
Advances in Experimental Medicine and Biology 1316

Lipid 
Metabolism 
in Tumor 
Immunity

Yongsheng Li   Editor



Advances in Experimental Medicine 
and Biology

Series Editors

Wim E. Crusio, Institut de Neurosciences Cognitives et Intégratives 
d’Aquitaine, CNRS and University of Bordeaux 5287, Pessac Cedex, 
France

Haidong Dong, Departments of Urology and Immunology, Mayo Clinic, 
Rochester, Minnesota, USA

Heinfried H. Radeke, Institute of Pharmacology & Toxicology, Clinic of the 
Goethe University Frankfurt Main, Frankfurt am Main, Germany

Nima Rezaei, Research Center for Immunodeficiencies, Childrens Medical 
Center, Tehran University of Medical Sciences, Tehran, Iran

Ortrud Steinlein, LMU University Hospital, Institute of Human Genetics 
Munich, Germany

Junjie Xiao, Cardiac Regeneration and Ageing Lab, Institute of 
Cardiovascular Sciences, School of Life Science, Shanghai University,
Shanghai, China

Volume 1316



Advances in Experimental Medicine and Biology provides a platform for 
scientific contributions in the main disciplines of the biomedicine and the life 
sciences. This book series publishes thematic volumes on contemporary 
research in the areas of microbiology, immunology, neurosciences, 
biochemistry, biomedical engineering, genetics, physiology, and cancer 
research. Covering emerging topics and techniques in basic and clinical 
science, it brings together clinicians and researchers from various fields.

Advances in Experimental Medicine and Biology has been publishing 
exceptional works in the field for over 40 years, and is indexed in SCOPUS, 
Medline (PubMed), Journal Citation Reports/Science Edition, Science 
Citation Index Expanded (SciSearch, Web of Science), EMBASE, BIOSIS, 
Reaxys, EMBiology, the Chemical Abstracts Service (CAS), and Pathway 
Studio.

2019 Impact Factor: 2.450                  5 Year Impact Factor: 2.324

More information about this series at http://www.springer.com/series/5584

http://www.springer.com/series/5584


Yongsheng Li
Editor

Lipid Metabolism  
in Tumor Immunity



This work is a co-publication with Hindustan Book Agency, New Delhi, licensed for 
sale in all countries in electronic form, in print form only outside of India. Sold and 
distributed in print within India by Hindustan Book Agency, P-19 Green Park 
Extension, New Delhi 110016, India. ISBN: 978-93-86279-76-7 © Hindustan Book 
Agency 2019. 

ISSN 0065-2598     ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-981-33-6784-5    ISBN 978-981-33-6785-2 (eBook)
https://doi.org/10.1007/978-981-33-6785-2

© Springer Nature Singapore Pte Ltd. 2021
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specific statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in 
this book are believed to be true and accurate at the date of publication. Neither the publisher nor 
the authors or the editors give a warranty, expressed or implied, with respect to the material 
contained herein or for any errors or omissions that may have been made. The publisher remains 
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 
189721, Singapore

Editor
Yongsheng Li
Department of Medical Oncology
Chongqing University Cancer Hospital
Chongqing  
China

https://doi.org/10.1007/978-981-33-6785-2


v

This work was supported by the Major International (Regional) Joint Research 
Program of National Natural Science Foundation of China (No. 81920108027), 
the National Natural Science Foundation of China (81671573), the 
Entrepreneurship & Innovation Program for Chongqing Overseas Returnees 
(No. cx2017016), Frontiers of Military Medicine of Xinqiao Hospital (No. 
2018YQYLY008), Chongqing Young Expert Studio Research Funding, and 
Chongqing University Innovation Research Group.

Acknowledgments



vii

Immunotherapy is the third revolution of cancer treatment. It has been widely 
applied in a variety of tumors and even in metastatic and advanced cancers by 
enhancing the immune system. Different from traditional chemotherapy or 
targeted therapy, patients who respond to immunotherapy have a great chance 
of high-quality long-term survival. On the whole, the side effects of immuno-
therapy are significantly lower than traditional chemotherapy and the multi- 
target drugs. Therefore, cancer immunotherapy was rated No. 1 of the top ten 
scientific and technological breakthroughs by Science in 2013, and was 
awarded the Nobel Prize in 2018. It is currently the most promising method 
for anti-tumor treatment. The current main approaches of tumor immuno-
therapy to enhance anti-tumor immunity are immune checkpoint blockade, 
chimeric antigen T cells (CAR-T), or DC vaccines. These advancements have 
achieved world-renowned effects, making tumor immunotherapy enter the 
2.0 era. However, immunosuppression, immune tolerance, and cytokine 
storm remain unsurpassed problems.

Like immunity, metabolism is also the basis of the body’s life activities. A 
large number of studies have shown that metabolic reprogramming is an 
important mechanism leading to tumor immune escape, and correcting the 
metabolic pattern of tumor cells and tumor-associated immune cells can sig-
nificantly play a role in anti-tumor therapy. Therefore, combined metabolic 
therapy is expected to bring about a revolution in tumor immunotherapy. 
However, we also need to consider the complexity and heterogeneity of the 
tumor microenvironment when we combine metabolic therapy. Clarifying the 
metabolic characteristics and interaction mechanism of the tumor and the 
immune system is an important basis for combined therapy, which is expected 
to provide new and effective strategies for tumor immunotherapy.

It is now clear that lipid metabolism reprogramming plays an important 
role in the proliferation and migration of tumor cells, and its lipid metabolites 
will also modify the tumor microenvironment and affect the recruitment and 
function of tumor-related immune cells. Moreover, the lipid metabolism pat-
tern of tumor-related immune cells also determines its functional phenotype, 
mediating tumor immunoediting, i.e., clearance, balance, and escape. 
Compared with glucose metabolites and amino acid metabolites, lipids are 
more complex, including eight types, which also determine that the extrac-
tion and analysis procedures are more complex and diverse. Therefore, creat-
ing a standard lipid metabolism detection method and revealing the molecular 
mechanism of lipid metabolism regulating tumor immunity has important 
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clinical and scientific value for understanding tumor immune escape and 
developing effective tumor immunotherapy strategies.

Under this clinical and academic background, as the head of the 
Immunometabolism Group of the Tumor Metabolism Committee of Chinese 
Anti-Cancer Association and the chairman of the Metabolic and Immunity 
Committee of Chongqing Immunological Society, I was invited by Springer 
Nature to write Lipid Metabolism in Tumor Immunity. With the collective 
efforts of the Immunometabolism Group of the Tumor Metabolism Committee 
of the Chinese Anti-Cancer Association and the Metabolism and Immunity 
Committee of the Chongqing Society of Immunology, the book will be 
divided into 12 chapters to elaborate on this topic in depth.

In detail, Prof. Xianlin Han, the proposer of “lipidomics”, and his col-
leagues from the University of Texas wrote Chap. 1, Lipid metabolism and 
lipidomics applications in cancer research; Prof. Yuping Wang from Lanzhou 
University wrote Chap. 2, Applications of lipidomics in tumor diagnosis and 
therapy; Prof. Lianjun Zhang and his colleague from Suzhou Institute of 
Systems Medicine wrote Chap. 3, Overview: Lipid metabolism in the tumor 
microenvironment; Prof. Rui Zhang and his colleagues from Naval Medical 
University wrote Chap. 4, Lipid metabolism in cancer cells; Prof. Meihua Sui 
and her colleague from Zhejiang University wrote Chap. 5, Lipid metabolism 
in tumor-associated nature killer cells; Prof. Hongming Miao and his col-
league from Army Medical University wrote Chap. 6, Lipid metabolism in 
tumor- associated macrophages; Prof. Yan Li and his colleagues from Nanjing 
University wrote Chap. 7, Lipid metabolism in tumor-associated myeloid 
derived suppressor cells; Prof. Jingyuan Wan and his colleague from 
Chongqing Medical University wrote Chap. 8, Lipid metabolism in tumor- 
associated fibroblasts; Prof. Fang Wan and her colleague from Inner Mongolia 
Agricultural University wrote Chap. 9, Lipid metabolism in tumor-associated 
B cells; Prof. Wei Yang and his colleagues from Southern Medical University 
wrote Chap. 10, Lipid metabolism in tumor-infiltrating T cells; Prof. Yaxi 
Chen and her colleague from Chongqing Medical University wrote Chap. 11, 
Lipid metabolism and tumor antigen presentation; and Prof. Qianjin Liao and 
his colleagues from Central South University wrote Chap. 12, Lipid metabo-
lism and immune checkpoints.

The whole book was compiled and finalized by Prof. Yongsheng Li from 
Chongqing University Cancer Hospital. The authors who participated in writ-
ing this book are all junior and senior scientists who are hard-working in the 
front-line research of lipid metabolism and tumor immunity. They have rich 
experience in lipid metabolism research and also pay attention to the develop-
ment of tumor immunity and immunotherapy research. Therefore, the content 
of this book reflects the latest progress in lipid metabolism and tumor immu-
nity. This book aims to analyze research examples and demonstrate the role 
of lipid metabolism in different areas of tumor immunity, so that readers can 
better apply this book to solve practical problems faced by life sciences.

This book can be used as a reference book for researchers, clinicians, 
graduate students studying in the field of life sciences, and undergraduates in 
lipid metabolism and tumor immunity research. It is also a reference book for 
staff engaged in data analysis in related fields and interested in finding  disease 
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biomarkers. The publication of this book is supposed to greatly promote the 
popularization and application of lipid metabolomics technology, and will 
also provide the necessary reference for relevant departments to rationally 
plan the development of lipid metabolomics.

 Yongsheng LiChongqing, China
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Lipid Metabolism and Lipidomics 
Applications in Cancer Research

Meixia Pan, Chao Qin, and Xianlin Han

Abstract

Lipids are the critical components of cellu-
lar and plasma membrane, which constitute 
an impermeable barrier of cellular compart-
ments, and play important roles on numer-
ous cellular processes including cell growth, 
proliferation, differentiation, and signaling. 
Alterations in lipid metabolism have been 
implicated in the development and progres-
sion of cancers. However, unlike other bio-
molecules, the diversity in the structures and 
characteristics of lipid species results in the 
limited understanding of their metabolic alter-
ations in cancers. Lipidomics is an emerging 
discipline that studies lipids in a large scale 
based on analytical chemistry principles 
and technological tools. Multidimensional 
mass spectrometry-based shotgun lipidomics 
(MDMS-SL) uses direct infusion to avoid 
difficulties from alterations in concentration, 
chromatographic anomalies, and ion-pairing 

alterations to improve resolution and achieve 
rapid and accurate qualitative and quantita-
tive analysis. In this chapter, lipids and lipid 
metabolism relevant to cancer research are 
introduced, followed by a brief description 
of MDMS-SL and other shotgun lipidomics 
techniques and some applications for cancer 
research.
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Lipidomics · Mass spectrometry

Abbreviations

Cer Ceramide
dPE Phosphatidylethanolamine
ESI Electrospray ionization
GPL Glycerophospholipids
IP3 Inositol triphosphate
LC Liquid chromatography
LysoPA Lysophosphatidic acid
LysoPC Choline lysoglycerophospholipid
LysoPE  Ethanolamine 

lysoglycerophospholipid
LysoPI Lyso-phosphatidylinositol
Lyso-pPE Lysoplasmenylethanolamine
LysoPS Lyso-phosphatidylserine
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MALDI  Matrix-assisted laser desorption/
ionization

MDMS-SL  Multidimensional mass 
spectrometry- based shotgun 
lipidomics

MS Mass spectrometry
NEFA Nonesterified fatty acid
PA Phosphatidic acid
PC Choline glycerophospholipid
PE  Ethanolamine 

glycerophospholipid
PG Phosphatidylglycerol
PI Phosphatidylinositol
PIP2 Phosphatidylinositol diphosphate
pPC Plasmenylcholine
pPE Plasmenylethanolamine
PS Serine glycerophospholipid
Q Quadrupole
QqQ Triple quadrupole
SLE Systemic lupus erythematosus
TAG Triacylglycerol
TOF Time of flight

1.1  Lipid Classes and Their 
Functions

Lipids are the crucial component of cellular mem-
brane, which constitutes an impermeable barrier 
of cellular compartments and provides appropri-
ate motifs for membrane protein function [1]. In 
addition to the role of energy storage, many lip-
ids play distinct and critical roles in a variety of 
cellular functions such as signal transduction, in 
which lipids serve as active second messengers 
and hormones [2]. Lipids involved in metabolism 
are highly complex in terms of type and concen-
tration and vary constantly under physiological, 
pathological, and environmental conditions [3].

According to the definition of the LIPID 
MAPS consortium, lipids are small hydropho-
bic or amphipathic molecules, which might 
originate in whole or in part by carbanion-based 
condensations of ketoacyl thioesters and/or by 
carbocation- based condensations of isoprene 
units [4]. The lipids have been classified into 

eight categories [4]. (1) Fatty acyls: The fatty 
acyl groups include various molecules synthe-
sized by chain elongation of acetyl coenzyme A 
(CoA) primers with malonyl-CoA groups. The 
fatty acyls may contain cyclic functional groups 
and/or be substituted by heteroatoms. Fatty acyls, 
characterized in repeating a series of methy-
lene groups, are the simplest lipids in structure. 
Therefore, fatty acyls are the basic components 
of other complex lipids [5]. (2) Glycerolipids: The 
glycerolipid groups include monoacylglycerol, 
diacylglycerol, triacylglycerol (TAG), and glyco-
lipids. Glycerolipids are characterized in contain-
ing a glycerol backbone with fatty acyl chains 
connected to the hydroxyl groups of glycerol. 
Glycerolipids can be hydrolyzed into glycerol, 
nonesterified fatty acid (NEFA), and/or alkyl vari-
ants. Glycerolipids contribute to energy storage, 
energy metabolism, and signal transduction [5]. 
(3) Glycerophospholipids: Glycerophospholipids 
(GPLs) are the lipids having at least one glycerol 
hydroxyl group esterified with one phosphate or 
phosphonate group, such as phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), phospha-
tidylinositol (PI), phosphatidylserine (PS), phos-
phatidylglycerol (PG), phosphatidic acid (PA), 
cardiolipin, bis(monoacylglycerol)phosphate and 
lysophospholipids, etc. GPLs are the critical and 
predominant components of cellular and plasma 
membranes. GPLs contribute to second messenger 
generation and are involved in cellular metabolism 
and signal transduction [5]. (4) Sphingolipids: 
Sphingolipid groups are characteristic in contain-
ing a long chain sphingoid as the core structure, 
such as ceramide (Cer), sphingomyelin, cerebro-
side, sulfatide, and gangliosides. Sphingolipids 
are involved in plasma membranes and cellular 
signaling [5]. (5) Sterol lipids: Sterol lipids are 
compounds with core characteristic in four fused 
rings. Sterol lipids are divided into subcategories 
of cholesterol and its derivatives, steroids, bile 
acids and the derivatives, etc. [4]. Cholesterol 
and its derivatives are critical component of cel-
lular membranes [6]. The steroids, which act as 
hormones and signaling molecules, are involved 
in various biological and metabolic processes [7]. 
(6) Prenol lipids: The prenol lipids are synthe-

M. Pan et al.
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sized from the five- carbon precursors isopentenyl 
diphosphate and dimethylallyl diphosphate mainly 
produced through the mevalonate pathway [8]. (7) 
Saccharolipids: The saccharolipids are a group of 
lipids containing a sugar backbone straightly con-
nected with fatty acids. Saccharolipids exist in the 
form of glycans or phosphorylated derivatives [5]. 
(8) Polyketides: The polyketides are a group of 
metabolites having the characteristics alike lipids. 
They are derived from plant and microbial [4].

The lipids act as cellular membrane com-
ponents, energy storage depots, and signaling 
molecules to exert their biological functions 
(Table 1.1) [5].

Briefly, the polar lipids are largely involved 
in construction of cellular and plasma mem-
branes, including the majority of glycerophos-
pholipids and sphingolipids. Some of their 
metabolism intermediates (e.g., lysolipids, 
diacylglycerol, Cer, and NEFA) contribute to 
membrane structures with very low abundance, 
which could be crucial in regulation of mem-
brane structure and cell functions. Any changes 
in membrane lipid compositions and lipid spe-
cies could alter membrane permeability, fluid-
ity, and stability, leading to alterations in cell 
functions. The effects of lipid composition 

alterations on cellular functions include the fol-
lowing: (1) alter the matrix that interacts with 
membrane proteins (e.g., ion channels), which 
in turn affects the protein configurations and 
functions; (2) affect the roles of microenviron-
ments in cell communication and cytosolic ion 
distribution—the anionic lipids play important 
roles on the stability of microenvironments; 
and (3) influence the processes of membrane 
fusion, vesicle transport, contact point forma-
tion, etc., particularly the changes in the lipids 
with different special shapes, such as plasmalo-
gen, cardiolipin, and lysolipids. For example, 
cholesterol constitutes the functional domain of 
lipid rafts on membrane.

Some glycerolipids are involved in energy 
metabolism and act as energy storage depots, 
such as NEFA, acylcarnitine, acyl CoA, diacyl-
glycerol, and TAG. The changes in these lipids 
suggest alterations in energy metabolism and 
energy homeostasis. Excessive energy deposited 
in the storage depots could result in increased 
diacylglycerol and TAG levels. Elevated acylcar-
nitine indicates either mitochondrial dysfunction 
or excess fatty acid oxidation. Elevated NEFA 
and acyl CoA species are usually associated with 
either increased lipid turnover including lipolysis 
or de novo biosynthesis. Therefore, accumulation 
of the lipids involved in energy metabolism could 
lead to lipotoxicity [9–12], which is related to 
obesity and insulin resistance [5]. The fatty acyl 
profiles in lipid species also provide a wealth of 
information about fatty acid metabolism from 
lipid uptake, biosynthesis to lipolysis, and lipid 
oxidation in mammalian systems. High levels of 
fatty acyls containing n −  3 and/or n −  6 fatty 
acid in lipid classes indicate either excess uptake 
of extracellular fatty acids or reduced utility of 
these fatty acids through oxidation. Accumulation 
of fatty acyls 16:0, 16:1, 18:0, and 18:1 strongly 
suggests increased de novo synthesis. Fatty acid 
de novo synthesis and their food sources are 
also related to the location and number of dou-
ble bond(s) in fatty acids. For instance, the 18:1 
(n −  9) fatty acyl isomer is the most abundant 
monoenoic fatty acyl in plant and animal tissues. 
The 18:1 (n − 7) fatty acyl isomer is a common 

Table 1.1 The major biological functions of lipid classes [5]

Cellular 
functions Lipid classes
Membrane 
structure 
construction

Glycerophospholipids (e.g., PC, PE, 
PI, PS, PG, PA, etc.), sphingolipids 
(e.g., sphingomyelin, cardiolipin, 
cerebroside, sulfatide, gangliosides, 
etc.), glycolipids, sterol lipids (e.g., 
cholesterol, etc.)

Energy 
storage and 
metabolism

Glycerolipids (e.g., NEFA, TAG, 
diacylglycerol, monoacylglycerol, 
acyl CoA, acylcarnitine, etc.)

