell and macrophage cross- 
talk in the tumor microenvironment. Curr Opin 
Pharmacol. 2017;35:12–9. https://doi.org/10.1016/j.
coph.2017.04.007.

 60. Tang X, Mo C, Wang Y, Wei D, Xiao H. Anti-tumour 
strategies aiming to target tumour-associated macro-
phages. Immunology. 2013;138(2):93–104. https://
doi.org/10.1111/imm.12023.

 61. Lewis CE, Pollard JW. Distinct role of macrophages 
in different tumor microenvironments. Cancer Res. 
2006;66(2):605–12. https://doi.org/10.1158/0008-
  5472.CAN- 05- 4005.

 62. Chavez-Galan L, Olleros ML, Vesin D, Garcia 
I. Much more than M1 and M2 macrophages, there 
are also CD169(+) and TCR(+) macrophages. Front 
Immunol. 2015;6:263. https://doi.org/10.3389/
fimmu.2015.00263.

 63. Ohnishi K, Komohara Y, Saito Y, Miyamoto Y, 
Watanabe M, Baba H, Takeya M.  CD169-positive 
macrophages in regional lymph nodes are associated 
with a favorable prognosis in patients with colorec-
tal carcinoma. Cancer Sci. 2013;104(9):1237–44. 
https://doi.org/10.1111/cas.12212.

 64. Ohnishi K, Yamaguchi M, Erdenebaatar C, Saito 
F, Tashiro H, Katabuchi H, Takeya M, Komohara 
Y. Prognostic significance of CD169-positive lymph 
node sinus macrophages in patients with endome-

H. Qin and Y. Chen

https://doi.org/10.1158/0008-5472.CAN-12-2409
https://doi.org/10.1158/0008-5472.CAN-12-2409
https://doi.org/10.4049/jimmunol.1301039
https://doi.org/10.4049/jimmunol.1301039
https://doi.org/10.1038/nri3175
https://doi.org/10.3389/fimmu.2013.00438
https://doi.org/10.3389/fimmu.2013.00438
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.1038/icb.2013.38
https://doi.org/10.1038/icb.2013.38
https://doi.org/10.4049/jimmunol.1100274
https://doi.org/10.4049/jimmunol.1100274
https://doi.org/10.4161/onci.22660
https://doi.org/10.1158/0008-5472.CAN-13-2564
https://doi.org/10.1158/0008-5472.CAN-13-2564
https://doi.org/10.4049/jimmunol.0803926
https://doi.org/10.4049/jimmunol.0803926
https://doi.org/10.3389/fimmu.2013.00192
https://doi.org/10.3389/fimmu.2013.00192
https://doi.org/10.4049/jimmunol.181.8.5396
https://doi.org/10.4049/jimmunol.181.8.5396
https://doi.org/10.1126/science.1252510
https://doi.org/10.1126/science.1252510
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1038/nm.3394
https://doi.org/10.1038/nm.3394
https://doi.org/10.1016/j.coph.2017.04.007
https://doi.org/10.1016/j.coph.2017.04.007
https://doi.org/10.1111/imm.12023
https://doi.org/10.1111/imm.12023
https://doi.org/10.1158/0008-5472.CAN-05-4005
https://doi.org/10.1158/0008-5472.CAN-05-4005
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1111/cas.12212


187

trial carcinoma. Cancer Sci. 2016;107(6):846–52. 
https://doi.org/10.1111/cas.12929.

 65. Martinez-Pomares L, Gordon S.  CD169+ macro-
phages at the crossroads of antigen presentation. 
Trends Immunol. 2012;33(2):66–70. https://doi.
org/10.1016/j.it.2011.11.001.

 66. Asano K, Nabeyama A, Miyake Y, Qiu CH, Kurita 
A, Tomura M, Kanagawa O, Fujii S, Tanaka 
M.  CD169-positive macrophages dominate anti-
tumor immunity by crosspresenting dead cell- 
associated antigens. Immunity. 2011;34(1):85–95. 
https://doi.org/10.1016/j.immuni.2010.12.011.