Signal 
transduction

Glycerolipids (e.g. diacylglycerol, 
monoacylglycerol, acyl CoA, 
acylcarnitine, NEFA, oxidized fatty 
acid), sphingolipids (e.g., Cer, 
sphingosine, sphingosine-1- 
phosphate), psychosine, 
N-acylethanolamine, lysolipids, etc.

Other 
functions

Plasmalogen, acylcarnitine, 
cardiolipin, PS, etc.

1 Lipid Metabolism and Lipidomics Applications in Cancer Research
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monoenoic fatty acyl group in bacterial lipids and 
usually exists as minor component in most plants 
and animal tissue. The 18:1 (n − 12) fatty acyl 
isomer accounts for 50% or more of lipids in seed 
oils of the Umbelliferae family including carrot, 
parsley, and coriander [13].

Recently, some lipid species are found to 
act as second messengers involved in cellular 
signal transduction, such as sphingolipids and 
glycerophospholipids. These lipid species could 
straightly bind to and subsequently activate a tar-
get protein such as a receptor, kinase, and phos-
phatase, leading to a specific cellular functional 
regulation. Lipids contributing to the signaling 
regulation have been summarized by Han et  al. 
(Table 1.2) [5].

Additionally, some of lipid classes exert spe-
cific functions in various cellular processes. For 
instance, acylcarnitine is involved in fatty acyl 
transportation in and out of the mitochondria. 
Cardiolipin is involved in electron transport 
chain to generate ATP in mitochondria. LysoPC 
species contribute to inflammatory disorders 
[27–30]. Plasmalogen species, the component 
of biological membrane, play plenty of roles 
in cellular functions such as antioxidant. PS is 
precursor of mitochondrial PE in mammalian 
cells [5].

1.2  Lipid Metabolism and Cancer

Alterations in lipid metabolism affect numerous 
cellular processes including cell growth, prolif-
eration, differentiation, and motility [2]. The cross 
talk among lipids and cell functions usually occurs 
during metabolic processes including non-onco-
genic and oncogenic metabolic states [5]. There are 
at least three metabolic networks that are common 
and associated with lipids. (1) Sphingolipid meta-
bolic pathway and network: Ceramide is the center 
of this pathway, which could interpret the altera-
tions in sphingolipid classes and the subclasses 
containing different sphingoid backbones, e.g., 
dihydrosphingolipids. (2) Glycerophospholipid 
biosynthesis pathway and network: This network 
is different from species of animals/plants, yeast, 
and/or bacteria. The fatty acyl chain remodeling 
is observed in most newly synthesized glycero-
phospholipid species, which is associated with 
the activities of transacylase/acyltransferase and 
fatty acyl hydrolysis. Alterations in individual 
lipid species indicate hydrolysis and remodeling 
activities. The alterations in lipid classes suggest 
possible combination outcomes of hydrolysis 
activity, which can be supported by the changes 
of the corresponding lyso glycerophspholipid 
levels. (3) Glycerolipid metabolism pathway and 

Table 1.2 Summary of lipid species involved in cellular signaling

Lipid species Signaling pathways
Sphingolipids 1.  Cell stress response, programmed cell death [14, 15], and cell aging [16] (Cer)

2.  Activate phospholipase A2 to release arachidonic acid through formation of 
ionophore [17] (Ceramide-1-phospate)

3.  Vesicular trafficking, cell division, survival, and phagocytosis [18–20] 
(Ceramide-1-phospate)

4.  Endocytosis, cell cycle, and apoptosis through interaction with protein kinases 
[21] (Sphingosine)

5.  Cell survival and migration, inflammation [22] (Sphingosine-1-phsphate)
Glycerophospholipids 1.  Agonize inward rectifying potassium channels [23] (PIP2)

2.  Generate second messengers IP3 and diacylglycerol (PIP2)
3.  Release intracellular calcium ions (IP3)
4.  Active the members of protein kinase C family [24, 25]
5.  A protein kinase B to increase binding to extracellular proteins and ultimately 

enhance cell survival [26] (PIP3)
G-protein-coupled receptor 
activators

Activate G-protein-coupled receptors such as lysoglycerophospholipids (e.g., 
Lyso-PA), sphingosine-1-phsphate, platelet-activating factor, endocannabinoids, 
eicosanoids, fatty acid-hydroxy fatty acid, and retinol derivatives, etc.

Nuclear receptor and 
transcription factor activators

Bind to nuclear receptors and activate transcription factors, e.g., steroid hormones, 
retinoic acid, eicosanoids, NEFA, etc.

M. Pan et al.
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network: Monoacylglycerol, diacylglycerol, and 
TAG are included in this network, in which dia-
cylglycerol could be composed in various cellular 
compartments and therefore can be composed in 
TAG species. There is homeostasis among mono-
acylglycerol, diacylglycerol, and TAG synthesis. 
The activity of sphingomyelin synthase is closely 
linked to the above network. Acyl CoA is a critical 
metabolite that participates in the synthesis, deg-
radation, and remodeling of many lipids and thus 
changes the lipid profiles [5].

1.2.1  Lipid Metabolic Alterations 
in Cancer

The “metabolic switch” in cancer cells has been 
observed [31]. The carcinogenic phenotypes 

are produced by a series of mutation events that 
combine to alter a variety of signal transduction 
pathways, which converge to alter core cellular 
metabolism to meet the needs for rapid dividing 
cells such as rapid ATP generation to maintain 
high rate of metabolism, increased molecular bio-
synthesis, strengthened maintenance of proper 
cellular redox status, and dissemination of cancer 
cells to form distant metastases [5]. Since lipids 
are one of the main energy sources and basic com-
ponent of living cells, it is no doubt that develop-
ment of cancer (i.e., uncontrolled cell proliferation 
and growth) is closely associated with lipid metab-
olism. Cancer cells exhibit specific alterations in 
different aspects of lipid metabolism (Fig.  1.1) 
such as a high rate of de novo lipid synthesis, cho-
lesterol synthesis through mevalonate pathway, 
increased dependence on lipid oxidation, etc. [2].

Glucose uptake

Glucose

Acetyl-CoA

Citrate AMP kinase

ADP ATP

TCA
cycle

β-oxidation Acyl-CoA

Triacylglycerides

Lipolysis

Glycolysis

Mevalonate
pathway

Lipid uptake

PI3k/Akt Cholesterol

Triacylglycerides

de novo lipid
synthesis

Fig. 1.1 Regulation of lipid metabolism by oncogenic 
signaling transduction pathways. Briefly, glucose utiliza-
tion for ATP production decreases, although PI3K/Akt 
pathway activation promotes glucose uptake. High rate of 
de novo lipid synthesis exhibits. The fatty acids mobilized 
from lipid stores are degraded in the mitochondria through 

β-oxidation to provide energy. AMP kinase is activated to 
prevent lipid synthesis and stimulate β-oxidation. Sterol 
regulatory element-binding protein also contributes to the 
regulation of fatty acid and cholesterol biosynthesis 
pathways

1 Lipid Metabolism and Lipidomics Applications in Cancer Research
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1.2.1.1  Alterations in Lipid Synthesis
It was found that fatty acid synthase expression 
was enhanced in the earliest stages of cancer 
development in lung cancer, prostate cancer, and 
breast cancer [32–34] and was more obvious as 
cancer progresses [35–37], indicating that the 
cancer cells exhibit high rates of de novo lipid 
synthesis starting at a relatively early-stage tumor 
development [33, 38]. It has been observed that 
cancer cells endogenously synthesize 95% of 
fatty acids, despite having adequate extracellu-
lar fatty acids [39]. Cholesterol is one of the key 
components of biological membranes contribut-
ing to modulate the fluidity of the lipid bilayer 
and forms lipid rafts that coordinate the activa-
tion of some signal transduction pathway [40]. 
Accumulation of cholesterol has been observed 
in prostate cancer cells. The abnormal cholesterol 
metabolism could influence signal transduction 
events at the membrane by promoting tumor cell 
growth, inhibiting apoptotic signals, and poten-
tially stimulating other malignant cellular behav-
iors [41]. The enzyme activities of fatty acid 
and cholesterol biosynthesis in cancer cells are 
regulated by sterol regulatory element-binding 
proteins [42, 43] and phosphoinositide 3-kinase 
(PI3K)/Akt/PKB (protein kinase B) [44]. Mutant 
p53 increases the expression of genes involved in 
the cholesterol biosynthesis pathway [45].

1.2.1.2  Lipid Remodeling
The rapid growth and proliferation in cancer 
cells require a large amount of lipids for lipo-
genesis, biological membrane construction, and 
functioning maintenance. Cellular and plasma 
membrane are largely composed of cholesterol, 
glycerophospholipids, and sphingolipids [40, 
46]. Activation of de novo lipogenesis results in 
a  dramatic difference on membrane lipid com-
position from that of normal cells, i.e., a lipid 
remodeling in plasma membrane. For example, 
phospholipid composition toward more satu-
rated and monounsaturated acyl species modu-
lates membrane biophysics and functions [47]. 
One example of relationship between genetic 
changes in cancer and membrane lipid remod-
eling that drives tumor growth has recently 
been reported. The lysophosphatidylcholine 

acyltransferase, a key membrane lipid remod-
eling enzyme [48], could shape the lipid com-
position of plasma membrane in growth factor 
receptor-driven cancers by increasing saturated 
phosphatidylcholine content which is involved 
in oncogenic signal transduction [49]. The struc-
tures of hormones and growth factors, such as 
prostaglandins, leukotrienes, lysophosphatidic 
acid, or steroid hormones, are also composed of 
lipids [50]. Therefore, the levels of fatty acyls 
are associated with lipid hormone synthesis and 
affect tumor-promoting signaling processes [51].

1.2.1.3  Lipid Oxidation
It has been recognized that reprogramming of 
energy metabolism is one of the emerging hall-
marks in cancer progress [52]. Although increased 
glucose uptake is reprogrammed in most cancer 
cells, the glucose in cancer cells tends to be used 
for anabolic processes, such as ribose production, 
protein glycosylation, and serine synthesis, rather 
than oxidized for ATP production [31]. Fatty acid 
is an extreme substitute energy source. Fatty 
acid oxidation is highly relevant to ATP produc-
tion and NADPH homeostasis, which might be 
crucial for cancer cell growth and survival [31]. 
AMP kinase activity is essential for the cancer 
cells to respond to the stressful environments and 
activate a catabolic switch to increase ATP and 
NADPH reserves [31]. Increased dependence on 
lipid oxidation as main energy source in cancer 
cells has been observed. One such example is 
prostate cancer, which generally displays a low 
rate of glucose utilization [53], and overexpres-
sion of some β-oxidation enzymes [54], indicat-
ing that fatty acid oxidation might be a dominant 
bioenergetic pathway [38].

1.2.1.4  Signaling Lipids
Bioactive lipids, acting as second messengers 
and hormones, play important role in signaling 
regulation. For example, fatty acids, fatty acid 
and sterol derivatives, and eicosanoids modulate 
the gene expression through binding and activa-
tion of the nuclear hormone receptors, e.g., per-
oxisome proliferator-activated receptors. These 
transcription factors control genes that regulate 
lipid homeostasis that promotes the progression 
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of many diseases including cancer [55]. LysoGPL 
species are involved in cell proliferation, sur-
vival, and migration through the regulation of 
G-protein-coupled receptors [56]. Increased 
LysoPA level exhibits in malignant effusions, 
and its receptors are aberrantly expressed in sev-
eral human cancers [57]. The intimate and causal 
relationship between metabolic alterations and 
cancers makes the metabolic alterations to be a 
kind of potential target for cancer treatment. For 
example, the use of inhibitory drugs directed 
against LysoPA receptors could be effective in 
suppressing tumor metastasis [57]. Hydrolysis 
products of PI and its phosphorylated deriva-
tives such as PIP, PIP2, and PIP3 or themselves 
are second messengers and cellular regulators to 
activate the PI3K/AKT signaling pathway, which 
is significant in chemotherapy and radiotherapy 
for human cancer [58].

In addition to the alternations aforementioned, 
cancer cells exhibit another dimension of com-
plexity that contains a repertoire of recruited, 
ostensibly normal cells to create the “tumor 
microenvironment” of developing tumor [52]. 
Adipocytes are important producers of a variety 
of cytokines that contribute to inflammation and 
angiogenesis which are associated with cancer 
development [59]. Adipocytes have been recog-
nized recently as important components of tumor 
microenvironment [59], indicating that the lipid 
metabolism is involved in cancer development.

1.2.2  Lipid Metabolism and Tumor 
Immunity

Cancer is characteristic in uncontrolled cell 
growth and proliferation which required fatty 
acids for biosynthesis of membrane structure 
and signaling molecules [60]. The metabolic 
pathways or networks disrupted in various can-
cer cells might be different from their genetic 
and tissue background [61], tissue origin and 
functional phenotype [62, 63], and tumor micro-
environment [64]. Metabolite-mediated commu-
nication and metabolic changes between tumor 
cells and tumor-infiltrating immune cells have 
been observed [65]. Tumor-derived cytokines 

and the subsequent signal transduction induce 
the expression of lipid transport receptors, 
leading to increased lipid uptake. In the tumor 
microenvironment, the availability and use of 
fatty acids in T cells are affected by competition 
with tumor cells. The lipid accumulation in the 
tumor microenvironment increases the oxidative 
metabolism and activates the immunosuppressive 
mechanisms [66]. The lipid accumulation in den-
dritic cells could reduce their ability to process 
and present antigens thereby stimulating T cells. 
Reduction in lipid content due to the inhibition of 
fatty acid synthesis could restore the functions of 
dendritic cells [67], indicating that lipid accumu-
lation in tumor microenvironment can affect the 
functions of immune cells.

Accumulation of cholesterol, sphingomyelin, 
and saturated phosphatidylcholine species has 
been found in immunoisolated T-cell receptor 
activation domains, suggesting that the lipid com-
position in immune cell membrane is involved 
in its function and signaling [68]. It has been 
reported that various fatty acids drive the differ-
entiation and proliferation of T cells in the gut. 
The medium- and long-chain fatty acids support 
the differentiation of pro-inflammatory Th1 and 
Th17 cells, whereas the short-chain fatty acid, 
propionate, promotes the development of Treg 
cells [69]. Moreover, a high rate of cholesterol 
esterification in the tumor could impair T-cell 
responses. Elevated cholesterol content in plasma 
membranes of CD8+ T cells might increase their 
proliferation and improve their effector function 
[70]. The studies indicate that lipid metabolism 
in tumor and immune cells in the tumor micro-
environment plays a crucial role on immunosup-
pression regulation [65].

Macrophages might be affected by abnormal 
lipid metabolism in cancer. Macrophages are 
important components of innate immunity that 
assist the host defense against infections but also 
maintain the tissue homeostasis [71]. One of the 
important characteristics of macrophages is their 
plasticity and ability to adopt various activation 
states in response to their microenvironment and 
fit their functional requirements. They are crucial 
partners for tumor cell migration, invasion, and 
metastasis [71]. Macrophages are elite produc-
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ers of eicosanoids, which are hydrolyzed from 
phospholipid membranes by cytosolic phospho-
lipase A2 and other related lipid mediators dur-
ing inflammation [72]. The metabolic phenotype 
among macrophages is different in the energy 
metabolism. Fatty acid synthesis predominates 
in M1 macrophages (normal macrophage), 
which is characterized by aerobic glycolysis, 
fatty acid synthesis, and a truncated tricarboxylic 
acid cycle, leading to accumulation of succinate 
and citrate, contributing in a specific manner of 
their pro-inflammatory phenotype [71]. M2 mac-
rophages are a phenotype of tumor-associated 
microphages. They are dependent on fatty acid 
oxidation to fuel their bioenergetic demands. The 
metabolic signature of M2 macrophages is char-
acterized by fatty acid oxidation and an oxidative 
tricarboxylic acid cycle, functioning as anti- 
inflammatory component and mediator to tissue 
homeostasis [71, 73]. Thus, studies on macro-
phages lipidomes might reveal their metabolic 
reprogramming, which in turn sheds light on 
the therapeutic approaches to the diseases with 
a high macrophage involvement, such as cancer.

1.3  Introduction to Lipidomics 
in Cancer Research

1.3.1  Introduction to Lipidomics

There are hundreds of thousands of individual 
lipid molecular species in cells. Regarding the 
lipid distribution in normal mammalian cell, 
phospholipids (a phosphodiester linked to the 
sn − 3 position of glycerides) are one of the pre-
dominant lipids in mammalian cells accounting 
for about 60  mol% of total lipids. Glycolipids 
and sphingolipids account for about 10 mol% of 
total lipids. The distribution of nonpolar lipids, 
such as TAG and cholesterol, are different from 
cell types and compartments, ranging from 0.1 
to 40 mol%. Metabolites, such as NEFAs, lyso-
lipids, diacylglycerol, ceramides, acylcarnitines, 
and acyl CoA, are usually less than 5 mol% of 

total lipids, but they can be accumulated and con-
tribute to deleterious pathophysiologic sequelae 
during different pathologic conditions [74]. Each 
lipid aforementioned interacts in different com-
partments and within each bilayer compartment. 
Many lateral separational domains regulate spe-
cific interactions and cell functions (e.g., caveo-
lae [75]). Moreover, the neighbor interactions 
(annular lipids) significantly regulate membrane 
dynamics, which in turn affects transmembrane 
protein kinetics and functions, leading to cellu-
lar physiologic function regulation and adapta-
tion [74]. Accordingly, the lipid profiling of cells 
might be different under different pathologic 
conditions, closely related to cellular functions. 
Given the modern lipidomics approaches, a snap-
shot of the entire spectrum of lipids in a cellular/
organismal lipidome could be obtained to explore 
the alterations of lipid redistribution, remodeling, 
and degradation under pathological conditions.

The definition of lipidome refers to “the 
entire collection of chemical distinct lipid spe-
cies in a cell, an organ, or a biological system” 
[76]. According to the analogy to other “omics” 
disciplines, lipidomics is an emerging research 
field based on analytical chemistry, studying lipi-
domes in a large scale and at the levels of intact 
molecular species [5]. Lipidomic research focus 
on the structures and functions of the global lip-
ids (profiles) in a certain cell or organism, and 
their interactions among cellular components, 
which includes (1) accurately identify the struc-
tures of cellular lipid classes and their species 
including the number of atoms, the number and 
location of double bonds, the core structures and 
head groups, individual fatty acyl chains, and the 
regional specificity of each isomer, etc.; (2) accu-
rately quantify individual lipid species to explore 
the underlying mechanisms that are involved in 
cellular signaling/pathway and discover associ-
ated biomarker signatures; (3) reveal the interac-
tions of individual molecular species among lipid 
classes, proteins, and metabolites; and (4) dis-
close the nutritional or therapeutic status related 
to disease prevention or intervention [5].
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Lipidomics has been widely applied in many 
research fields and developed subdiscipline cat-
egories, e.g., molecular/structural lipidomics, 
functional lipidomics, nutritional lipidomics, 
dynamic lipidomics, oxidized lipidomics, media-
tor lipidomics, neurolipidomics, sphingolipido-
mics, fatty acidomics, etc., focusing on particular 
fields ([5] and therein references). The dynamic 
alterations in lipids during cellular physiologi-
cal or pathological processes are also revealed 
by the analysis of lipid structures, cell functions, 
and their interactions in a spatial and temporal 
manner. The cellular lipidomes research has 
provided many new insights into disease condi-
tions through the detailed quantitation of cell’s 
lipidome (e.g., lipid classes, subclasses, and their 
molecular species) of diseases, study on the lipid 
metabolic kinetics and the interactions between 
lipids and cellular proteomes (e.g., Hazen et al. 
[77]; Han et  al. [78–81]). In short, lipidomics 
exerts a critical role in revealing the underly-
ing mechanisms of lipid-associated diseases by 
identifying alterations in cellular lipid signaling, 
metabolism, trafficking, and homeostasis.