 67. Saunderson SC, Dunn AC, Crocker PR, McLellan 
AD.  CD169 mediates the capture of exosomes in 
spleen and lymph node. Blood. 2014;123(2):208–
16. https://doi.org/10.1182/blood- 2013- 03- 489732.

 68. Pucci F, Garris C, Lai CP, Newton A, Pfirschke C, 
Engblom C, Alvarez D, Sprachman M, Evavold C, 
Magnuson A, von Andrian UH, Glatz K, Breakefield 
XO, Mempel TR, Weissleder R, Pittet MJ.  SCS 
macrophages suppress melanoma by restricting 
tumor-derived vesicle-B cell interactions. Science. 
2016;352(6282):242–6. https://doi.org/10.1126/sci-
ence.aaf1328.

 69. Hicklin DJ, Marincola FM, Ferrone S.  HLA class 
I antigen downregulation in human cancers: T-cell 
immunotherapy revives an old story. Mol Med 
Today. 1999;5(4):178–86. https://doi.org/10.1016/
s1357- 4310(99)01451- 3.

 70. Bijen CB, Bantema-Joppe EJ, de Jong RA, Leffers 
N, Mourits MJ, Eggink HF, van der Zee AG, Hollema 
H, de Bock GH, Nijman HW. The prognostic role of 
classical and nonclassical MHC class I expression in 
endometrial cancer. Int J Cancer. 2010;126(6):1417–
27. https://doi.org/10.1002/ijc.24852.

 71. Bubenik J.  MHC class I down regulation, tumour 
escape from immune surveillance and design of 
therapeutic strategies. Folia Biol. 2005;51(1):1–2.

 72. Madjd Z, Spendlove I, Pinder SE, Ellis IO, Durrant 
LG.  Total loss of MHC class I is an indepen-
dent indicator of good prognosis in breast can-
cer. Int J Cancer. 2005;117(2):248–55. https://doi.
org/10.1002/ijc.21163.

 73. Brady MS, Eckels DD, Ree SY, Schultheiss KE, 
Lee JS.  MHC class II-mediated antigen presenta-
tion by melanoma cells. J Immunother Emphasis 
Tumor Immunol. 1996;19(6):387–97. https://doi.
org/10.1097/00002371- 199611000- 00001.

 74. Bernsen MR, Hakansson L, Gustafsson B, Krysander 
L, Rettrup B, Ruiter D, Hakansson A. On the bio-
logical relevance of MHC class II and B7 expres-
sion by tumour cells in melanoma metastases. Br J 
Cancer. 2003;88(3):424–31. https://doi.org/10.1038/
sj.bjc.6600703.

 75. Schmidt M, Bohm D, von Torne C, Steiner E, 
Puhl A, Pilch H, Lehr HA, Hengstler JG, Kolbl H, 
Gehrmann M.  The humoral immune system has a 
key prognostic impact in node-negative breast can-
cer. Cancer Res. 2008;68(13):5405–13. https://doi.
org/10.1158/0008- 5472.CAN- 07- 5206.

 76. Tureci O, Mack U, Luxemburger U, Heinen H, 
Krummenauer F, Sester M, Sester U, Sybrecht GW, 
Sahin U. Humoral immune responses of lung cancer 
patients against tumor antigen NY-ESO-1. Cancer 
Lett. 2006;236(1):64–71. https://doi.org/10.1016/j.
canlet.2005.05.008.

 77. Lechpammer M, Lukac J, Lechpammer S, Kovacevic 
D, Loda M, Kusic Z.  Humoral immune response 
to p53 correlates with clinical course in colorec-
tal cancer patients during adjuvant chemotherapy. 
Int J Color Dis. 2004;19(2):114–20. https://doi.
org/10.1007/s00384- 003- 0553- 5.

 78. Berg M, Wingender G, Djandji D, Hegenbarth S, 
Momburg F, Hammerling G, Limmer A, Knolle 
P.  Cross-presentation of antigens from apoptotic 
tumor cells by liver sinusoidal endothelial cells 
leads to tumor-specific CD8+ T cell tolerance. 
Eur J Immunol. 2006;36(11):2960–70. https://doi.
org/10.1002/eji.200636033.

 79. Li X, Shao C, Shi Y, Han W. Lessons learned from 
the blockade of immune checkpoints in cancer 
immunotherapy. J Hematol Oncol. 2018;11(1):31. 
https://doi.org/10.1186/s13045- 018- 0578- 4.

 80. Rodig N, Ryan T, Allen JA, Pang H, Grabie N, 
Chernova T, Greenfield EA, Liang SC, Sharpe AH, 
Lichtman AH, Freeman GJ.  Endothelial expres-
sion of PD-L1 and PD-L2 down-regulates CD8+ 
T cell activation and cytolysis. Eur J Immunol. 
2003;33(11):3117–26. https://doi.org/10.1002/
eji.200324270.

 81. Eppihimer MJ, Gunn J, Freeman GJ, Greenfield EA, 
Chernova T, Erickson J, Leonard JP. Expression and 
regulation of the PD-L1 immunoinhibitory molecule 
on microvascular endothelial cells. Microcirculation. 
2002;9(2):133–45. https://doi.org/10.1038/sj/
mn/7800123.

 82. Lund AW, Duraes FV, Hirosue S, Raghavan VR, 
Nembrini C, Thomas SN, Issa A, Hugues S, 
Swartz MA.  VEGF-C promotes immune toler-
ance in B16 melanomas and cross-presentation 
of tumor antigen by lymph node lymphatics. Cell 
Rep. 2012;1(3):191–9. https://doi.org/10.1016/j.
celrep.2012.01.005.

 83. Nomura DK, Cravatt BF. Lipid metabolism in can-
cer. Biochim Biophys Acta. 2013;1831(10):1497–8. 
https://doi.org/10.1016/j.bbalip.2013.08.001.

 84. Nakagawa H, Hayata Y, Kawamura S, Yamada 
T, Fujiwara N, Koike K.  Lipid metabolic repro-
gramming in hepatocellular carcinoma. Cancers 
(Basel). 2018;10(11):447. https://doi.org/10.3390/
cancers10110447.

 85. Hu B, Lin JZ, Yang XB, Sang XT.  Aberrant lipid 
metabolism in hepatocellular carcinoma cells as 
well as immune microenvironment: a review. Cell 
Prolif. 2020;53(3):e12772. https://doi.org/10.1111/
cpr.12772.

 86. Hao Y, Li D, Xu Y, Ouyang J, Wang Y, Zhang Y, Li 
B, Xie L, Qin G. Investigation of lipid metabolism 
dysregulation and the effects on immune microen-
vironments in pan-cancer using multiple omics data. 

11 Lipid Metabolism and Tumor Antigen Presentation

https://doi.org/10.1111/cas.12929
https://doi.org/10.1016/j.it.2011.11.001
https://doi.org/10.1016/j.it.2011.11.001
https://doi.org/10.1016/j.immuni.2010.12.011
https://doi.org/10.1182/blood-2013-03-489732
https://doi.org/10.1126/science.aaf1328
https://doi.org/10.1126/science.aaf1328
https://doi.org/10.1016/s1357-4310(99)01451-3
https://doi.org/10.1016/s1357-4310(99)01451-3
https://doi.org/10.1002/ijc.24852
https://doi.org/10.1002/ijc.21163
https://doi.org/10.1002/ijc.21163
https://doi.org/10.1097/00002371-199611000-00001
https://doi.org/10.1097/00002371-199611000-00001
https://doi.org/10.1038/sj.bjc.6600703
https://doi.org/10.1038/sj.bjc.6600703
https://doi.org/10.1158/0008-5472.CAN-07-5206
https://doi.org/10.1158/0008-5472.CAN-07-5206
https://doi.org/10.1016/j.canlet.2005.05.008
https://doi.org/10.1016/j.canlet.2005.05.008
https://doi.org/10.1007/s00384-003-0553-5
https://doi.org/10.1007/s00384-003-0553-5
https://doi.org/10.1002/eji.200636033
https://doi.org/10.1002/eji.200636033
https://doi.org/10.1186/s13045-018-0578-4
https://doi.org/10.1002/eji.200324270
https://doi.org/10.1002/eji.200324270
https://doi.org/10.1038/sj/mn/7800123
https://doi.org/10.1038/sj/mn/7800123
https://doi.org/10.1016/j.celrep.2012.01.005
https://doi.org/10.1016/j.celrep.2012.01.005
https://doi.org/10.1016/j.bbalip.2013.08.001
https://doi.org/10.3390/cancers10110447
https://doi.org/10.3390/cancers10110447
https://doi.org/10.1111/cpr.12772
https://doi.org/10.1111/cpr.12772