1.3.2  Mass Spectrometry 
for Lipidomics

Unlike other biological molecules, lipids are not 
characterized by a certain individual structure. The 

unique chemical structure of most lipid molecu-
lar species consists of linear combinations of a 
small number of building blocks including back-
bones, head groups, and aliphatic chains [82, 83]. 
Lipidomics analysis presents a challenge due to 
the diversities in the structure and characteristics 
of lipids. Over the past years, a variety of conven-
tional separation technologies for comprehensive 
analysis of lipids in complex samples has been 
applied such as thin-layer chromatography, gas 
chromatography, liquid chromatography (LC), 
supercritical fluid chromatography, and capil-
lary electrophoresis. Recently, mass spectrom-
etry (MS), nuclear magnetic resonance, and other 
spectroscopic approaches have been introduced 
and become powerful in lipid analysis due to 
their advantages. The two major platforms used 
for lipidomic analysis include the direct infusion 
approach (i.e., shotgun lipidomics) and chromato-
graphic separation coupled to mass spectrometry.

Mass spectrometry is an analytical discipline 
that uses mass spectrometers to study the mass- 
to- charge (m/z) ratio of individual analytes for 
structural elucidation and quantitation includ-
ing steps of molecular ions and related fragment 
generation, ion separation according to their m/z, 
signal detection, and the intensity of individual 
ion measurement [5]. A mass spectrometer usu-
ally consists of an ion source, a mass analyzer 
system, a detector, and a data processing system 
(Fig. 1.2).

Detector 
Data Processing 
System 

Mass Analyzer 
System 

Sample 
introduction 

Ions separated 
according to m/z ratio.

Signal detected Mass spectrum 
displayed: ion 
intensity vs. m/z

Ion Source

Analytes 
ionized and 
vaporized

Fig. 1.2 Mass spectrometer composition. A mass spectrometer typically consists of an ion source, a mass analyzer 
system, a detector, and a data processing system
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1.3.2.1  Ionization Source
An ion source is the part of a mass spectrometer 
where analytes are ionized. The resulting ions 
are then transmitted to the mass analyzer. Yang 
and Han [3] have summarized the ionization 
techniques that are usually used in modern mass 
spectrometry for lipidomics.

• Electrospray ionization (ESI): a soft ioniza-
tion technique used in mass spectrometry. A 
fine aerosol spray was generated through the 
desolation effect by applying a strong electric 
field on a capillary tube which is inside a 
stream of liquid flowing, and then the electro-
spray was further used in the mass analyzer.

• Matrix-assisted laser desorption/ionization 
(MALDI): a soft ionization technique used in 
mass spectrometry. Specialized in analyzing 
large and/or labile molecules such as peptides, 
proteins, lipids, and polymers, etc., it also can 
perform MS imaging analysis of tissue or cell 
samples. By shining a pulsed laser onto the 
matrix embedded with analytes, the analyte 
molecules are ionized with the help of the 
matrix material by absorbing energy from the 
laser and form a hot plume of ablated gases 
and then utilized by the analyzer.

• Atmospheric pressure chemical ionization: a 
soft ionization technique that utilizes gas- 
phase ion-molecule reactions at atmospheric 
pressure. A corona discharge electrode was 
used to ionize the analyte, where either proton 
transfer/abstraction or adduct formation 
occurred between the relative proton affinities 
of the reactant gas ions (e.g., evaporated 
mobile phase or solvent in most cases) and the 
gaseous analyte molecules to generate the 
molecular ions.

• Atmospheric pressure photoionization: an 
alternative ionization technique when the ana-
lyte was not effectively ionized using ESI or 
atmosphere pressure chemical ionization 
method. In this method, a source of 10-eV 
photons is generated by a vacuum-ultraviolet 
lamp designed for photoionization detection 
in gas chromatography. The advantage of this 
technique is the high collision rate between 
the analyte and solvent molecules where the 

vapor of both is introduced into the photoion-
ization region and the dopant photoions react 
to completion.

• Secondary ion mass spectrometry: the most 
sensitive surface analytical technique of ana-
lyzing the composition of thin films or solid 
surfaces. A primary ion beam (e.g., silver, or 
gold ion beam) is used to bombard the surface 
of the analyte to generate secondary ions 
ejected from the surface and later introduced 
to the mass analyzer.

• Desorption ESI: a combination of ESI and 
desorption ionization technique, an ambient 
ionization method. A charged electrospray 
mist is pneumatically directed to the sample 
surface where the analytes is desorbed, ion-
ized, and subsequently carried by splashed 
droplets that travel in to the atmospheric pres-
sure interface of the mass spectrometer.

The ESI and MALDI method are two of the 
most prominently used techniques in lipidomics 
among previously described ionization tech-
niques. In lipid analysis, several remarkable 
advantages of ESI-MS are as follows: (1) Due 
to the charge propensity of certain lipid classes, 
the ion source could serve as a separation device 
to selectively ionize certain lipid or class of lipid 
of interest without prior LC separation; (2) high 
sensitivity and for low concentration of lipid 
detection fmol/μL (i.e., nM); (3) high quantita-
tion quality and instrumentation response factors 
for individual molecular species in a polar lipid, 
when using low lipid concentration to avoid lipid 
aggregation and after 13C de-isotoping correc-
tion; (4) broad linear dynamic range between 
the ion peak intensity of a polar lipid species; 
and (5) an over 95% reproducibility for shotgun 
lipidomics which utilizes direct infusion for any 
lipid extraction with the presence of internal 
standards [5].

1.3.2.2  Mass Analyzer
From the ion source, the analyte is ionized and 
then transmitted to the mass analyzer which can 
separate ions by their m/z. Conventional mass 
analyzer like magnetic sector field analyzer is too 
large in size and has limited applications for lipi-
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domics. Much more effective and easier to use 
analyzers such as quadrupole (Q), time of flight 
(TOF), and ion trap analyzers are often used for 
lipidomics study.

• Quadrupole: Quadrupole mass analyzers are 
relatively small and inexpensive. They utilize 
at least four parallel rods that could generate a 
radiofrequency quadrupole field to select ions 
by either stabilizing or destabilizing the ions 
that go through the path using oscillation elec-
trical fields. They can only allow the ions 
within a certain range of m/z to pass through 
at a time. They can also allow a wide range of 
m/z to be swept quickly by swapping poten-
tials on their rods. One of the most popular 
instruments in lipidomics is the triple quadru-
pole (QqQ) mass spectrometer. By setting 
three consecutive quadrupoles together, a 
QqQ-type is a powerful platform for both 
LC-MS and shotgun lipidomics. It offers high 
sensitivity, very good quantitation quality, and 
multiple scanning modes (e.g., selected/mul-
tiple reaction monitoring, neutral-loss scan, 
precursor-ion scan, and product-ion analysis) 
with broad linear dynamic range.

• Time of flight (TOF): In a TOF analyzer, the 
ions were accelerated in the drift tube and fly 
toward the detector, and the time of their flight 
was recorded for the identification of different 
ions. TOF mass analyzers have been broadly 
used for lipid analysis in lipidomics ([5] and 
therein references).

• Ion trap: In a TOF analyzer, the ions were 
accelerated in the drift tube and fly toward the 
detector, and the time of their flight was 
recorded for the identification of different 
ions. TOF mass analyzers have been broadly 
used for lipid analysis in lipidomics ([5] and 
therein references). The three-dimensional ion 
trap also generates an electric field to select 
ions with its ring electrode and two end-cap 
electrodes and has the same principles as a 
quadrupole mass analyzer; only in ion traps 
the ions are trapped and sequentially ejected 
mainly by using an RF field. A linear quadru-
pole ion trap is similar to 3D ion trap, but it 

traps ions in a 2D quadrupole field. Ion trap is 
widely used in lipidomics ([5] and therein 
references).

1.3.2.3  Detector
The detector is the final component of a mass 
spectrometer. Detector records either the induced 
charge or the produced current when an ion 
passes by or hits a surface. To obtain more mean-
ingful signal, some types of electron multipliers 
are usually used to amplify the signals.

1.3.2.4  Tandem Mass Spectrometry 
Techniques

Too much in-source fragmentation can trouble in 
mass analysis by introducing fragment ions of lip-
ids, but soft ionization techniques (e.g., ESI and 
MALDI) yield minimal in-source fragmentation 
under appropriate experiment conditions. Even 
though in-source fragmentation can lead to com-
plication of lipid analysis, if used properly, in-
source fragmentation can also provide structural 
information. However, in-source fragmentation 
is rarely used for identification of lipid species in 
lipidomics compared to tandem mass spectrom-
etry after collision-induced dissociation. There 
are four main MS/MS modes, including prod-
uct ion analysis, neutral-loss scan, precursor ion 
scan, and selected/multiple reaction monitoring, 
that are particularly useful in lipidomics ([5] and 
therein references). Listed are the tandem mass 
spectrometric techniques.

• Product ion scan: In the first mass analyzer, a 
specific precursor is selected and then passed 
to be fragmented. The second mass analyzer is 
applied to record all the result ions of the 
selected precursor.

• Neutral loss scan: The first mass analyzer 
scans all the precursor ions, while the second 
mass analyzer scans the fragment ions set at 
an offset mass from the first mass analyzer. 
This neutral loss is related to the precursor 
structure; therefore, all the precursors that 
undergo the loss of the specified neutral frag-
ment are monitored. The neutral loss scan 
mode is very useful in shotgun lipidomics to 
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detect a class or a group of lipids that structur-
ally unique, for example, certain head group 
[66–69].

• Precursor ion scan: a tandem mass spectro-
metric technique, in which the first mass ana-
lyzer scans all the precursor ions while the 
second mass analyzer only monitors selected 
fragment ions. The selected fragment ions 
correspond to the common fragment ions of 
the precursor. Therefore, all precursors that 
produce specified fragment ion during frag-
mentation process are monitored. The precur-
sor ion scan model has also been utilized to 
effectively detect a given class or a group of 
lipids that yield a given fragment ion after 
collision-induced dissociation [66–69].

• Selected/multiple reaction monitoring: This is 
a non-scanning technique for targeted analysis 
on QqQ-type instruments, and it uses two of 
the mass analyzers as static mass windows to 
perform the detection of certain fragmentation 
ions from selected precursor ion. From the 
precursor ion to the fragment ion generates a 
related m/z pair called “transition.” Multiple 
reaction monitoring is used to indicate the par-
allel acquisition of multiple SRM transitions 
[3]. The selected/multiple reaction monitoring 
techniques have been widely used for quanti-
tative analysis of individual lipid species in 
lipidomics when a mass spectrometer is cou-
pled with LC [84–87].

1.3.3  Strategies of Mass 
Spectrometry-Based Shotgun 
Lipidomics

Shotgun lipidomics, originally described in 1994 
[88], is a widely used and promising technology 
in the field of lipidomics research. Direct infu-
sion is used to avoid the difficulties caused by 
concentration and ion-pairing changes and chro-
matographic anomalies to improve the resolution 
[89] and to achieve fast and accurate qualitative 
and quantitative analysis of lipid species. The 
mass spectrometry analysis of molecular ions 
of individual molecular species in targeted lipid 

and the alterations in fragmentation energies and 
reagent gases can be performed under the same 
infusion and constant concentration conditions. 
The characteristic allows shotgun lipidomics to 
achieve detailed tandem mass spectrometry with 
multiple fragmentation strategies including pre-
cursor ion scan, neutral loss scan, and a variety of 
other fragmentation techniques [89]. Currently, 
at least three platforms of shotgun lipidomics 
have been developed:

1.3.3.1  Tandem Mass Spectrometry- 
Based Shotgun Lipidomics

Neutral loss scan or precursor ion scan of a char-
acteristic fragment of lipid class specifically 
detects individual species of this class. A unique 
building block of a certain kind of lipid class is 
usually involved. This method is very simple and 
efficient, yet the process and result of the tech-
nique is very accurate, easy to manage, and less 
expensive. Only in one MS/MS acquisition, all 
individual species in a particular class can be 
confirmed from a total lipid extract with any com-
mercially available QqQ-type mass spectrometer. 
Neutral loss scan or precursor ion scan can also 
easily identify lipids that have a stable isotope 
which could give more insights to the kinetics of 
lipid turnover, biosynthesis, lipid trafficking and 
homeostasis, etc. [89].

1.3.3.2  High Mass Accuracy-Based 
Shotgun Lipidomics

This platform rapidly and efficiently acquires a 
product-ion spectrum of each protonated/deprot-
onated molecule ion with a Q-TOF or Q-Orbitrap 
mass spectrometer. The TOF or Orbitrap ana-
lyzer records numerous virtual precursor ion 
scan in parallel, and the high mass resolution 
and accuracy inherent in the instrument records 
the accurate mass of fragment ions (0.1 amu) to 
minimize any false-positive identifications [90]. 
Identification can be performed from bioinfor-
matic reconstruction of the fragments from pre-
cursor ion scan or neutral loss scan. Quantitation 
can be achieved with a comparison of the sum of 
the intensities of extracted fragments of an ion to 
that of a preselected internal standard [89].
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1.3.3.3  Multidimensional Mass 
Spectrometry-Based Shotgun 
Lipidomics (MDMS-SL)

MDMS-based shotgun lipidomics [83, 91, 92] is 
a well-known approach to analyze individual lipid 
species straightly in lipid extracts of biological 
samples, with which the collision-induced disso-
ciation process depends on the chemical structure 
of each individual molecular species. The tech-
nology maximizes the utility of unique chemi-
cal methods inherent in discrete lipid classes to 
analyze lipids including the molecular species 
with low abundance. Different types of lipids 
have different structures and charge properties, 
which are used to selectively ionize under vari-
ous experimental conditions to separate specific 
lipid classes from source. After collision- induced 
dissociation, the targeted lipid class has its unique 
fragment pattern, which can usually be predicted 
according to the covalent structures of these lipid 
classes. The informational fragment ions derived 
from the head group or the neutral loss of the head 
group are used to identify the target lipid class, 
while precursor ion scan or neutral loss scan of 
fatty acyl chains is used to identify the individ-
ual molecular species present in the lipid class. 
Additionally, diagnostic ions can be identified and 
quantified by comparing the peak intensity of a 
certain ion to that of the selected standard in the 
same mass spectrum after correction for isotopo-
logue [93, 94]. For example, the presence of a pri-
mary amine in phosphoethanolamine-containing 
species is unique in the cellular lipidome and has 
been exploited to tag the phosphoethanolamine- 
containing lipid species with fluorenylmethox-
ylcarbonyl chloride [95]. The facile loss of 
fluorenylmethoxylcarbonyl from the tagged lipid 
species allows one to readily identify and quantify 
these species with unprecedented sensitivity at an 
amol/μL level [89, 95].

1.3.4  Techniques of LC-MS-Based 
Lipidomics

The typical lipidomic analyses for biological 
samples include sample preparation and lipid 

extraction, lipid separation, and data acquisition 
and processing.

1.3.4.1  The Sample Preparation 
and Lipid Extraction

Proper sample preparation, storage, and pro-
cessing are required prior to analysis. The ideal 
methods for sample preparation should be fast, 
reproducible, and able to extract a wide range 
of lipids with different polarities and compat-
ible with the instrumental technique [96]. In 
the field of lipidomics research, the commonly 
used sample- preparation methods with high lipid 
recovery for biological samples include liquid- 
liquid extraction, organic solvent precipitation, 
and solid-phase extraction [97]. Organic solvent 
precipitation methods are still commonly used 
for most lipidomics research. Their advantages 
and disadvantages are summarized in Table 1.3 
[3]. Solid-phase extraction, a method of lipid 
separation, can be used for lipidomic analysis. It 
is highly recommended if specific lipid fractions 
interfere with LC-MS measurements or where 
in- depth characterizations of lipid classes are 
required in lieu of more comprehensive lipidomic 
profiling [96].

1.3.4.2  Lipid Separation by LC
LC could separate or concentrate different types 
of compounds according to their physical and 
chemical properties [89, 96], eliminate the inter-
action of many lipid species [89], and enables 
comprehensive analysis of complex samples with 
trace level species [3].

• Reversed-phase LC: This type of LC, which 
separates lipid based on their hydrophobicity, 
is the most widely used for the analysis of 
complex lipids, although the retention time 
varies with lipids. The short (50–150 mm; typ-
ically 100 mm) microbore columns (1–2.1 mm 
I.D.) with sub-2-μm or 2.6–2.8-μm (fused- 
core) particle size and C18 or C8-modified 
sorbents are usually used in lipidomics 
research [96].

• Normal-phase LC: This type of LC, which 
separates lipids based on their polarities, rep-
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resents a separation mechanism complemen-
tary to reversed-phase LC.  Highly nonpolar 
solvents with low ionization capacity are used 
during normal-phase LC. Normal-phase LC is 
good for the separation of phospholipids, par-
ticularly PA.  The analysis time in normal- 
phase LC is typically longer (30–60  min), 
which can separate on long columns with 
large particle-size sorbents. Normal-phase LC 
can completely separate lipid classes [96].

• Hydrophilic interaction chromatography: 
This type of LC, which compromises the 
physical properties of both reversed-phase and 
normal-phase columns to a certain degree, 
provides better reproducibility and robustness 
and is more compatible with MS [98].

• Supercritical fluid chromatography: Using 
columns packed with sub-2-μm particles, this 
type of setting is a newly emerging technique 
that can be used for fast lipid profiling 
(<20 min) [96].

• Two-dimensional liquid chromatography: 
This type of setting, combining two different 
types of columns described above, separates 
lipids according to two independent molecular 
properties. It can optimize the separation con-
ditions in both dimensions, which enables the 
characterization of further complex lipidomes 
[99]. However, it is more laborious and more 
time-consuming [96].

1.3.4.3  Electrospray Ionization Using 
Mass Spectrometry (MS) 
and Data Processing

The LC-MS techniques include selected ion 
extraction, spectra acquisition using selected or 
multiple reaction monitoring or full mass spec-
tra acquisition, and data-dependent analysis [89]. 
The ion extraction approach is usually used for 
global lipid analysis, in which mass spectra are 
continuously acquired during the elution of the 
chromatographic column and then targeted ions 
are extracted from the acquired data array after 
chromatographic separation [89]. The ionization 
modes used in LC-MS based lipidomics differ 
among lipid classes. ESI positive mode is the 
most common mode in LC-MS, because it can 
effectively ionize a variety of lipids [96], while 
negative mode is usually used for specific lipid 
classes, including PI, PS, and PA [100].

The monitoring of selected or multiple reac-
tion would be specific, if the monitored fragment 
ions are precursor-specific to the combination of 
LC separation and on interfering transition [89]. 
The data analysis elucidates the structures of 
detected lipid ions [89]. The data processing usu-
ally includes a couple of steps: (1) filtering which 
processes the raw signal to remove the noise and/
or baselines; (2) feature detection which is used 
to identify the true ion signals and avoid detect-
ing false-positive signals, and (3) normalization. 

Table 1.3 Advantages and disadvantages of organic solvent precipitation methods for lipid extraction

Methods Solvents Advantages Disadvantages
Modified 
Bligh and 
Dyer

Chloroform/methanol/H2O 
(1:1:0.9, v:v:v)

Well-established;
Widely used

Hazardous solvents used; difficult 
to avoid aqueous component 
contaminants

Modified 
Folch

Chloroform/methanol (2:1, v:v), 
0.9% NaCl (0.2 volume)

Well-established;
Widely used

Hazardous solvents used; difficult 
to avoid aqueous component 
contaminants

Methyl 
tert-butyl 
ether

Methyl tert-butyl ether (MTBE)/
methanol/water (5:1.5:1.45, v:v:v)

Feasible for high 
throughput and 
automation

Contains aqueous component 
contaminants

Butanol/
methanol

Butanol/methanol (3:1, v:v), 
heptane/ethyl acetate (3:1, v:v), 
1% acetic acid

Less water-soluble 
contaminants

The butanol component in the 
organic phase is difficult to 
evaporate
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Data normalization eliminates the confounding 
factors that cause systematic bias in ion intensities 
during measurements and/or sample- preparation 
procedures. Finally, the three-dimensional data 
will be merged into a two-dimensional data 
matrix [96].

1.3.5  Lipidomics in Cancer Research

Lipidomics is a rapidly developing field of study 
that focuses on the identification and quantita-
tion of various lipid species in the lipidome. 
Additionally, as the boundary of cells and organ-
elles, lipids directly expose to the biochemical 
changes of intra- and extracellular environ-
ments [101]. Therefore, alterations in the lipi-
dome might reflect the biochemical changes of 
the cellular system in diseases such as cancer. 
Analysis of lipids for biological samples will 
help in the understanding of lipid-driven mecha-
nisms and identifying lipid-based biomarkers in 
cancer [101].

Cancer initiation and progression is associ-
ated with specific alterations of cellular metabo-
lism that are not only by-products of the disease 
but also drive the disease [102]. Warburg first 
reported the “Warburg effect,” which is that 
cancer cells prefer to produce ATP by glycoly-
sis, a less efficient pathway than oxidative phos-
phorylation [103]. Adaptive alterations, such as 
increased rates of glycolysis, amino acid, and 
lipid turnover, are known to be important fea-
tures of the neoplastic process that promotes 
unlimited cell proliferation and tumor expansion 
[104]. Accordingly, altered metabolism of lipid 
is related to cellular metabolism in cancer and 
could be considered a hallmark characteristic of 
many malignancies [105]. Disturbances in lipid 
metabolism, such as changes in metabolite pat-
terns, have been reported in ovarian cancer ver-
sus benign or healthy controls [106, 107] and in 
different cancer status, e.g., phospholipid levels 

reduce in plasma with stage III/IV disease rela-
tive to benign controls but increased in early- 
stage cancers [108].

Due to its rapid, accurate, and high throughput 
in data acquisition, lipidomics is expected to be 
a potential approach to identify the biochemical 
homeostasis and abnormalities caused by inter-
ference in early biochemical processes, such as 
early stage of cancer or cancer initiation [101]. 
For example, palmitoyl sphingomyelin in urine 
provides the strongest predictive power to differ-
entiate bladder cancer from non-cancer samples. 
Urine arachidonate level is higher in bladder 
cancer versus non-cancer controls [109]. The 
metabolites involved in fatty acid β-oxidation, 
such as carnitine and acylcarnitines (carnitine, 
isovalerylcarnitine, glutarylcarnitine, octenoyl-
carnitine, and decanoylcarnitine) in urine, can 
clearly distinguish bladder cancer patients from 
control groups [110]. A prospective study on 
pre- diagnostic metabolic alteration and cancer 
risk observed that higher levels of LysoPCs, par-
ticular LysoPC (C18:0), are related to lower risks 
of breast, prostate, and colorectal cancer, but 
higher levels of PC (C30:0) are associated with 
increased cancer risk [111], indicating that lipi-
domics might precede the diagnosis of common 
malignancies by a couple of years [111].

Lipidomics could reflect the cancer progres-
sion. Eicosanoids and sphingolipids have been 
linked to inflammation associated with cancer 
development and progression, tumor growth, 
and maintenance for the cancers of colon, 
breast, and lung [112–114]. Many aggressive 
cancer cells exhibit decreased PC content and 
increased LysoPC content, which links with 
phospholipase A2 activation, an initial rate-lim-
iting enzyme in eicosanoid biosynthesis [115]. 
Overexpression of phospholipase A2 is also asso-
ciated with the malignant potential in human 
breast cancer [116]. It has been observed that 
carnitine and acetylcarnitine in serum decreased 
in remission and increased in relapse in multiple 
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myeloma patients, indicating that mitochondrial 
β-oxidation is altered at different cancer stages 
[117]. A longitudinal lipidomics approach could 
monitor the cancer progression, although the lon-
gitudinal lipidomics could be affected by various 
confounding factors such as treatment. On the 
other hand, the longitudinal lipidomics might 
provide a window into designing targeted thera-
pies and monitoring.

1.4  Application of MS-Based 
Lipidomics in Cancer 
Research

Lipids are involved in all of the basic processes 
essential for tumor development [2]. One of the 
roles of lipidomics is to identify the molecular 
mechanism(s) responsible for the altered lipid 
levels induced by a stimulus [5]. For example, 
using lipidomics analysis, it has been found 
that epithelial cell cyclooxygenase-2-dependent 
eicosanoids might mediate tumor development 
[118]. Application of lipidomics, particularly 
the MS-based shotgun lipidomics strategies, in 
cancer research has been reportedly widespread 
in past decades from cancer cellular remodel-
ing, metabolism, and function alterations to 
attempts in biomarkers for cancer diagnosis and 
progression.

1.4.1  Lipid Profiling and Cellular 
Remodeling in Cancer

Lipids, particular phospholipids, constitute vital 
components of cells. Therefore, changed cell 
number in tumor proliferation might lead to 
alterations in lipid profiles. Dynamic remodel-
ing in tumor was also reported in a study using 
global LC-MS-based lipidomics [119]. This 
study on prostate cancer included 76 prostatic 
cancer patients and 19 benign prostatic hyper-
plasia patients. Global lipidomics profiling was 
applied for qualitative and quantitative charac-
terization of lipidome in prostatic tissue samples 
[119]. The investigators analyzed 350 lipid spe-
cies  including fatty acyls, sterol lipids, sphingo-

lipids, glycerolipids, glycerophospholipids, etc. 
About 140 distinct alterations of lipid species 
in prostatic cancer patients were found. PC, PE, 
PG, PI, Cer, diglyceride, cholesteryl ester, and 
NEFA significantly increased in prostatic cancer 
tumor by 1.65–15.87-fold. Relative composition 
of lipidome in prostatic cancer was also found 
in the study. Diacyl-PC and diacyl-PE percent-
ages increased in prostatic cancer, whereas 
ether- linked PCs (alkyl/acyl-PCs, PC with alkyl 
substituent) and PEs [alkenyl/acyl-PEs, etha-
nolamine plasmalogens (pPE)] decreased; per-
centages of free mono- and polyunsaturated 
fatty acids elevated, while the percentage of free 
saturated fatty acids reduced. In NEFA species 
composition, SFA% was significantly attenu-
ated by 20%, whereas the percentages of mono- 
and polyunsaturated fatty acids were enhanced 
by 40–50%. In the categories of phospholipids 
(PC, PE, PI, PS, and PG), monounsaturated fatty  
acids -acyl residues increased by 10–40%, while 
polyunsaturated fatty acids -acyl and ether-linked 
chains were reduced by 10–20% and 20–40%, 
respectively. These results of lipidomic analysis 
indicated that dynamic remodeling exists in pros-
tatic cancer tumor.

Another example is the study on the rela-
tionship among oxidative stress, aberrant lipid 
metabolism, and pro-inflammatory cytokines 
in systemic lupus erythematosus (SLE) using 
MDMS-SL [120]. SLE is a chronic inflammatory 
autoimmune disease characterized by dysfunc-
tion of immunocytes and genetic and/or environ-
mental factors. Oxidative stress associated with 
cardiovascular disease [121] is a major causal 
factor for the morbidity and mortality in SLE 
[122]. Increase in very-low-density lipoprotein 
cholesterol and TAG and decrease in high- density 
lipoprotein cholesterol are dyslipoproteinemia 
characteristics in SLE [123]. Using MDMS-SL, 
Hu et al. [120] analyzed the serum lipid species 
and their metabolites in SLE female patients aged 
20–55 years. They found that the levels of pPE 
species in SLE patients were significantly lower 
than those of controls by 27%. The most reduced 
serum pPE species in SLE patients were 16:0–
20:4 (by ~40 mol% reduction) and 18:0–20:4 (by 
~38 mol% reduction). The LysoPE (~46 mol%) 
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level in SLE patients increased significantly. 
Plasmenylcholine (pPC) (18:0–18:0, 16:0–18:2), 
usually low abundance in human plasma, was 
detected in SLE patients using MDMS-SL.  It 
was found in the study that serum pPC levels 
decreased in SLE by ~21 mol%. The results sug-
gested that lipid peroxidation might exist in SLE 
patients. Since the majority of PE species possess 
polyunsaturated fatty acid chains at sn − 2 posi-
tion, increase in LysoPE species level strongly 
suggests a molecular mechanism that leads to 
breakdown of sn − 1 aliphatic chains in PE spe-
cies, which leads to reduction of pPE [120].

The lipid profile alterations contributing to 
cellular signal transduction were reported by the 
same research team [124]. Although no alterna-
tions were found in serum phosphatidylethanol-
amine (dPE), PI, SM, and Cer levels, the profiles 
of their species in serum were significantly differ-
ent between SLE patients and healthy controls. 
The serum dPE species of 16:0–18:2, 18:0–18:2, 
16:0–22:6, and 18:0–22:6 increased in SLE by 
~34%, 18%, 54%, and 39%, respectively. PI 
(18:0–18:2) increased by ~16%. However, the 
dPE and PI species containing 20:4 fatty acyl 
chain at the sn-2 position appeared to reduce to 
a certain degree, e.g., dPE (18:0/20:4) reduced 
by~26%, dPE (20:0/20:4) reduced by~66%, 
and PI (18:1/20:4) reduced significantly. Cer 
(N22:0 and N23:0) reduced by ~10%, whereas 
Cer (N24:1) increased by 26% [124]. In general, 
PUFA (e.g., arachidonic acid) incorporations are 
one the most common alterations in glycerophos-
pholipid remodeling. The PUFA species in PE, 
such as arachidonic acid, linoleic acid, eicosa-
pentaenoic acid, and docosahexaenoic acid, are 
major sources of lipid mediators and endocan-
nabinoids [114]. The acyl moieties of PE species 
are remodeled by the action of phospholipases 
and lysophospholipid acyltransferases, which 
contributes to PE diversity and lipid mediator 
production. The dPE species containing arachi-
donic acid remodeling was observed in SLE. The 
arachidonic acid-derived eicosanoids, such as 
prostaglandins and leukotrienes, are generated 
to involve in inflammation, allergy, and immune 
responses in SLE. For example, a series of these 
reactions resulted in dPE (18:0–20:4) reduction. 

Elevation of dPE (16:0–18:2, 18:0–18:2, 16:0–
22:6, and 18:0–22:6) may compensate for the 
reduction in dPE (18:0–20:4) [124]. Meanwhile, 
the glycerophospholipids containing docosa-
hexaenoic acid were synthesized in the remod-
eling pathway. They increase membrane fluidity 
and regulate the biophysical properties of the 
membrane to maintain the cellular functions 
and also act as the reservoir for producing anti- 
inflammatory mediators such as resolvins and 
protectins [125–127]. The cellular lipid remodel-
ing is consistent with and might contribute to the 
inflammatory and oxidative stress characteristics 
observed in SLE patients.

It is noteworthy that the dynamic remodeling 
might associate with the regulation of metabo-
lism and biomolecular functions to a certain 
degree and in turn be involved in pathophysi-
ological process in cancer. The MDMS-SL tech-
nology reveals the changes of lipid profiles, e.g., 
oxidative stress-related lipids, such as plasmalo-
gens, lysophospholipids, and 4-hydroxynon-
enal species, and then discloses the underlying 
mechanism(s) of the alterations through the anal-
ysis on lipid species.

1.4.2  Alterations of Lipids Involved 
in the Metabolic Pathway 
in Cancer

The rapid cell proliferation and growth, one of 
the characteristics of cancer cells, can affect the 
demand and metabolism in all lipid classes. The 
different lipid classes play different roles. First, 
lipids act as components of cellular construction. 
For instance, lipid biosynthesis and remodeling 
request NEFAs as basic building blocks. Cellular 
and plasma membrane are composed largely by 
cholesterol, glycerophospholipids, and sphin-
golipids. TAG, along with acyl-CoA and acyl-
carnitine, contributes to energy storage, energy 
metabolism, and ATP generation [5]. Second, 
lipids act as second messengers and/or hormone 
involving cell signaling. Lysophospholipids and 
oxidized lipids are involved in cancer cell pro-
liferation, survival, and migration [56]. The 
hydrolysis products of phosphatidylinositol and 
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its phosphorylated derivatives activate PI3K/AKT 
signaling pathway [58], contributing to chemo-
therapy and radiotherapy for human cancers [58].

Hu et  al. [120] investigated the relationship 
among oxidative stress, abnormal lipid metabo-
lism, and pro-inflammatory cytokines in SLE to 
explore the underlying mechanisms, pathogen-
esis, and development in SLE. In addition to the 
presence of lipid peroxidation suggested by the 
alterations in pPE, LysoPE, they found that the 
levels of 4-hydroxyalkenals, a sensitive indica-
tor of lipid peroxidation to evaluate oxidative 
stress, and 4-hydroxynonenal, an indicator of 
oxidative stress, increased significantly in SLE 
patients. Given that 4-hydroxy-2(E)-nonenal 
and 4-hydroxy-2(E)-hexenal are the products of 
lipid peroxidation of n − 6 and n − 3 polyunsatu-
rated fatty acids [128, 129], Hu’s study indicates 
a high oxidative stress existing in SLE patients. 
The pro-inflammatory cytokines including IL-6, 
IL-10, and TNF-α in serum were found increased 
in SLE patients. A positive correlation was found 
among IL-10 and some clinical indicators such as 
the systemic inflammation marker, autoantibody 
titers, and complement component C3 [130]. It 
is interesting that serum IL-10 was significantly 
correlated among pPE species in SLE patients. In 
this study, the pPE species could predict 95.9% 
of the variability of IL-10 level. Lipid species 
including pPE (16:0–20:4, 16:1–20:4, 18:1–
20:4, 18:0–20:4, 18:0–22:5, and 18:0–22:4), 
LysoPE (20:4), and 4-hydroxynonenal also sig-
nificantly predicted IL-10 level by 60% in SLE 
patients. Hu’s study suggested that peroxisomal 
dysfunction, phospholipase A2 activation, and 
peroxidation- mediated degradation might result 
in pPE species reduction in SLE, indicating that 
accumulation of sn − 2 acyl-containing LysoPE 
and 4-hydroxynonenal supported an increased 
oxidative stress at SLE.  The subsequent lipid 
peroxidation was the underlying mechanism 
that leads to the pPE reduction in SLE, because 
plasmalogens function as endogenous antioxi-
dant reagents. The oxidation products, reactive 
aldehydes, can spread oxidative stress to other 
intracellular organelles through the bloodstream. 
With shotgun lipidomics approach, the findings in 
lipid redistribution and remodeling might reveal 

the SLE pathogenesis including the following: (1) 
The elevated 4-hydroxyalkenals suggest the pres-
ence of oxidative stress and severe oxidized injury 
in SLE; (2) as one of the endogenous antioxi-
dants, the pPE reduction in SLE serum suggests 
that blood cells and apolipoprotein are severely 
damage in SLE; (3) hydroxyalkenals are stable 
and can escape from the cells, thereby attack-
ing nucleophilic targets far away from the origi-
nal event site through the bloodstream [129]; (4) 
lysolipids generated from plasmalogen peroxida-
tion are very toxic and could lead to cell death and 
cellular dysfunction [131–133]. The alterations in 
pPE species and the peroxidation products may 
serve as novel biomarkers for diagnosis, progres-
sion, and effectiveness of therapy in SLE [120].

As aforementioned, the upregulation of fatty 
acid biosynthetic pathway and reprogrammed 
composition in membrane phospholipids has been 
observed in prostatic tumors [119]. For example, 
the key genes in de novo lipogenesis and genes 
encoding fatty acid transporter protein, plasma 
membrane fatty acid-binding protein, scavenger 
receptor class B type I and phospholipase A2 
were found elevated in tumor tissues, consistent 
with the aforementioned result of overall lipid 
abundance upregulated and polyunsaturated fatty 
acid accumulation [119].

1.4.3  Biomarker Identification 
for Cancer

MS-based lipidomics approach enables reliable 
and accurate characterization of lipid structure 
and quantitation in given biological samples. The 
alterations of lipid metabolism in cancer have 
been identified including down- or upregulation 
of lipid abundance, lipid redistribution, phospho-
lipid composition and remodeling, etc. In order 
to explore the potential biological characteris-
tics of pathogenesis of cancer, the correlation 
between lipid alterations revealed by MS-based 
lipidomics and the progression of cancer has been 
investigated [119, 120, 124, 134], e.g., focused 
on identification of novel molecular biomarker(s) 
which is extremely important for early diagnosis, 
prognosis, and treatment of cancer.

M. Pan et al.



19

With the information of global lipidomics 
profiling and quantitative characterization of 
lipidome in prostatic tissue samples [119], analy-
sis of the relationship between tumor lipidome 
and cancer diagnosis and progression revealed 
that cholesteryl ester species (20:1, 24:5, 24:4, 
18:1, and 22:6), Cer species (d18:2–20:0 and 
d18:1–20:1), NEFA species (22:3), and TAG spe-
cies (58:1) showed a high discriminant power in 
distinguishing prostatic cancer tumor from non- 
tumor [119]. Cholesteryl ester exhibited great-
est expression increase by 10.5–45.5-fold in 
prostatic cancer tumor [119], indicating that the 
accumulation of cholesteryl oleates could be a 
potential biomarker for prostatic cancer diagno-
sis and progression.

The multivariate and multiple regression anal-
ysis on the difference of the serum lipid profile 
between SLE patients and healthy volunteers 
indicated that the lipid species pattern including 
pPE (18:0–20:4, 16:0–20:4, 18:0–22:4, 18:0–
22:5, and 18:1–22:4), 4-hydroxynonenal, and 
LysoPE (18:0) could be a potential biomarker for 
SLE [120].