188

BMC Bioinformatics. 2019;20(Suppl 7):195. https://
doi.org/10.1186/s12859- 019- 2734- 4.

 87. Li R, Fang F, Jiang M, Wang C, Ma J, Kang W, 
Zhang Q, Miao Y, Wang D, Guo Y, Zhang L, Guo Y, 
Zhao H, Yang TZ, Xiao W. STAT3 and NF-kappaB 
are simultaneously suppressed in dendritic cells in 
lung cancer. Sci Rep. 2017;7:45395. https://doi.
org/10.1038/srep45395.

 88. Herber DL, Cao W, Nefedova Y, Novitskiy SV, 
Nagaraj S, Tyurin VA, Corzo A, Cho HI, Celis E, 
Lennox B, Knight SC, Padhya T, McCaffrey TV, 
McCaffrey JC, Antonia S, Fishman M, Ferris RL, 
Kagan VE, Gabrilovich DI.  Lipid accumulation 
and dendritic cell dysfunction in cancer. Nat Med. 
2010;16(8):880–6. https://doi.org/10.1038/nm.2172.

 89. Gao F, Liu C, Guo J, Sun W, Xian L, Bai D, Liu 
H, Cheng Y, Li B, Cui J, Zhang C, Cai J. Radiation- 
driven lipid accumulation and dendritic cell dysfunc-
tion in cancer. Sci Rep. 2015;5:9613. https://doi.
org/10.1038/srep09613.

 90. Arai R, Soda S, Okutomi T, Morita H, Ohmi F, 
Funakoshi T, Takemasa A, Ishii Y.  Lipid accumu-
lation in peripheral blood dendritic cells and anti-
cancer immunity in patients with lung cancer. J 
Immunol Res. 2018;2018:5708239. https://doi.
org/10.1155/2018/5708239.

 91. Gardner JK, Mamotte CD, Patel P, Yeoh TL, 
Jackaman C, Nelson DJ. Mesothelioma tumor cells 
modulate dendritic cell lipid content, phenotype and 
function. PLoS One. 2015;10(4):e0123563. https://
doi.org/10.1371/journal.pone.0123563.

 92. Lerret NM, Rogozinska M, Jaramillo A, Marzo 
AL.  Adoptive transfer of Mammaglobin-A epit-
ope specific CD8 T cells combined with a single 
low dose of total body irradiation eradicates breast 
tumors. PLoS One. 2012;7(7):e41240. https://doi.
org/10.1371/journal.pone.0041240.

 93. Zapata-Gonzalez F, Rueda F, Petriz J, Domingo 
P, Villarroya F, Diaz-Delfin J, de Madariaga MA, 
Domingo JC.  Human dendritic cell activities are 
modulated by the omega-3 fatty acid, docosahexae-
noic acid, mainly through PPAR(gamma):RXR het-
erodimers: comparison with other polyunsaturated 
fatty acids. J Leukoc Biol. 2008;84(4):1172–82. 
https://doi.org/10.1189/jlb.1007688.