Lipid species profiling could be used as 
plasma biomarkers for diagnosis of breast cancer 
[135, 136]. Using a normal-phase/reversed-phase 
two-dimensional LC-mass spectrometry method, 
Yang et  al. conducted comprehensive lipid pro-
filing that included 512 lipid species in human 
plasma from 6 benign breast tumor patients, 5 
breast cancer patients, and 9 healthy controls. 
It was found that lipid species of PI (16:0–16:1) 
and PI (18:0–20:4) in plasma could be utilized 
as potential breast cancer biomarkers, whereas 
PI (16:0–18:1), PG (36:3), and glucosylceramide 
(d18:1–15:1) in plasma were demonstrated to 
be potential biomarkers to evaluate the level of 
malignancy of breast tumor [136].

Using triple quadrupole liquid chromatogra-
phy electrospray ionization tandem mass spec-
trometry, Chen et al. [135] analyzed plasma lipid 
profiling that included 367 lipid species from 13 
classes of phospholipids as well as cholesterol 
esters in 84 patients with early-stage breast  cancer 
(stage 0–II) and 110 patients with benign breast 
disease. A lipid species pattern of combination of 
15 lipid species was reported having diagnostic 

value according to the predictive model including 
LysoPC (18:3, 20:2, 20:1, and 20:0), cholesterol 
esters (C19:1, C19:1, and C20:0), PC (32:1, 34:4, 
38:3, 40:5, 40:3, and 44:11), and ether-contain-
ing PC (32:2, 38:3). The sensitivity, specificity, 
positive predictive value, and negative predictive 
value of the combination of these 15 lipid species 
were 83.3%, 92.7%, 89.7%, and 87.9%, respec-
tively, in training set, and were 81.0%, 94.5%, 
91.9%, and 86.7%, respectively, in validation set. 
The area under receiver operating characteris-
tic curve was 0.926 in training set and 0.938 in 
the validation set [135]. The results suggested 
that the pattern of lipid profile is a potential bio-
marker for diagnosis of breast cancer.

Using ultra-performance LC-electrospray 
ionization- QTOF-MS, combined with multi-
variate data analysis, Zhang et al. [137] studied 
plasma lipid profile in 27 ovarian cancer and 
27 benign gynecological tumor patients and 11 
healthy women. Higher LysoPC, lower PC, and 
TAG with specific fatty acid chains in plasma 
were found in ovarian cancer patients. The lipid 
species pattern of combination of LysoPC (14:0, 
16:0, 18:1, 20:3, 20:4, and 22:6), PC (16:0–18:1, 
16:0–18:2, 16:0–20:3, 16:0–20:4, 18:0–18:1, 
18:0–18:2, 18:0–20:5, and 18:2–18:2), and TAG 
(18:2–18:2–16:0) was identified to be potential 
biomarkers for distinguishing ovarian cancer 
from healthy population [137].

Using LC-MS, Buas et  al. [108] performed 
global (untargeted) and targeted metabolite pro-
filing of plasmas isolated from 50 serous ovarian 
carcinoma and 50 benign controls. Global lipido-
mics analysis identified 34 metabolites (of 372 
assessed) differing significantly between cases 
and controls in both training and testing sets 
of analysis. Compared to the controls, 17 glyc-
erolipids and glycerophospholipids decreased in 
abundance in ovarian carcinoma plasmas includ-
ing PS (O-18:0–0:0, O-18:0–16:1, O-20:0–0:0), 
cholesteryl ester (18:3), TAG (16:0–16:1–16:1, 
16:1–16:1–16:1, 17:2–17:2–20:5, 16:1–17:2–
17:2, 16:1–17:1–17:2, 16:0–16:0–16:1, 16:1–
17:0–17:2), PG (P-20:0–12:0), PE (18:1–20:3), 
PE (18:1–20:3), etc. Four of the most abundant 
lipids were selected and conducted multivariate 
modeling analysis, and then compared to CA125, 
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one of the tumor markers. The estimated speci-
ficity at 95% sensitivity was ~35% in four lipid 
metabolites, 87% in CA125 alone, and 91% 
in combination of four lipid metabolites with 
CA125. The authors also assessed the classifica-
tion accuracy of a multi-marker model between 
CA125 alone and the combination of four lipid 
metabolites with CA125 (hybrid model). A sig-
nificant higher level of estimated specificity was 
found in hybrid model (~43%) versus CA125 
alone (~10%). This study provides insight into 
lipid metabolic alterations that are potentially 
associated with ovarian tumor. Lipid metabolites 
in plasma might be used to differentiate cancer 
from benign and/or healthy controls.

Low-invasive or noninvasive samples, such as 
plasma, serum, and urine, are usually applied in 
the above biomarker-related studies. Body flu-
ids such as whole blood or blood cells, plasma, 
and serum are worthy exploring to be a source of 
biomarker(s) for early diagnosis and progression 
of cancers, as their lipid profiles reflect the gen-
eral condition of the whole organism [5]. These 
samples are also considered as one of the choices 
for cancer monitoring as they offer minimal 
patient discomfort and can justifiably be taken 
from healthy population as a control.

1.5  Conclusion

Lipids are the crucial component of cellular 
membrane, which constitutes an impermeable 
barrier of cellular compartments, and play impor-
tant roles in numerous cellular processes includ-
ing cell growth, proliferation, differentiation, 
and signaling. Cancer cells undergo profound 
alterations in lipid homeostasis from remodeling, 
reprogramming, and metabolism to signaling. 
This offers new diagnostic and therapeutic strate-
gies that could be explored by high-throughput 
lipidomics approach. MDMS-SL improves reso-
lution and achieves rapid and accurate qualita-
tive and quantitative analysis. Direct infusion 
is used to avoid difficulties from alterations in 
concentration, chromatographic anomalies, and 
ion-pairing alterations in MDMS-SL. Due to the 
diversities in the structures and characteristics of 

lipid classes and their species, it is promising that 
MDMS-SL has been widely exploited in can-
cer research from metabolism(s) exploration to 
biomarker(s) or biomarker signature(s) recogni-
tion and identification.
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in Tumor Diagnosis and Therapy
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Abstract

Lipids have many critical biological functions 
in cancer. There are characteristic changes 
of lipid metabolism and metabolites in dif-
ferent physiological and pathological pro-
cesses. Lipidomics is an emerging discipline 
of metabolomics for systematic analysis of 
lipids in organisms, tissues, or cells and the 
molecules that interact with them. With the 
development of new analytical techniques, 
especially the application and development 
of mass spectrometry techniques, the deter-
mination of lipids can be carried out quickly 
and accurately and has a high throughput. 
A large number of studies have shown that 
abnormal lipid metabolism is closely related 
to the occurrence and development of tumors. 
The application of lipidomics technology can 
reveal changes in lipids and relative abnormal 
metabolic pathways associated with tumors. 
Moreover, it shows a wide range of applica-
tion prospects in the identification of tumor 
lipid biomarkers, early tumor diagnosis, and 
the discovery of antitumor drug targets. This 
chapter mainly introduces the application and 

development direction of lipidomics in the 
diagnosis and therapy of different tumors.
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Lipids are a class of essential biomolecules that 
are involved in many critical cellular processes. 
Because of their hydrophobicity, lipids are the 
main components of biofilms (Fig.  2.1). They 
are, therefore, the physical basis of all organ-
isms because they provide the ability to sepa-
rate organisms from the natural environment. 
Lipids not only provide energy for cells [1], but 
they are also involved in both extracellular and 
intracellular signaling processes in which lipids 
conduct signals and amplify regulatory cascade 
reactions.

Clinical lipidomics is a novel extension of lip-
idomics that investigates lipid profiles,  pathways, 
and networks by characterizing and quantify-
ing complete lipid molecules in patient cells, 
biopsy tissues, or body fluids. It is expected to 
be more stable during treatment, more sensitive 
to changes, and targeted to disease and to enable 
more efficient data analysis and more standard-
ized measurements to meet clinical needs [2]. 
Lipidomics is projected to become a more critical 
method in clinical application and an important 

Y. Wang (*) 
Department of Gastroenterology, Key Laboratory  
for Gastrointestinal Diseases of Gansu Province,  
The First Hospital of Lanzhou University,  
Lanzhou, Gansu Province, China
e-mail: wangyuping@lzu.edu.cn

2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-6785-2_2&domain=pdf
https://doi.org/10.1007/978-981-33-6785-2_2#DOI
mailto:wangyuping@lzu.edu.cn


26

tool for the early diagnosis and evaluation of dis-
ease progression of cancers (Fig. 2.2).

Because of the role of lipid molecules in cell 
structure, energy, and signal transduction, the 
characterization of cellular and extracellular 
lipid composition changes is critical for under-
standing cancer biology. Moreover, several mass 
spectrometry- based analyses and imaging stud-
ies have shown that lipid molecules may help 
enhance existing biochemical and histopatho-
logical approaches for cancer diagnosis, stag-
ing, and prognosis [3]. Therefore, the analysis of 
lipid metabolic changes associated with cancer 
cells and tumor tissues is useful for both basic 
and translational research. In the field of tumor 
lipidomics, scientists mainly focus on the appli-
cations in the diagnosis and treatment of tumors, 
which will be overviewed in this chapter.

2.1  Tumor Diagnosis

Lipids undergo subtle metabolic changes during 
the early stages of tumorigenesis. Accordingly, 
capturing the signals of the changes in these 

molecular profiles will greatly benefit the 
early diagnosis of cancer. Most clinical serum 
 biomarkers for cancer detection were estab-
lished in the early 1980s when the Nobel Prize 
in Physiology or Medicine was awarded for “dis-
covering the principles of monoclonal antibody 
production.” Using this “Nobel” technique, vari-
ous monoclonal antibodies were developed, and 
the ligands on the surface of cancer cells were 
characterized. Abnormal sugar chain structures 
and abnormal sugar chain-associated glycopro-
teins have been identified as standard features 
of cancer cell surface through specific interac-
tions with monoclonal antibodies. Subsequently, 
sugar-related biomarkers were detected in the 
serum of cancer patients and developed into 
serum biomarkers such as CA125, CA153, 
CA195, CA199, CA242, and CA724, which are 
popular in clinical use today [4].

Lipid metabolic reprogramming is an essen-
tial marker of tumorigenesis and development. 
Alterations in the tumor metabolism, including 
the accumulation of metabolites, lead to local 
immunosuppression of the tumor microenviron-
ment. Hao et al. conducted a systematic analysis 

Fig. 2.1 Schematic representation of the cell membrane of phospholipids in the bilayer
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of The Cancer Genome Atlas (TCGA) multiple- 
omics data and found that the most widely altered 
lipid metabolic pathways in pan-cancer are fatty 
acid metabolism, arachidonic acid metabolism, 
cholesterol metabolism, and PPAR signaling [5].

Recent reports about lipidomics in tumor 
diagnosis have covered most organs of the human 
body, which will be discussed below (Fig. 2.3).

2.1.1  Lung Cancer

Lung cancer is the leading cause of cancer death 
worldwide [6]. Therefore, lipidomics studies are 
relatively centered on the diagnosis of lung can-
cer. Small-cell lung cancer (SCLC) is a type of 
aggressive lung cancer with low survival rates. 
Although kinases commonly play a crucial role 

in tumorigenesis, very few kinases are currently 
known to promote SCLC development. Cristea 
et al. reported that MEK5 and ERK5 are neces-
sary for optimal survival and amplification of 
SCLC cell lines in vitro and in vivo. In-depth lip-
idomics analysis suggests that the loss of MEK5/
ERK5 disrupts several lipid metabolic pathways, 
including the mevalonate pathway that controls 
cholesterol synthesis [7].

Preliminary data from recent studies sug-
gest that lipid profiling has high specificity for 
evaluating the stage, severity, subtype, and drug 
response in lung cancer. The heterogeneity of 
lipid profiles and lipid metabolism may be part 
of the heterogeneity of lung cancer and leads 
to drug resistance [8]. Malignant pleural effu-
sion (MPE) is an essential marker of advanced 
metastasis of lung cancer. However, current 

Fig. 2.2 Clinical lipidomics workflow, including all basic steps from samples to biological results
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diagnostic methods entail a tedious process to 
distinguish between malignant pleural effusions 
and benign pleural effusions (BPE). Yang et  al. 
conducted a global metabolomics and lipidomics 
analysis based on liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) to character-
ize the metabolic characteristics of lung cancer 
MPE and identify the potential metabolite bio-
markers diagnostic of MPE.  During MPE, 25 
ether lipids, including phosphatidylcholine (PC), 
lysophosphatidylcholines (LPC), and phosphati-
dylethanolamine (PE), were significantly down-
regulated. This supported the diagnostic potential 
of the upregulated expression of oxidized poly-
unsaturated fatty acids (PUFAs) in MPE [9].

Noreldeen HAA et  al. reported other lipido-
mics methods based on ultrahigh-performance 
liquid chromatography other than intended targets 
plus quadrupole time-of-flight mass spectrome-
try (UHPLCQ-TOF/MS). Two machine learning 
methods (genetic algorithm and binary logical 
regression) were also used to screen candidates 
for different lipids and to establish a combined 
lipid biomarker to distinguish between women 
with non-small-cell lung cancer (NSCLC) and 
healthy controls. The results showed that fatty 

acids (FA) (20:4), FA (22:0), and LPE (204) 
could be used as a combination biomarker to 
distinguish NSCLC from healthy tissues in 
women, with excellent sensitivity and specificity 
[10]. Klupczynska et al. conducted targeted lipid 
group screening to select potential molecules for 
the early detection of lung cancer. Of the lipids 
tested, there were significant differences between 
the PC group and the lysophosphatidylcholines 
(lysoPC) group in NSCLC patients and healthy 
controls, especially a C26:0; lysoPC a C26:1; PC 
aa C42:4; and PC aa C34:4 [11].

Yu et al. used MS to analyze the lipids of 390 
individuals from 44 plasma samples obtained 
from the training lung cancer cohort. C18:2 cho-
lesterol ester and sphingomyelin 22:0 as lipid 
markers were identified to be useful for distin-
guishing between squamous cell lung carcinoma 
(SqCC) patients and high-risk individuals, with 
95.5% sensitivity, 90.9% specificity, and 95.2% 
accuracy [12]. Using UHPLCQ-TOF/MS through 
targeted lipid profiling, Chen et al. identified PCs 
and phosphatidylethanolamine (PEs) as biomark-
ers of early-stage NSCLC. The levels of PCs and 
PEs were abnormal during glycerophospholipid 
metabolism, which is the most altered pathway 
in early NSCLC [13].

2.1.2  Breast Cancer

Breast cancer (BC) is a heterogeneous malig-
nancy. It is the most frequent malignancy and the 
leading cause of cancer-related death in American 
women. Compared with other major BC sub-
types, triple-negative breast cancer has a lower 
survival rate and a higher metastasis rate, thus 
highlighting the need for more sensitive and spe-
cific methods for early-stage TNBC (ES-TNBC) 
detection. However, early diagnosis remains 
challenging because of the high pathological 
level, and thus the survival rate remains relatively 
low. Eghlimi et al. reported that LC-tandem MS 
can detect lipids with high specificity and sen-
sitivity. Two diagnostic biomarker panels were 
proposed for TNBC/ES-TNBC [14]. Terao et al. 
evaluated all-trans retinoic acid (ATRA)-treated 
BC cell lines and found that ATRA disrupted the 
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homeostasis of many lipids, the most significant 
of which was in the mitochondrial intima and 
those involved in the oxidative phosphorylation 
of cardiac phospholipids. ATRA can reduce the 
level of cardiac phospholipid, and this can inhibit 
the growth activity of retinoid. ATRA exerts its 
antiproliferative activity by reducing tumor cell 
respiration and energy balance, thus its important 
role in breast cancer [15].

Kang et al. investigated the role of lipid met-
abolic alterations in malignant phenotypes of 
BC.  They found significant homeostatic inter-
ference of various complex lipid substances 
(including ceramide, sphingomyelin, ether-
linked phosphatidylcholine, and ether-linked 
phosphatidylethanolamine) in the mesenchymal 
state of cancer cells. The polyunsaturated fatty 
acid composition in spherical cells was signifi-
cantly reduced, and SCD, ACOX3, and FADS1 
were upregulated. Meanwhile, PTPLB, PECR, 
and ELOVL2 were downregulated. The ratio 
of C226n3 (docosahexaenoic acid, DHA) to 
C225n3 was significantly reduced in globular 
cells, like ELOVL2 downregulation. ELOVL2 
expression is associated with a malignant phe-
notype and appears to be a novel prognostic 
biomarker in breast cancer [16]. Zhao et al. inves-
tigated the toxic effects of bisphenol F (bp F) in 
BC xenografts and the potential mechanisms for 
tumor metastasis-related tissues (e.g., in the liver 
and kidney). They found that BPF exposure dis-
rupts the metabolic and lipid groups in the liver 
and kidney. Exposure induces reprogramming 
of glutathione (GSH) biosynthesis and glycoly-
sis metabolism by activating glycine, serine, 
 cysteine, glutamine, lactate, and pyruvate in the 
liver and kidney tissues. This also interferes with 
the biosynthesis and degradation of glycerol 
phospholipids (GPs) and glycerol phospholipids 
(GLs), resulting in abnormal renal tissue mem-
brane homeostasis and cellular function [17].

Reprogramming of lipid metabolism is a hall-
mark of many cancers and has been shown to 
promote BC progression. Purwaha et al. showed 
that higher sphingomyelin levels were signifi-
cantly associated with better disease-free sur-
vival in patients with TNBC [18]. LC-MS and 
environmental mass spectrometry imaging (MSI) 

have been shown to be robust and reproducible 
diagnostic techniques for BC. Silva et al. inves-
tigated whether the lipid features observed in 
cancer tissues via desorption electrospray ioniza-
tion (DESI)-MSI correspond to those detected 
in LC-MS plasma samples. A comparison of the 
plasma and tissue lipid profiles suggests that each 
matrix studied (e.g., blood or tumor) has its par-
ticular molecular characteristics [19]. Nishida- 
Aoki et  al. performed an extensive targeted 
quantitative lipid group analysis of cells and 
extracellular vesicles (EV) from high-metastatic 
and low-metastatic TNBC cell lines using super-
critical fluid chromatography rapid scanning 
tripolar mass spectrometry. They confirmed that 
EV between different lipid components is associ-
ated not only with their origin cells but also with 
high- and low-metastatic cell lines. Moreover, 
compared with those of low-metastatic cells, 
the EV of high-metastatic BC cells accumu-
lated unsaturated diacylglycerol (DGs) and did 
not increase in the cells. DG enrichment of EVs 
activates protein kinase D signaling pathways in 
endothelial cells, leading to angiogenesis stimu-
lation [20].

2.1.3  Colorectal Cancer

Colorectal cancer (CRC) is the third leading cause 
of cancer-related death worldwide. Reliable bio-
markers for early CRC diagnosis are crucial for 
reducing mortality. Liu et al. used the combined 
lipid group method to study the differences in 
blood lipid profiles between 101 CRC patients 
and 52 healthy volunteers. A total of 11 lipid 
species, including glycerophosphoethanolamine, 
ethanolamine plasmalogens, plasmanyl glycero-
phosphatidylethanolamine, fatty acids, fatty acid 
ester of hydroxyl fatty acid, and diacylglycero-
phosphates, were identified to distinguish healthy 
controls at an early stage [21]. Bestard-Escalas 
et al. described the characteristics of membrane 
lipid groups and their EV in five commercial 
colonic cell lines. Moreover, the results showed 
that both cells and EV lipid groups could be sepa-
rated according to the degree of cell malignancy. 
Furthermore, the effects of all CRC lines on ether 
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lipids were specific and significantly homoge-
neous [22].