 94. Szatmari I, Torocsik D, Agostini M, Nagy T, Gurnell 
M, Barta E, Chatterjee K, Nagy L.  PPARgamma 
regulates the function of human dendritic cells 
primarily by altering lipid metabolism. Blood. 
2007;110(9):3271–80. https://doi.org/10.1182/
blood- 2007- 06- 096222.

 95. Everts B, Amiel E, Huang SC, Smith AM, Chang 
CH, Lam WY, Redmann V, Freitas TC, Blagih J, van 
der Windt GJ, Artyomov MN, Jones RG, Pearce EL, 
Pearce EJ. TLR-driven early glycolytic reprogram-
ming via the kinases TBK1-IKKvarepsilon supports 
the anabolic demands of dendritic cell activation. 
Nat Immunol. 2014;15(4):323–32. https://doi.
org/10.1038/ni.2833.

 96. den Brok MH, Bull C, Wassink M, de Graaf AM, 
Wagenaars JA, Minderman M, Thakur M, Amigorena 
S, Rijke EO, Schrier CC, Adema GJ. Saponin-based 
adjuvants induce cross-presentation in dendritic 
cells by intracellular lipid body formation. Nat 
Commun. 2016;7:13324. https://doi.org/10.1038/
ncomms13324.

 97. Hossain F, Al-Khami AA, Wyczechowska D, 
Hernandez C, Zheng L, Reiss K, Valle LD, Trillo- 
Tinoco J, Maj T, Zou W, Rodriguez PC, Ochoa 
AC.  Inhibition of fatty acid oxidation modulates 
immunosuppressive functions of myeloid-derived 
suppressor cells and enhances cancer therapies. 
Cancer Immunol Res. 2015;3(11):1236–47. https://
doi.org/10.1158/2326- 6066.CIR- 15- 0036.

 98. Ramakrishnan R, Tyurin VA, Veglia F, Condamine T, 
Amoscato A, Mohammadyani D, Johnson JJ, Zhang 
LM, Klein-Seetharaman J, Celis E, Kagan VE, 
Gabrilovich DI. Oxidized lipids block antigen cross- 
presentation by dendritic cells in cancer. J Immunol. 
2014;192(6):2920–31. https://doi.org/10.4049/
jimmunol.1302801.

 99. Yeung OW, Lo CM, Ling CC, Qi X, Geng W, Li 
CX, Ng KT, Forbes SJ, Guan XY, Poon RT, Fan ST, 
Man K.  Alternatively activated (M2) macrophages 
promote tumour growth and invasiveness in hepato-
cellular carcinoma. J Hepatol. 2015;62(3):607–16. 
https://doi.org/10.1016/j.jhep.2014.10.029.

 100. Huang SC, Everts B, Ivanova Y, O’Sullivan D, 
Nascimento M, Smith AM, Beatty W, Love-Gregory 
L, Lam WY, O’Neill CM, Yan C, Du H, Abumrad 
NA, Urban JF Jr, Artyomov MN, Pearce EL, Pearce 
EJ. Cell-intrinsic lysosomal lipolysis is essential for 
alternative activation of macrophages. Nat Immunol. 
2014;15(9):846–55. https://doi.org/10.1038/ni.2956.

 101. Huang SC, Smith AM, Everts B, Colonna M, Pearce 
EL, Schilling JD, Pearce EJ. Metabolic reprogram-
ming mediated by the mTORC2-IRF4 signaling 
Axis is essential for macrophage alternative acti-
vation. Immunity. 2016;45(4):817–30. https://doi.
org/10.1016/j.immuni.2016.09.016.

 102. Netea-Maier RT, Smit JWA, Netea MG. Metabolic 
changes in tumor cells and tumor-associated 
macrophages: a mutual relationship. Cancer 
Lett. 2018;413:102–9. https://doi.org/10.1016/j.
canlet.2017.10.037.

 103. Xiang W, Shi R, Kang X, Zhang X, Chen P, Zhang 
L, Hou A, Wang R, Zhao Y, Zhao K, Liu Y, Ma Y, 
Luo H, Shang S, Zhang J, He F, Yu S, Gan L, Shi C, 
Li Y, Yang W, Liang H, Miao H. Monoacylglycerol 
lipase regulates cannabinoid receptor 2-dependent 
macrophage activation and cancer progression. Nat 
Commun. 2018;9(1):2574. https://doi.org/10.1038/
s41467- 018- 04999- 8.