Solid tumors are characterized by overall met-
abolic alterations in their growth and progression. 
Wang et  al. measured the molar abundance of 
342 species of 20 lipids in biopsy-matched CRC 
and adjacent normal mucosa samples. Compared 
with the findings of previous reports, CRC sam-
ples showed a large amount of preserved lipid 
composition similar to that in the normal colonic 
mucosa samples. Significant exceptions include 
increased levels of phosphatidylinositol in CRC 
and decreased phosphatide abundance in late 
CRC [23]. Serafim et al. examined patients with 
stage I–III CRC, patients with adenomatous pol-
yps, and individuals who underwent routine colo-
noscopy. All patients underwent peripheral blood 
lipid extraction, and the lipids of the samples 
were identified via MALDI-MS technology. The 
polyketide group (810.1) is the lipid represented 
in the tumor, and the polyp and control group 
are mostly represented. We observed differences 
in the lipid profile between patients with lymph 
node invasion (N1–2) and those without lymph 
node infiltration (N) in CRC patients [24].

Kitamura et  al. studied the level of lyso-
phospholipids in colorectal cancer tissues and 
found that lysophosphatidylinositol and lyso-
phosphatidylserine levels were significantly 
higher than those in normal tissues. Meanwhile, 
lysophosphatidic acid levels were significantly 
lower than those in normal tissues. The fatty 
acid analysis showed that lysophospholip-
ids 18:0 and 18:0 were the dominant lipids 
in colon cancer [25]. Choi et  al. used MS to 
analyze the lipid groups of colon cancer stem 
cells (CSCs) and large cancer cells (BCCs) and 
reported that CSCs contain a unique lipid pro-
file. The free MUFA was higher in CSCs than 
that in BCCs, whereas the levels of free SFA 
were lower. In addition, all identified MUFAs 
containing phosphatidylethanolamine had high 
levels in CSCs. Interestingly, low phosphati-
dyl-serine (18:1/18:0), phosphatidyl-choline 
(PC; p-18:0/18:1), and sphingomyelin (SM; 
d18:1/20:0 or d16:1/22:0) levels in CSCs were 
observed. The specific PC, SM, and MUFAs in 

CSCs can be increased rapidly. Collectively, 
these results suggest that these specific lipid 
components are essential for the maintenance 
of CSCs [26].

2.1.4  Gastric Cancer

Malignant tumor growth is characterized by sig-
nificant changes in metabolites. Sun et al. found 
that palmitic acid (PA) was significantly down-
regulated in gastric carcinoma. Cell proliferation 
in gastric cancer (GC) cell lines, such as AGS, 
SGC-7901, and MGC-803, was inhibited by 
the high concentration of PA in vitro, impairing 
cell invasiveness and migration ability. In addi-
tion, sterol regulatory element-binding protein 1 
(SREBP-1c) is activated in human GC, promot-
ing the expression of various genes such as SCD1 
and FASN, which are associated with fatty acid 
synthesis. SREBP-1c downregulation rescued 
migration and invasion defects of AGS and SGC- 
7901 GC cells [27]. Based on a breakthrough 
in genomics, TCGA recently proposed an inte-
grated genome analysis approach wherein GC is 
divided into four subtypes according to the chro-
mosomal instability (CIN) states. Hung et al. col-
lected GC tissue specimens and noncancer tissue 
specimens from cancer patients and conducted 
an analysis following TCGA classification. They 
identified 409 oncogene and tumor suppressor 
gene sequences, and the samples were divided 
into CIN and non-CIN types. Using LC-MS, the 
authors identified the lipid profiles of GC sam-
ples and adjacent noncancerous tissue samples. 
Compared with adjacent noncancerous tissues, 
gas chromatography samples showed distinct 
features of lysophospholipid, phosphocholine, 
phosphatidylethanolamine, phosphatidylinositol, 
phosphoserine, sphingomyelin, ceramide, and 
triglycerides. The levels of GPs (choline phos-
phate, phosphatidylethanolamine, and phospha-
tidylinositol) increased by 1.4–2.3 times in the 
CIN group compared with those in the non- CIN 
group (P < 0.05). These changes in the glycerol 
and glycerophospholipid pathways indicated GC 
progression to CIN [28].

Y. Wang



31

2.1.5  Prostate Cancer

EVs of non-tumorigenic cells in prostate can-
cer (PCa) patients are rich in fatty acids, gly-
colipids, and precursor oils. In contrast, EVs of 
tumorigenic or metastatic cells are abundant in 
glycolipids, sphingolipids, and glycerol phos-
pholipids [29]. Zhou et  al. compared PCa with 
benign prostate tissue (BPT). The results showed 
that the total fatty acid content, monounsatu-
rated fatty acid content, polyunsaturated fatty 
acid content, and n −  6 total fatty acid content 
of the PCa group were significantly higher than 
those of the BPT group. A significantly higher 
PCa n −  6FFA and n −  3FFA concentration of 
most fatty acid parameters was associated with 
Gleason grade and clinical stage [30]. However, 
the fatty acids associated with the occurrence, 
progression, and ethnic differences between 
African American (AA) and Caucasian American 
(CA) populations as well as the fatty acids that 
are differentially expressed remain unclear. 
Kregel et al. observed that both bromine-contain-
ing and external (BET) degraders inhibited PCa 
cell growth in vivo and in vitro. These drugs pref-
erentially affect AR-positive PCa cells (22 Rv1, 
LNCaP, VCaP) rather than AR-negative cells 
(PC3 and DU145). The increase in PUFAs and 
thioredoxin- interacting proteins (TXNIP) indi-
cate their potential as pharmacological biomark-
ers for targeting BET proteins [31].

2.1.6  Endometrial Carcinoma

In endometrial cancer, preoperative biomarkers 
for identifying patients with low risk of disease 
progression can help establish the appropriate 
degree of surgery required and avoid possible 
complications from radical surgery. Using elec-
trospray ionization tandem mass spectrometry, 
Knific et  al. conducted a quantitative analysis 
of 163 metabolites in 126 plasma samples from 
61 patients with endometrial cancer and 65 con-
trols. Three levels of single phosphatidylcholine 
decreased significantly in patients with endome-

trial cancer [32]. Cummings et al. discussed the 
changes of epithelial eicosane metabolism gene 
expression in endometrial carcinogenesis. These 
were combined with eicosane-like profiles in 
matched clinical specimens. The expression of 
candidate eicosane metabolic enzymes, that is, 
low HPGD combined with high ALOX5 expres-
sion, was associated with worse overall survival 
and progression-free survival, emphasizing that 
HPGD and ALOX5 are potential therapeutic tar-
gets for invasive EC subtypes [33].

2.1.7  Bladder Cancer

Bladder cancer is an elusive disease because of its 
rapid recurrence and drug resistance. The progno-
sis of BC patients with recurrence and hyperther-
mia is extremely poor. Lee et al. conducted a lipid 
group comparison analysis of two homogeneous 
human T24 bladder cancer cell lines. Ultrahigh-
performance liquid chromatography- mass spec-
trometry (UPLC-MS) analysis of 1864 lipids 
identified differentially expressed lipid levels sus-
pected to be associated with cisplatin resistance 
[34]. Vantaku et  al. used the NIST MS metabo-
lomics outline and lipid blast MS/MS library to 
identify 519 metabolites and 19 lipids differen-
tially expressed between low- and high-grade 
bladder cancer, respectively. They identified met-
abolic features of high-grade bladder cancer by 
integrating unbiased metabolomics, lipidomics, 
and transcriptomics to predict patient survival and 
identify novel therapeutic targets [35].

2.1.8  Ovarian Cancer

Cheng et al. reported the findings from the pro-
tein and lipid group analyses of exosomes from 
ovarian cancer cells (SKOV-3) and ovarian sur-
face epithelial cells (HOSEPiC). A total of 1433 
proteins and 1227 lipids were identified from the 
exocrine derived from both cell lines. The exo-
crine extracted from the SKOV-3 was more abun-
dant than the ChE and ZyE species extracted from 
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the HOSEPiC. V collagen chains (COL5A2) and 
lipoprotein lipase (LPL) in the exocrine from 
SKOV-3 sources were significantly higher [36]. 
Wefers et  al. analyzed 109 lipid mediators of 
ascites in patients with ovarian cancer and found 
that the lipid involved in ascites inhibition was 
different from that in normal peritoneal fluid. In 
addition, there were lipid intermediates in the 
ascites of ovarian cancer patients, which is con-
sistent with T cell dysfunction [37].

2.1.9  Pancreatic Cancer

Pancreatic cancer is one of the most aggressive 
malignancies. Early diagnosis of pancreatic cancer 
is difficult, leading to its poor prognosis. Tao et al. 
evaluated possible prognostic or diagnostic metab-
olite biomarkers in serum exocrine of pancreatic 
cancer patients and found that 270 of the 20 lip-
ids showed significant abnormalities. Of them, 61 
were verified in a larger sample size. LysoPC 22:0, 
PC (P-14:0/22:2), and PE (16:0/18:1) were associ-
ated with tumor stage, CA19–9 expression, CA242 
expression, and tumor diameter. PE (16:0/18:1) was 
also significantly correlated with overall survival 
[38]. Arnoletti et  al. collected portal vein plasma 
samples during the intraoperative period from 29 
patients undergoing pancreaticoduodenectomy and 
used multidimensional mass spectrometry- based 
shotgun lipid histology to analyze lipid changes. 
The unique characteristic analysis of 20 lipids and 
235 lipids was found to reliably identify PDAC 
(stage I–IV), intraductal papillary mucosa (IPMN), 
and nonmalignant pancreatitis [39].

The carnitine palmitoyltransferase (CPT) 
family is essential for fatty acid oxidation. Guan 
et al. found that carnitine palmitoyltransferase 1C 
(CPT1C), one of the subtypes, plays an essen-
tial role in the aging of tumor cells. However, 
whether other subtypes (CPT1A, CPT1B, and 
CPT2) have the same effect on cellular senes-
cence remains unclear [40]. CPT1C has the most 
significant effect on cell senescence. Using lipi-
domics analysis, we further found that the down-
regulation of CPTs alters lipid content involved 
in mitochondrial function and induces lipid 
accumulation.

2.1.10  Liver Cancer

The cellular heterogeneity of tumor tissue is one 
of the causes of tumor recurrence after chemo-
therapy. Thus, identification of specific tumor tis-
sue cell subtypes is critical for precision medicine 
and prognostic prediction. Lipids, as structural 
and functional components of cells, are closely 
related to the apparent morphology of cells. They 
are biomarkers of potential cancer species that 
can be used to classify different cancer cell types. 
Wang et  al. described a lipid spectrum analysis 
method based on nanostructured laser desorp-
tion/ionization mass spectrometry (NALDI-MS). 
This method can classify five HCC cell lines 
and distinguish the subtypes of mixed cells and 
tumor tissues. The molecular structures of these 
biomarkers were classified into two categories as 
phosphatidylcholine (i.e., PE, PI, PG, PA, and 
PS) and phospholipids (i.e., LacCer, ST) [41].

2.1.11  Glial Tumor

Isocitrate dehydrogenase (IDH)1 mutation is 
a highly frequent event in low-grade gliomas 
and secondary glioblastomas. Zhou et al. found 
marked changes in glycolysis and lipid metabo-
lism in IDH1 mutant glioma tissues compared 
with IDH1 wild-type glioma through comprehen-
sive metabolic studies on clinical IDH1 mutant 
glioma specimens. More pyruvate was found to 
enter the TCA cycle in IDH1 mutant gliomas 
presenting with reduced triglycerides and sphin-
golipids [42].

2.1.12  Thyroid Cancer

The difference between papillary thyroid 
carcinoma and benign thyroid lesions is of 
great significance for clinical management. 
Histopathological classification can be supported 
by molecular biomarkers, including lipid group 
features, identified using high-throughput mass 
spectrometry techniques. Wojakowska et  al. 
used a high-resolution MALDI-Q-Ion mobility-
TOF- MS technique to analyze lipid groups in 
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formalin- fixed thyroid tissue samples. Multiple 
phosphatidylcholine (32:0, 32:1, 34:1, and 36:3), 
sphingomyelin (34:1 and 36:1), and phosphatidic 
acid (36:2 and 36:3) were detected in cancer tis-
sues. Moreover, they were significantly more 
abundant in cancer tissue than in noncancerous 
tissue [43].

2.1.13  Head and Neck Cancer

Fanconi anemia (FA) gene mutations are com-
mon in sporadic head and neck squamous cell 
carcinoma (HNSCC). We have previously dem-
onstrated that FA pathway deletion stimulates 
invasion of HNSCC cell lines. Zhao et  al. used 
a systematic approach to define FA pathway- 
dependent lipid metabolism and to extract lipid- 
based features and invasive effectors in FA 
defective cells. The most notable element in the 
lipid profile results was the consistent elevation 
of glycolipid, especially ganglioside accumula-
tion. In contrast, such lipids were inhibited with 
genetic correction of HNSCC cells from FA 
patients [44].

2.1.14  Myeloma

Multiple myeloma (MM) is a blood malignancy 
characterized by clonal expansion of malignant 
plasma cells. Although long-term palliative treat-
ment is possible, MM is incurable and most 
patients develop recurrence. Mohamed et  al. 
evaluated the feasibility of simultaneous lipido-
mics and proteomics analysis of plasma cells. 
The results showed that PCs were significantly 
downregulated in recurrent MM. PC, ceramide, 
cardiac phospholipid, arachidonic acid, and cho-
lesterol metabolic pathways were significantly 
correlated only in patients with recurrence, but 
not in those who were newly diagnosed [45].

2.1.15  Oral Cancer

Metabolic recombination as one of the charac-
teristics of cancer is beneficial to rapid energy 

production, biosynthetic ability, and therapeu-
tic resistance. We previously found that balsam 
pear extract (BME) could prevent carcinogen-
induced oral cancer in mice. RNA sequence 
analysis of the mouse tongue showed that com-
pared with other cancers, BME significantly 
regulated the metabolic process by altering 
glycolysis and lipid metabolic pathways in oral 
cancer [46]. Bednarczyk et  al. compared the 
usefulness of proteome and lipidome compo-
nents to distinguish between oral cancer cells 
and normal mucosa. The tumor regions were 
more heterogenous than the normal epithelium, 
and the distribution of peptide components was 
more uneven than that of lipid components. 
Furthermore, there were significant differences 
in the abundance of peptide components and 
lipid components between the tumor and the 
normal epithelium (for peptide and lipid com-
ponents, the median effect of Cohen was 0.49 
and 0.31, respectively). In addition, compared 
to normal epithelial cells, a multicomponent 
cancer classifier was detected using tissue 
samples from three patients and then validated 
with tissue samples from the fourth patient. The 
weighted accuracy of cancer classification for 
peptide-based signature and lipid- based signa-
ture was 0.85 and 0.69, respectively. Although 
the molecular differences between cancerous 
and normal mucosa were higher in the proteome 
domain than in the analyzed lipidome subdo-
main, imaging of lipidome components can also 
distinguish between oral cancer and normal epi-
thelium. Therefore, both tumor proteome and 
lipidome are promising sources of biomarkers 
for oral malignancies [47].

2.1.16  Renal Carcinoma

The clear cell carcinoma (ccRCC) subtype of 
renal cell carcinoma (RCC) is characterized by 
lipid accumulation and metabolic alterations. 
However, data on ccRCC metabolic alterations 
are limited. Schaeffeler et  al. assessed meta-
bolic alterations and lipid composition of RCC 
subtypes and ccRCC-derived metastases. They 
found differences in lipid synergistic regulatory 
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networks between ccRCC and chromophobe 
RCC (chRCC) except for lysophospholipids and 
sphingolipids [48].

2.2  Tumor Therapy

The above content indicates that lipidomics and 
changes in lipid molecules have high potential for 
application in early tumor diagnosis. Tumor diag-
nosis is easier to establish through direct detec-
tion and analysis of clinical samples. However, 
owing to the standardized management of clini-
cal research and clinical observation of long-
term curative effects, there are fewer studies on 
the application of lipidomics in tumor treatment. 
Therefore, most tumor treatment-related research 
still stays at the stage of intervening tumor cells 
in the laboratory.

2.2.1  Lung Cancer

Zhang et  al. identified CCL3 metabolic-related 
genes or inflammation-related genes in lung 
adenocarcinoma and small lung cancer cells, 
respectively. Palmitic acid C16:0 or stearic acid 
C18:0 upregulated ACSL5 or CSF2 expression in 
a time- and dose-dependent manner. Deletion of 
both genes resulted in cell insensitivity. By alter-
ing intracellular energy, the target lipid increased 
the expression of PDK4 genes and inhibited cell 
proliferation [49]. Bergqvist et al. compared the 
effects of microsomal prostaglandin E synthase 
(mPGES)-1 inhibitor complex III (ciii) with those 
of cyclooxygenase (COX)-2 inhibitor NS-398 
on interleukin (IL)-1-induced cellular protein 
and lipid profiles in lung cancer. Compared to 
the NS-398 that activate these pathways, CIII 
downregulated eIF2, eIF4/P70S6K, and mTOR 
signals. There are nine phospholipid changes 
between the two inhibitors. Compared with CIII, 
NS-398 lysophospholipid (LPC) shows more 
profound changes in living cell imaging systems. 
We also found that CIII reduced cell proliferation 
and enhanced the cytotoxic effects of cisplatin, 
etoposide, and vincristine [50].

The recent introduction of targeted therapy 
and immunotherapy for NSCLC offers new 
hope for NSCLC patients. However, not all 
patients respond to these drugs, and the complete 
response is low. New therapeutic targets and 
novel antitumor drugs are still urgently needed 
in NSCLC.  Sphingomyelin kinase 2 (SphK2) 
is one of the critical enzymes in sphingomyelin 
metabolism. Positive SphK2 expression predicts 
poor survival in NSCLC patients and is associ-
ated with gefitinib resistance. Dai et al. explored 
the NSCLC activity of ABC294640, which is the 
only oral SphK2 inhibitor. The results showed 
that ABC294640 could induce NSCLC apopto-
sis, cell cycle arrest, and tumor growth inhibi-
tion both in vitro and in vivo [51]. Lipotoxicity, 
caused by intracellular lipid accumulation, 
accelerates the degenerative process of cellular 
senescence, which is crucial in cancer develop-
ment and treatment. CPT1C, a mitochondrial 
enzyme that catalyzes carnitinylation of fatty 
acids, has been found to be a key regulator of 
cancer cell senescence. Analysis of the LC/MS 
lipid groups of PANC-1, MDA-MB-231, HCT-
116, and A549 cancer cells after the deletion 
showed significant changes in lipid groups of 
cpt1c depleted cells, including fatty acids, dia-
cylglycerols, triacylglycerols, oxidized lipids, 
cardiac phospholipids, phosphatidylglycerols, 
phosphatidylcholine- phosphatidylethanolamine 
ratios, and sphingomyelins [52].

2.2.2  Prostate Cancer

Androgen deprivation therapy (ADT) is a primary 
treatment strategy in patients with metastatic 
PCa. ADT is associated with various metabolic 
disorders, including impaired glucose tolerance, 
insulin resistance, and weight gain, thus increas-
ing the risk of diabetes and cardiovascular death. 
ADT exerts its therapeutic effect through several 
mechanisms. First, ADT treatment reduces ste-
roid synthesis, which is reflected in lower andro-
gen sulfate and other steroid hormones. Second, 
ADT consistently reduces 3-hydroxybutyric acid 
and ketone formation. Third, ADT reduces many 
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acylcarnitines, thus affecting fatty acid metabo-
lism. Fourth, ADT is reduces 3-formylindole (also 
called indole-3- carboxaldehyde) [53]. Clendinen 
et  al. used multi- platform (NMR  +  LC-MS) 
metabolomics to study PCa recurrence and pre-
operative metabolic changes. Lipid histology 
experiments showed that many classes of lipids, 
including triglycerides, lysophosphatidylcholine, 
phosphatidylethanolamine, phosphatidylinosi-
tol, diglyceride, acylcarnitine, and ceramide, are 
highly abundant in patients with recurrence [54].

2.2.3  Ovarian Cancer

Lipidomics is a promising approach to identify 
lipid profiles in malignant phenotypic cells. 
Using MS, Cadoni et al. revealed quantitative dif-
ferences in phospholipid composition between 
cisplatin-resistant and cisplatin-sensitive model 
cancer cell lines. Further, in CCRF-CEM cispl-
atin-sensitive cells, phosphocholines PC P-34:0, 
PC 34:1, PC 20:2_16:0, LPC 18:1 and LPC 16:0 
PLs were found treated with 200-400 μM cis-
platin, but not in cisplatin-resistant A2780 cells. 
Similarly, the PC 34:1, LPC 18:1, and LPC 16:0 
of cisplatin- reactive A2780 increased in cells, 
whereas cisplatin- resistant A2780 cells PC 
20:2_16:0 downregulated. The development of 
lipid entities and therapeutic resistance shown 
in MS may be helpful for molecular diagnosis 
and provide a potential complementary cancer 
biomarker [55].

2.2.4  Colorectal Cancer

Lipidome technique is a promising antigen deliv-
ery technique in cancer immunotherapy. The 
phospholipid content of the lipid group may 
act as immunostimulatory molecules in tumor 
immunotherapy [56]. The DOTAP and DOPE 
lipid groups (F1 lipid groups) stimulated a mixed 
immune response in Th1 and Th2 colon cancer 
mice without tumor-specific antigens.

2.2.5  Bone Marrow Tumor

Although the proteasome inhibitor bortezo-
mib (BTZ) has shown excellent results in MM, 
a small number of patients experienced severe 
adverse events or did not respond to the drug. 
In addition, BTZ-induced peripheral neuropathy 
(BiPN) is a common side effect, thus limiting its 
application. Maekawa et  al. identified 385 lipid 
metabolites in patients’ serum and found that low 
levels of glycerophospholipids, sphingolipids, 
and cholesterol esters are associated with adverse 
therapeutic responses. Metabolites associated 
with platelet-activating factor biosynthesis and 
cholesterol metabolism appear to be particularly 
relevant. In addition, several lysophosphatidyl-
cholines, phosphatidylcholine, ceramide, neutral 
lipids, and oxidized fatty acids were significantly 
increased or decreased in BiPN patients with 
grade G0–G3 disease [57].

2.2.6  Lymphoma

Monocarboxylic acid transporter 1 (MCT1) is 
a regulator of cell metabolism and a therapeu-
tic target for cancer therapy. Beloueche-Babari 
et  al. evaluated the effects of MCT1 inhibitor 
AZD3965 critical determinant of tumor biologi-
cal function on tumor metabolism and immune 
cell infiltration in an MCT1-dependent model 
of lymphoma. Tumor growth was inhibited, and 
tumor choline was reduced in mice with severe 
combined immunodeficiency Raji xenograft 
tumors treated with AZD3965 [58].

2.2.7  Other

In the field of cancer treatment, lipid molecules 
are not only involved in antitumor effects through 
metabolism but can also affect the vitality of tumor 
cells through immune responses. Treatment with 
immune checkpoint inhibitors (ICI) requires the 
production of appropriate amounts of IL-6 and 
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TNF-cells to clear tumor cells. IL-6- and TNF-
activated phospholipases induce the release of 
PUFAs in cell membrane phospholipid pools. 
PUFAs as a precursor of pro-inflammatory and 
anti-inflammatory eicosane can inhibit excess 
production of IL-6 and TNF.  PUFAs can also 
selectively kill tumor cells by enhancing the pro-
duction of free radicals and the accumulation of 
toxic lipid peroxides in tumors rather than in nor-
mal cells [59].

Bone marrow-derived suppressor cells 
(MDSCs) play an essential role in tumorigenesis; 
accordingly, their inhibition is key to the success 
of tumor immunotherapy. MDSCs induce oxida-
tive phosphorylation resulting from glycolysis to 
fatty acid oxidation (FAO) and lipid accumula-
tion in tumors through metabolic reprogramming. 
The increased uptake of exogenous fatty acids by 
tumor MDSCs enhances its immunosuppressive 
activity against T cells, thereby promoting tumor 
progression [60].

2.3  Conclusion and Remarks

Traditional studies on cancer cell metabolism 
mostly focus on glutamine decomposition and 
glycolysis. However, in the past decade, with 
the continuous development of lipidomics tech-
nology, new knowledge and new theories have 
deepened the understanding of the relation-
ship between lipid metabolism and cancer biol-
ogy [61, 62]. Recent studies have shown that 
the reprogramming of cell lipid metabolism is 
directly involved in the malignant transformation 
and progression of cells [63, 64]. For example, 
lipids synthesized de novo can provide phos-
pholipid components for proliferation to form 
plasma membranes and organelle membranes of 
newly dividing cells [65]. In addition, the upregu-
lated expression of mitochondrial microglobulin 
helps tumor cells maintain energy metabolism 
and redox homeostasis. Lipid-derived messenger 
molecules can regulate related signal pathways 
and coordinate immune suppression [66, 67]. 
Therefore, lipid metabolism is involved in vari-
ous oncogenic processes, including proliferation, 
differentiation, migration, invasion, and drug 

resistance [68, 69]. However, whether we can 
safely and effectively regulate cancer treatment 
through lipid metabolism, the underlying mecha-
nism remains unclear [70].

In addition to peripheral blood as a commonly 
used sample for early tumor diagnosis, other 
easily accessible body fluids have also received 
increasing research attention. Human saliva as a 
biological fluid is increasingly used for diagnos-
ing diseases, monitoring systemic disease status, 
and predicting disease progression. The discovery 
of biomarkers in saliva provides a unique oppor-
tunity to assess patient health by using oral fluids, 
avoiding invasive blood collection. Salivary flu-
ids are clinically relevant because their compo-
nents can be found in plasma. Salivary lipids are 
one of the most important cellular components 
in human saliva, and thus they have high poten-
tial as biomarkers. Lipid components in cells and 
tissues change with physiological changes, and 
lipid components in normal tissues are different 
from those affected by disease. Lipid imbalance 
is strongly associated with many lifestyle-related 
diseases, such as atherosclerosis, diabetes, meta-
bolic syndrome, systemic cancer, neurodegenera-
tive diseases, and infectious diseases. Therefore, 
lipid biomarkers can be useful to diagnose dis-
ease and evaluate disease status and treatment 
response. However, whether saliva can be used as 
a substitute for serum lipid profiles requires fur-
ther investigation as developing reliable diagnos-
tic and salivary disease surveillance tests requires 
identifying saliva biomarkers using a high-sen-
sitivity method with low detection limits [71]. 
The continuous development of mass spectrom-
etry (MS) and the introduction of high-precision 
and high- resolution mass spectrometry detectors 
in recent years have also significantly improved 
lipidomics methods.
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Overview: Lipid Metabolism 
in the Tumor Microenvironment
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Abstract

The tumor microenvironment represents the 
dynamic network consisting of tumor cells, 
stromal cells, and multiple lineages of immune 
subsets. It is well recognized that metabolic 
crosstalk within the tumor microenvironment 
(TME) greatly shapes both the composition 
and functionality of the infiltrated immune 
cells and therefore critically regulate the anti-
tumor immunity. In general, most solid tumors 
are considered as lipid- enriched environment, 
which is beneficial for tumor cell growth and 
immune escape. Here we briefly summarize 
the effects of accumulated lipids on tumor cells 
and immune cells. We also discuss the possi-
bility of targeting lipid metabolism within the 
TME and potential strategies for optimizing 
cancer treatment.
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3.1  Accumulation of Lipids 
Within the TME

Cancer cell progression depends on a special-
ized niche termed the tumor microenvironment 
(TME), which contains extracellular matrix and 
numerous cell types including cancer cells, endo-
thelial cells, stromal fibroblasts, and diverse sub-
sets of immune cells [1]. The nutrient conditions 
such as glucose, amino acids, and fatty acids 
(FAs) are varied in the TME due to the high needs 
of tumor cells for nutrients to sustain their energy 
production and biological functions. This nutrient 
competition within the TME in turn leads to met-
abolic reprogramming of both cancer cells and 
immune cells, which may have profound effects 
on the composition/density of infiltrated immune 
cell types, or directly modulate their functionality 
to facilitate tumor growth and immunosuppres-
sion [2, 3]. Recently, numerous efforts have been 
devoted to understanding the metabolic crosstalk 
between cancer cells and immune cells with the 
aim to improve the immunotherapeutic efficacy 
against tumor [4–6].

Lipids are categorized into multiple subtypes 
according to their structural/biological features, 
including phospholipids, FAs, triglycerides, cho-
lesterol, cholesterol esters, sphingolipids, etc. 
As one of the crucial energy sources and critical 
components of cellular membranes, lipid metab-
olism is tightly related to cell proliferation and 
function in the TME [6, 7]. Certain lipids such 
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as sphingosine-1-phosphate, prostaglandins, dia-
cylglycerol, and phosphatidylinositol phosphates 
and some derivatives of cholesterol can act as 
signaling molecules to regulate cell growth and 
function [8–11]. Numerous studies have shown 
that free FAs are abundant across several human 
tumor tissues. Despite the critical role of FAs to 
support energy production via FA β-oxidation 
(FAO) for proliferative cancer cells, enhance-
ment of FAO in certain immune cells such as 
regulatory T cells (Tregs) and tumor-associated 
macrophages (TAMs) is recognized to be impor-
tant for their survival and suppressive function 
in progressing tumors [12, 13]. In addition to 
FAs, cholesterol, an essential component of the 
plasma membrane, is also correlated to cancer 
growth and metastases [14]. Excess free choles-
terol is esterified by cholesterol acyltransferase-1 
(ACAT1) to form cholesteryl esters for storage in 
lipid droplets [15]. Cholesteryl esters were found 
in multiple tumor tissues such as breast cancer, 
glioma, and prostate cancer, while they are usu-
ally undetectable in the corresponding healthy 
tissues [16–18].

The mechanisms underlying lipid accu-
mulation in TAMs are not clear. Xiang et  al. 
demonstrated that monoacylglycerol lipase 
(MGLL) deficiency results in lipid overload in 
TAMs from colon cancer models. Furthermore, 
myeloid- specific deletion of MGLL could pro-
mote tumor growth, which is largely attributed to 
macrophage- mediated immunosuppression and 
decreased CD8+ T cell functionality. On the other 
hand, overexpression of MGLL stimulates pro- 
inflammatory cytokine production and M1 polar-
ization and superior antitumor effects [19]. With 
the rapid development of detection techniques, 
more powerful assays of high-throughput mea-
surements of lipid species and quantity within the 
TME are needed. Yet, it remains to be determined 
how lipids were generated and accumulated 
in diverse cell subsets, and also it is important 
to understand their biological consequences in 
tumor progression and metastasis.

3.2  Lipid Metabolism in Tumor 
Metastasis

Consistent with high requirement for lipids, the 
lipogenesis and lipid uptake are also increased 
in a variety of cancers, which is recognized as a 
hallmark of malignancy [6, 7]. Cancer cells uti-
lize acetyl-coenzyme A (AcCoA) that is mainly 
from citrate tricarboxylic acid (TCA) cycle for 
de novo lipid synthesis [20]. The key regula-
tors of lipogenesis such as FA synthase (FASN), 
SREBPs, stearoyl-CoA desaturase 1 (SCD1), and 
acetyl-CoA carboxylase (ACC) are significantly 
upregulated in various human cancers [7, 21–23]. 
In addition to de novo lipid synthesis, mammalian 
cells can uptake lipid directly from the exogenous 
environment. For instance, CD36 is responsible 
for transporting FAs into the cell and increases 
lipid metabolism that would promote tumor cell 
growth and metastasis [24–26]. Similarly, mam-
malian cells can obtain cholesterol from the 
uptake of low-density lipoprotein (LDL) except 
for de novo synthesis. Binding of LDL with the 
membrane-bound LDL receptor (LDLR) is inter-
nalized and transported to late endosomes/lyso-
somes, where lysosomal acid lipase (LAL) could 
digest targets and lead to free cholesterol release 
[27]. In addition, accumulating evidences from 
in  vivo and vitro experiments have shown that 
cancer-associated fibroblasts (CAFs) could trans-
fer lipid to the TME which serve as a hub of FAs 
to support cancer cell growth (Fig. 3.1) [28, 29]. 
Moreover, ovarian cancer cells can even induce 
metabolic alterations in neighboring adipocytes 
to release free FAs to the microenvironment, 
which thus provide energy supply to support can-
cer cell proliferation [30].

As mentioned above, cancer cells tend to use 
FAO to survive from the nutrient-deprived micro-
environment. Angiogenesis inhibitor treatment- 
induced hypoxia and nutrient-deprived condition 
were found to promote cancer cell proliferation by 
increasing lipid metabolic reprogramming [31]. 
Therefore, targeting carnitine palmitoyltrans-
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ferase 1α (CPT1α), a key factor in β-oxidation 
in charge of FAs shuttling into mitochondria to 
initial β-oxidation, acts as an effective strategy 
to improve anticancer effects in various animal 
models [31–33]. Given that significantly upregu-
lated lipogenesis and lipid uptake in cancer cells, 
targeting these pathways has been proved to 
be effective for treatment of some cancers. For 
instance, the effects of lipogenic enzyme FASN 

inhibitor, TVB-2640, are actively under clinical 
investigation in patients with solid tumors [34]. 
The frequency of CD36- positive cells in human 
oral carcinomas, melanoma, and luminal A breast 
cancer is more predisposed to initiate metastasis 
than that with low level of CD36 expression, 
which is consistent with clinical prognosis [24]. 
Further blocking CD36 on tumor cells by anti-
bodies completely inhibits metastasis in both 

Immunosuppression Anti-tumor immunity

FAO

Cholesterol

Lipid
accumulation

Serum cholesterol

FAO
Lipid synthesis
Lipid uptake

Cancer cells DCs

Effector T cells

Tregs

NK cells TAMs

MDSCs

CAFs

Fig. 3.1 Reprogramming of lipid metabolism in the 
TME.  Cancer cells evolve to adapt to nutrient-deprived 
microenvironment by utilizing lipid catabolism to supply 
energy. Together with cancer-associated fibroblasts 
(CAFs) transferring lipid to the TME, increased lipid syn-
thesis within cancer cells may cause lipid accumulation in 
the TME, which further modulates the immune response. 
MDSCs, TAMs, and Tregs benefit from enhanced lipid 

and increased FAO to support their immunosuppression 
and pro-tumoral functions. Of note, excessive lipids could 
be detrimental for effector functions of certain immune 
cells, which lead to impaired antitumor immunity. For 
instance, accumulation of FAs inhibits NK cell cytotoxic-
ity and tumor-associated antigen-presenting capacity of 
DCs, and superfluous cholesterol can induce CD8+ T cell 
exhaustion

3 Overview: Lipid Metabolism in the Tumor Microenvironment



44

immunodeficient and immunocompetent ortho-
topic mouse models of human oral cancer [24]. 
Likewise, targeting key components of choles-
terol synthesis pathway has shown promising 
efficacy with preclinical mouse models, and the 
efficacy of statins combined with chemothera-
peutic agents is also actively explored in clinical 
trials [35, 36]. Of note, excess intracellular free 
cholesterol is cytotoxic to cells due to higher ER 
stress, which may induce subsequent apoptosis. 
Therefore, inhibiting cholesterol esterification is 
proposed as a novel strategy for treating certain 
metastatic cancers [37].

3.3  Lipid Metabolism in Vascular 
Endothelial Cells 
and Angiogenesis

In contrast to most differentiated cells which rely 
more on mitochondrial oxidative phosphoryla-
tion, endothelial cells (ECs) are highly glycolytic 
and thus accumulate large amounts of lactate, 
even under sufficient oxygen [38]. VEGF could 
further increase glycolysis via enhanced glu-
cose uptake and activation of phosphofructoki-
nase-2/fructose-2,6-bisphosphatase 3 (PFKFB3). 
Consistently, silencing PFKFB3 results in 
impaired angiogenesis [39]. Intriguingly, inacti-
vation of PFKFB3 activity in ECs leads to tumor 
vessel normalization, which impairs metastasis 
and promotes chemotherapy response rate [40]. 
FAO is needed for EC proliferation during vessel 
sprouting. Of note, quiescent ECs show higher 
FAO rate than proliferating ECs. Interestingly, 
increased FAO within quiescent ECs is not 
required for energy homeostasis or biomass syn-
thesis. Instead, quiescent ECs rely heavily on 
FAO for NADPH regeneration and maintenance 
of redox balance [41]. Notch signaling activation 
triggers CPT1α transcription for FAO.  Specific 
loss of CTP1α in ECs triggers impaired de novo 
nucleotide synthesis for DNA replication, with 
energy production and redox homeostasis unaf-
fected [42].

3.4  Lipid Metabolism 
in Immunosuppression

In addition to alternations of lipid metabolism 
within tumor cells, the metabolic restrictions 
within the TME might also shape the distribution 
profiles of the infiltrating immune cells and their 
functionality (Fig. 3.1). TAMs represent the major 
fraction of the myeloid infiltrates in the TME to 
support tumor growth and metastasis through 
promoting immunosuppression and angiogenesis 
[43–45]. For instance, both mouse and human 
TAMs were found to increase lipid uptake due to 
elevated CD36 expression, which is required for 
TAM differentiation and function [46]. In addi-
tion, recent evidence suggests that extracellular 
FAs, particularly unsaturated FAs, can induce the 
polarization of pro-tumoral TAMs from infiltrat-
ing monocytes (Fig.  3.1), and disrupting lipid 
droplet-derived FAs in myeloid cells reduces 
tumor progression [47]. Moreover, phospholipid 
metabolism was also found to modulate the TME 
and thus tumor progression. For instance, a recent 
study demonstrated that the level of lysophospha-
tidic acid was decreased in colorectal carcinoma 
as compared with paracarcinoma regions, con-
sistent with increased expression of 1-acylglyc-
erol-3-phosphate O-acyltransferase 4 (Agpat4). 
Interestingly, Agpat4 deficiency decreases M2 
whereas promotes M1-like macrophage polar-
ization, which further boost T cell function and 
antitumor immunity [48]. Genetic deficiency of 
receptor- interacting protein kinase 3 (RIPK3) 
in TAMs of hepatocellular carcinoma leads to 
enhanced FAO and pro-tumoral M2 polarization 
due to PPAR activation [49].