 104. Yu XH, Ren XH, Liang XH, Tang YL.  Roles of 
fatty acid metabolism in tumourigenesis: beyond 
providing nutrition (review). Mol Med Rep. 
2018;18(6):5307–16. https://doi.org/10.3892/
mmr.2018.9577.

H. Qin and Y. Chen

https://doi.org/10.1186/s12859-019-2734-4
https://doi.org/10.1186/s12859-019-2734-4
https://doi.org/10.1038/srep45395
https://doi.org/10.1038/srep45395
https://doi.org/10.1038/nm.2172
https://doi.org/10.1038/srep09613
https://doi.org/10.1038/srep09613
https://doi.org/10.1155/2018/5708239
https://doi.org/10.1155/2018/5708239
https://doi.org/10.1371/journal.pone.0123563
https://doi.org/10.1371/journal.pone.0123563
https://doi.org/10.1371/journal.pone.0041240
https://doi.org/10.1371/journal.pone.0041240
https://doi.org/10.1189/jlb.1007688
https://doi.org/10.1182/blood-2007-06-096222
https://doi.org/10.1182/blood-2007-06-096222
https://doi.org/10.1038/ni.2833
https://doi.org/10.1038/ni.2833
https://doi.org/10.1038/ncomms13324
https://doi.org/10.1038/ncomms13324
https://doi.org/10.1158/2326-6066.CIR-15-0036
https://doi.org/10.1158/2326-6066.CIR-15-0036
https://doi.org/10.4049/jimmunol.1302801
https://doi.org/10.4049/jimmunol.1302801
https://doi.org/10.1016/j.jhep.2014.10.029
https://doi.org/10.1038/ni.2956
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/j.canlet.2017.10.037
https://doi.org/10.1016/j.canlet.2017.10.037
https://doi.org/10.1038/s41467-018-04999-8
https://doi.org/10.1038/s41467-018-04999-8
https://doi.org/10.3892/mmr.2018.9577
https://doi.org/10.3892/mmr.2018.9577


189

 105. Traversari C, Sozzani S, Steffensen KR, Russo 
V.  LXR-dependent and -independent effects of 
oxysterols on immunity and tumor growth. Eur 
J Immunol. 2014;44(7):1896–903. https://doi.
org/10.1002/eji.201344292.

 106. Park H, Lee J, Park T, Lee S, Yi W. Enhancement 
of photo-current conversion efficiency in a CdS/
CdSe quantum-dot-sensitized solar cell incorporated 
with single-walled carbon nanotubes. J Nanosci 
Nanotechnol. 2015;15(2):1614–7. https://doi.
org/10.1166/jnn.2015.9319.

 107. Niu Z, Shi Q, Zhang W, Shu Y, Yang N, Chen B, 
Wang Q, Zhao X, Chen J, Cheng N, Feng X, Hua 
Z, Ji J, Shen P. Caspase-1 cleaves PPARgamma for 
potentiating the pro-tumor action of TAMs. Nat 
Commun. 2017;8(1):766. https://doi.org/10.1038/
s41467- 017- 00523- 6.

 108. Mills EL, Kelly B, Logan A, Costa ASH, Varma 
M, Bryant CE, Tourlomousis P, Dabritz JHM, 
Gottlieb E, Latorre I, Corr SC, McManus G, 
Ryan D, Jacobs HT, Szibor M, Xavier RJ, Braun 
T, Frezza C, Murphy MP, O’Neill LA.  Succinate 
dehydrogenase supports metabolic repurposing of 
mitochondria to drive inflammatory macrophages. 
Cell. 2016;167(2):457–470.e413. https://doi.
org/10.1016/j.cell.2016.08.064.

 109. Mills EL, O’Neill LA. Reprogramming mitochon-
drial metabolism in macrophages as an anti-inflam-
matory signal. Eur J Immunol. 2016;46(1):13–21. 
https://doi.org/10.1002/eji.201445427.

 110. Kosaraju R, Guesdon W, Crouch MJ, Teague HL, 
Sullivan EM, Karlsson EA, Schultz-Cherry S, 
Gowdy K, Bridges LC, Reese LR, Neufer PD, 
Armstrong M, Reisdorph N, Milner JJ, Beck M, 
Shaikh SR. B cell activity is impaired in human and 
mouse obesity and is responsive to an essential fatty 
acid upon murine influenza infection. J Immunol. 
2017;198(12):4738–52. https://doi.org/10.4049/
jimmunol.1601031.

 111. Kennedy DE, Witte PL, Knight KL. Bone marrow 
fat and the decline of B lymphopoiesis in rabbits. 
Dev Comp Immunol. 2016;58:30–9. https://doi.
org/10.1016/j.dci.2015.11.003.

 112. Shulzhenko N, Morgun A, Hsiao W, Battle M, 
Yao M, Gavrilova O, Orandle M, Mayer L, 
Macpherson AJ, McCoy KD, Fraser-Liggett C, 
Matzinger P.  Crosstalk between B lymphocytes, 
microbiota and the intestinal epithelium governs 
immunity versus metabolism in the gut. Nat Med. 
2011;17(12):1585–93. https://doi.org/10.1038/
nm.2505.

 113. Harjes U, Kalucka J, Carmeliet P.  Targeting fatty 
acid metabolism in cancer and endothelial cells. Crit 
Rev Oncol Hematol. 2016;97:15–21. https://doi.
org/10.1016/j.critrevonc.2015.10.011.

 114. Rohlenova K, Veys K, Miranda-Santos I, De Bock K, 
Carmeliet P.  Endothelial cell metabolism in health 
and disease. Trends Cell Biol. 2018;28(3):224–36. 
https://doi.org/10.1016/j.tcb.2017.10.010.

11 Lipid Metabolism and Tumor Antigen Presentation

https://doi.org/10.1002/eji.201344292
https://doi.org/10.1002/eji.201344292
https://doi.org/10.1166/jnn.2015.9319
https://doi.org/10.1166/jnn.2015.9319
https://doi.org/10.1038/s41467-017-00523-6
https://doi.org/10.1038/s41467-017-00523-6
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1016/j.cell.2016.08.064
https://doi.org/10.1002/eji.201445427
https://doi.org/10.4049/jimmunol.1601031
https://doi.org/10.4049/jimmunol.1601031
https://doi.org/10.1016/j.dci.2015.11.003
https://doi.org/10.1016/j.dci.2015.11.003
https://doi.org/10.1038/nm.2505
https://doi.org/10.1038/nm.2505
https://doi.org/10.1016/j.critrevonc.2015.10.011
https://doi.org/10.1016/j.critrevonc.2015.10.011
https://doi.org/10.1016/j.tcb.2017.10.010

	11: Lipid Metabolism and Tumor Antigen Presentation
	11.1	 Introduction
	11.2	 Antigen Presentation
	11.2.1	 MHC Class I Presentation
	11.2.2	 MHC Class II Presentation
	11.2.3	 Cross-Presentation
	11.2.4	 Nonclassical MHC Presentation

	11.3	 Antigen-Presenting Cells
	11.3.1	 Dendritic Cells
	11.3.2	 Macrophages
	11.3.3	 Other APCs

	11.4	 Tumor Antigen Presentation
	11.4.1	 Tumor Antigen Presentation by Dendritic Cells
	11.4.2	 Tumor Antigen Presentation by Macrophages
	11.4.3	 Tumor Antigen Presentation by Other APCs

	11.5	 Lipid Metabolism in Tumor APCs
	11.5.1	 Lipid Metabolism in DCs
	11.5.2	 Lipid Metabolism in Macrophages
	11.5.3	 Lipid Metabolism in Other APCs

	11.6	 Concluding Statements
	References