With a mouse model of metastatic ovar-
ian cancer, Goossens et  al. clearly demonstrate 
that increased cholesterol efflux in TAMs criti-
cally modulates their tumor-promoting function, 
which is associated with increased IL-4 signal-
ing and inhibition of IFN-γ transcriptional pro-
grams [50]. Therefore, preventing cholesterol 
efflux in TAMs represents a potentially novel 
antitumor therapeutic strategy [50]. Similarly, 
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previous studies show that FA uptake and FAO 
are also increased in tumor-infiltrating MDSCs 
(T-MDSCs) which inhibit antitumor immune 
response (Fig. 3.1) [51]. Intriguingly, one recent 
study elegantly demonstrated that CD36 was 
selectively increased in Tregs which represents 
another major barrier to antitumor immunity. 
As a result, these Treg cells exhibit enhanced 
FA uptake and lipid metabolism to support their 
survival and function. Treg-specific deletion of 
CD36 leads to decreased intratumoral Treg cells 
and delayed tumor growth, which is accompanied 
by enhanced infiltration of TILs and antitumor 
immunity [52]. Further targeting CD36 of intra-
tumoral Treg cells by α-CD36 antibody leads to 
impaired Treg cell function and reinforces anti-
tumor immunity [52]. Altogether, elevated CD36 
expression on either TAMs or intratumoral Tregs 
leads to enhanced FAO and immunosuppression 
(Fig.  3.1). Targeting lipid uptake or selective 
inhibition of FAO within those immunosuppres-
sive cells might serve as a potential therapeutic 
strategy of human cancer treatment.

3.5  Lipid Metabolism in T Cell/NK 
Antitumor Immunity

Among tumor-infiltrated immune cells, CD8+ 
T cells play a central role in antitumor immunity 
however their effector functions are largely sup-
pressed in the TME [53]. Considering that activated 
CD8+ T cell mainly relies on aerobic glycolysis to 
supply energy for productive growth and cytokine 
production [54], it is reasonable to speculate that 
tumor-infiltrating CD8+ T cells undergo functional 
decline (exhaustion) in response to hypoxia and low 
levels of glucose and/or other nutrients within the 
TME. Indeed, enhancing FA catabolism by PPARα 
agonist fenofibrate leads to enhanced CD8+ T cell 
tumor- killing functions and significantly strength-
ens antitumor efficacy when synergizing with PD-1 
blockade therapy in vivo [55]. However, increased 
lipid content in dendritic cells (DCs) was found 
to reduce capacity to present tumor-associated 

antigens [56]. Likewise, natural killer (NK) cells, 
another subset of cytotoxic immune cells in tumor 
immunosurveillance, display functional inhibition 
state in response to PPARα-mediated increased 
FA [57]. Lipid accumulation in NK cells inhibited 
trafficking of the cytotoxic machinery to the NK 
cell-tumor synapse and impaired immunosurveil-
lance (Fig. 3.1). Blocking PPARα/δ signaling or the 
transport of lipids into mitochondria reversed NK 
cell cytotoxicity and reduced tumor growth [57]. 
Moreover, the accumulation of cholesterol in NK 
cells that was induced by high serum levels of cho-
lesterol could stimulate their effector functions to 
protect against hepatoma cells in mouse model [58]. 
Of note, the effects of FA metabolism in modulat-
ing CD8+ T cell or NK cell functionality/exhaus-
tion is still in its infancy, which deserves further 
investigations.

Additionally, T cell-specific deletion of the 
key cholesterol esterification enzyme ACAT1 
leads to enhanced CD8+ T cell proliferation and 
superior effector function and in vivo antitumor 
immunity. In addition, pharmacological inhibi-
tion of ACAT1 with avasimibe shows better effi-
cacy against mouse melanoma progression when 
combined with anti-PD1 blockade [59]. On the 
other hand, it was also shown that cholesterol 
was increased in the TME and elevated choles-
terol level led to CD8+ T cell exhaustion. Indeed, 
cholesterol was found to upregulate expression 
of co-inhibitory molecules such as PD-1 and 
2B4 upregulation on CD8+ T cells via trigger-
ing ER stress [5, 55]. Consistently, cholesterol 
inhibits IL-9-producing CD8+ T cell (Tc9) dif-
ferentiation and their antitumor activity, and 
reducing cholesterol levels could enhance Tc9 
cell in  vivo persistence and antitumor immu-
nity in an IL-9-dependent manner [60]. Yet, it 
remains largely unknown how tumor-derived 
cholesterol metabolically reprograms CD8+ T 
cell exhaustion. Development of strategies that 
reduce the cholesterol content within the TME 
may represent promising therapeutic targets that 
could restore the impaired functionality of TILs 
(Fig. 3.1).
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3.6  Conclusions 
and Perspectives

Cancer cells’ adaptive metabolic alterations 
caused lipid-enriched TME shapes both the 
composition and functionality of the infiltrated 
immune cells that finally protect tumor growth 
from immune response. Mitochondria is closely 
connected to FA metabolism, and it requires 
further characterization how alterations of lipid 
metabolism affect mitochondrial fitness (content 
and quality) regarding diverse cell types within 
the TME.  Of note, given the possible opposite 
outcomes and the complexity of the TME, it 
remains challenging to target lipid metabolism 
specifically in a defined cell type and to achieve 
maximal antitumor effects when designing strat-
egies for cancer immunotherapy.

Acknowledgments The authors would like to thank 
members of Zhang Lab for helpful discussions. L.Z. is 
supported by Natural Science Foundation of China (NSFC 
81971466) and Innovation Fund from the Chinese 
Academy of Medical Sciences (2016-I2M-1-005).

References

 1. Egeblad M, et al. Tumors as organs: complex tissues 
that interface with the entire organism. Dev Cell. 
2010;18(6):884–901.

 2. Reina-Campos M, et  al. Metabolism shapes the 
tumor microenvironment. Curr Opin Cell Biol. 
2017;48:47–53.

 3. Lyssiotis CA, Kimmelman AC.  Metabolic interac-
tions in the tumor microenvironment. Trends Cell 
Biol. 2017;27(11):863–75.

 4. Binnewies M, et al. Understanding the tumor immune 
microenvironment (TIME) for effective therapy. Nat 
Med. 2018;24(5):541–50.

 5. Ma X, et  al. Cholesterol induces CD8(+) T cell 
exhaustion in the tumor microenvironment. Cell 
Metab. 2019;30(1):143–15.6.e5.

 6. Anderson KG, et  al. Obstacles posed by the tumor 
microenvironment to T cell activity: a case for syner-
gistic therapies. Cancer Cell. 2017;31(3):311–25.

 7. Cheng C, et  al. Lipid metabolism reprogramming 
and its potential targets in cancer. Cancer Commun 
(Lond). 2018;38(1):27.

 8. Cartier A, Hla T.  Sphingosine 1-phosphate: lipid 
signaling in pathology and therapy. Science. 
2019;366(6463):eaar5551.

 9. Marra AN, et  al. Prostaglandin signaling regulates 
renal multiciliated cell specification and maturation. 
Proc Natl Acad Sci U S A. 2019;116(17):8409–18.

 10. Eichmann TO, Lass A. DAG tales: the multiple faces 
of diacylglycerol—stereochemistry, metabolism, and 
signaling. Cell Mol Life Sci. 2015;72(20):3931–52.

 11. Marat AL, Haucke V.  Phosphatidylinositol 
3- phosphates-at the interface between cell signalling 
and membrane traffic. EMBO J. 2016;35(6):561–79.

 12. Michalek RD, et al. Cutting edge: distinct glycolytic 
and lipid oxidative metabolic programs are essential 
for effector and regulatory CD4+ T cell subsets. J 
Immunol. 2011;186(6):3299–303.

 13. Huang SC, et al. Cell-intrinsic lysosomal lipolysis is 
essential for alternative activation of macrophages. 
Nat Immunol. 2014;15(9):846–55.

 14. Silvente-Poirot S, Poirot M.  Cancer. 
Cholesterol and cancer, in the balance. Science. 
2014;343(6178):1445–6.

 15. Qian H, et  al. Structural basis for catalysis and 
substrate specificity of human ACAT1. Nature. 
2020;581(7808):333–8.

 16. de Gonzalo-Calvo D, et  al. Intratumor choles-
teryl ester accumulation is associated with human 
breast cancer proliferation and aggressive potential: 
a molecular and clinicopathological study. BMC 
Cancer. 2015;15:460.

 17. Bemlih S, et al. Acyl-coenzyme A: cholesterol acyl-
transferase inhibitor Avasimibe affect survival and 
proliferation of glioma tumor cell lines. Cancer Biol 
Ther. 2010;9(12):1025–32.

 18. Yue S, et al. Cholesteryl ester accumulation induced 
by PTEN loss and PI3K/AKT activation underlies 
human prostate cancer aggressiveness. Cell Metab. 
2014;19(3):393–406.

 19. Xiang W, et al. Monoacylglycerol lipase regulates 
cannabinoid receptor 2-dependent macrophage 
activation and cancer progression. Nat Commun. 
2018;9(1):2574.

 20. Currie E, et  al. Cellular fatty acid metabolism and 
cancer. Cell Metab. 2013;18(2):153–61.

 21. Rohrig F, Schulze A.  The multifaceted roles of 
fatty acid synthesis in cancer. Nat Rev Cancer. 
2016;16(11):732–49.

 22. Santos CR, Schulze A.  Lipid metabolism in cancer. 
FEBS J. 2012;279(15):2610–23.

 23. Shimano H, Sato R. SREBP-regulated lipid metabo-
lism: convergent physiology—divergent pathophysi-
ology. Nat Rev Endocrinol. 2017;13(12):710–30.

 24. Pascual G, et  al. Targeting metastasis-initiating 
cells through the fatty acid receptor CD36. Nature. 
2017;541(7635):41–5.

 25. Yang P, et al. Dietary oleic acid-induced CD36 pro-
motes cervical cancer cell growth and metastasis 
via up-regulation Src/ERK pathway. Cancer Lett. 
2018;438:76–85.

 26. Nath A, et al. Elevated free fatty acid uptake via CD36 
promotes epithelial-mesenchymal transition in hepa-
tocellular carcinoma. Sci Rep. 2015;5:14752.

K. Ma and L. Zhang



47

 27. Goldstein JL, Brown MS.  A century of cholesterol 
and coronaries: from plaques to genes to statins. Cell. 
2015;161(1):161–72.

 28. Lopes-Coelho F, et al. Breast cancer metabolic cross- 
talk: fibroblasts are hubs and breast cancer cells are 
gatherers of lipids. Mol Cell Endocrinol. 2018;462(Pt 
B):93–106.

 29. Santi A, et  al. Cancer associated fibroblasts transfer 
lipids and proteins to cancer cells through cargo vesi-
cles supporting tumor growth. Biochim Biophys Acta. 
2015;1853(12):3211–23.

 30. Nieman KM, et al. Adipocytes promote ovarian can-
cer metastasis and provide energy for rapid tumor 
growth. Nat Med. 2011;17(11):1498–503.

 31. Iwamoto H, et  al. Cancer lipid metabolism con-
fers antiangiogenic drug resistance. Cell Metab. 
2018;28(1):104–117.e5.

 32. Samudio I, et  al. Pharmacologic inhibition of 
fatty acid oxidation sensitizes human leukemia 
cells to apoptosis induction. J Clin Invest. 2010; 
120(1):142–56.

 33. Liu PP, et al. Elimination of chronic lymphocytic leu-
kemia cells in stromal microenvironment by targeting 
CPT with an antiangina drug perhexiline. Oncogene. 
2016;35(43):5663–73.

 34. Jones SF, Infante JR. Molecular pathways: fatty acid 
synthase. Clin Cancer Res. 2015;21(24):5434–8.

 35. Ginestier C, et  al. Mevalonate metabolism regulates 
basal breast cancer stem cells and is a potential thera-
peutic target. Stem Cells. 2012;30(7):1327–37.

 36. Kuzu OF, et  al. The role of cholesterol in cancer. 
Cancer Res. 2016;76(8):2063–70.

 37. Li J, et al. Abrogating cholesterol esterification sup-
presses growth and metastasis of pancreatic cancer. 
Oncogene. 2016;35(50):6378–88.

 38. Potente M, Carmeliet P. The link between angiogen-
esis and endothelial metabolism. Annu Rev Physiol. 
2017;79:43–66.

 39. De Bock K, et al. Role of PFKFB3-driven glycolysis 
in vessel sprouting. Cell. 2013;154(3):651–63.

 40. Cantelmo AR, et al. Inhibition of the glycolytic acti-
vator PFKFB3  in endothelium induces tumor vessel 
normalization, impairs metastasis, and improves che-
motherapy. Cancer Cell. 2016;30(6):968–85.

 41. Kalucka J, et al. Quiescent endothelial cells upregu-
late fatty acid beta-oxidation for Vasculoprotection 
via redox homeostasis. Cell Metab. 2018;28(6):881–
894.e13.

 42. Schoors S, et  al. Fatty acid carbon is essential 
for dNTP synthesis in endothelial cells. Nature. 
2015;520(7546):192–7.

 43. Gajewski TF, et  al. Innate and adaptive immune 
cells in the tumor microenvironment. Nat Immunol. 
2013;14(10):1014–22.

 44. Vitale I, et al. Macrophages and metabolism in the tumor 
microenvironment. Cell Metab. 2019;30(1):36–50.

 45. Ngambenjawong C, et  al. Progress in tumor- 
associated macrophage (TAM)-targeted therapeutics. 
Adv Drug Deliv Rev. 2017;114:206–21.

 46. Su P, et al. Enhanced lipid accumulation and metabo-
lism are required for the differentiation and activa-
tion of tumor-associated macrophages. Cancer Res. 
2020;80(7):1438–50.

 47. Wu H, et al. Lipid droplet-dependent fatty acid metab-
olism controls the immune suppressive phenotype of 
tumor-associated macrophages. EMBO Mol Med. 
2019;11(11):e10698.

 48. Zhang D, et  al. The Agpat4/LPA axis in colorectal 
cancer cells regulates antitumor responses via p38/
p65 signaling in macrophages. Signal Transduct 
Target Ther. 2020;5:24.

 49. Wu L, et al. RIPK3 orchestrates fatty acid metabolism 
in tumor-associated macrophages and hepatocarcino-
genesis. Cancer Immunol Res. 2020;8(5):710–21.

 50. Goossens P, et al. Membrane cholesterol efflux drives 
tumor-associated macrophage reprogramming and 
tumor progression. Cell Metab. 2019;29(6):1376–
1389.e4.

 51. Hossain F, et  al. Inhibition of fatty acid oxidation 
modulates immunosuppressive functions of myeloid- 
derived suppressor cells and enhances cancer thera-
pies. Cancer Immunol Res. 2015;3(11):1236–47.

 52. Wang H, et al. CD36-mediated metabolic adaptation 
supports regulatory T cell survival and function in 
tumors. Nat Immunol. 2020;21(3):298–308.

 53. Joyce JA, Fearon DT.  T cell exclusion, immune 
privilege, and the tumor microenvironment. Science. 
2015;348(6230):74–80.

 54. Raud B, et al. Fatty acid metabolism in CD8(+) T cell 
memory: challenging current concepts. Immunol Rev. 
2018;283(1):213–31.

 55. Zhang Y, et  al. Enhancing CD8(+) T cell fatty acid 
catabolism within a metabolically challenging tumor 
microenvironment increases the efficacy of melanoma 
immunotherapy. Cancer Cell. 2017;32(3):377–391.
e9.

 56. Herber DL, et  al. Lipid accumulation and dendritic 
cell dysfunction in cancer. Nat Med. 2010;16(8): 
880–6.

 57. Michelet X, et al. Metabolic reprogramming of natu-
ral killer cells in obesity limits antitumor responses. 
Nat Immunol. 2018;19(12):1330–40.

 58. Qin WH, et  al. High serum levels of choles-
terol increase antitumor functions of nature killer 
cells and reduce growth of liver tumors in mice. 
Gastroenterology. 2020;158(6):1713–27.

 59. Yang W, et  al. Potentiating the antitumour response 
of CD8(+) T cells by modulating cholesterol metabo-
lism. Nature. 2016;531(7596):651–5.

 60. Ma X, et  al. Cholesterol negatively regulates IL-9- 
producing CD8(+) T cell differentiation and antitu-
mor activity. J Exp Med. 2018;215(6):1555–69.

3 Overview: Lipid Metabolism in the Tumor Microenvironment



49© Springer Nature Singapore Pte Ltd. 2021 
Y. Li (ed.), Lipid Metabolism in Tumor Immunity, Advances in Experimental Medicine  
and Biology 1316, https://doi.org/10.1007/978-981-33-6785-2_4

Lipid Metabolism in Cancer Cells

Minhua Zheng, Wei Wang, Jun Liu, Xiao Zhang, 
and Rui Zhang

Abstract

Metabolic reprogramming is one of the most 
critical hallmarks in cancer cells. In the past 
decades, mounting evidence has demon-
strated that, besides the Warburg Effect, lipid 
metabolism dysregulation is also one of the 
essential characteristics of cancer cell metab-
olism. Lipids are water-insoluble molecules 
with diverse categories of phosphoglycer-
ides, triacylglycerides, sphingolipids, sterols, 
etc. As the major utilization for energy stor-
age, fatty acids are the primary building 

blocks for synthesizing triacylglycerides. 
And phosphoglycerides, sphingolipids, and 
sterols are the main components constructing 
biological membranes. More importantly, 
lipids play essential roles in signal transduc-
tion by functioning as second messengers or 
hormones. Much evidence has shown spe-
cific alterations of lipid metabolism in cancer 
cells. Consequently, the structural configura-
tion of biological membranes, the energy 
homeostasis under nutrient stress, and the 
abundance of lipids in the intracellular signal 
transduction are affected by these alterations. 
Furthermore, lipid droplets accumulate in 
cancer cells and function adaptively to differ-
ent types of harmful stress. This chapter 
reviews the regulation, functions, and thera-
peutic benefits of targeting lipid metabolism 
in cancer cells. Overall, this chapter high-
lights the significance of exploring more 
potential therapeutic strategies for malignant 
diseases by unscrambling lipid metabolism 
regulation in cancer cells.
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4.1  Introduction

More and more oncology studies have revealed 
metabolic reprogramming as a hallmark of can-
cer [1, 2]. It has been shown that cancer cells in 
rapid proliferation exhibit high demands for mac-
romolecule biosynthesis and energy consump-
tion. The increased demands of glycolysis and 
glutamine consumption are even more [3–5]. For 
instance, the Warburg Effect decouples glycoly-
sis from pyruvate oxidation in the glucose metab-
olism of cancer cells. Consequently, despite 
high oxygen availability in cancer cells, mito-
chondrial respiration cannot generate maximal 
ATP through the utilization of carbohydrates. A 
deeper understanding of these metabolic changes 
has accelerated new therapeutic approaches to 
cancer [3]. In recent years, though receiving 
less attention, lipid metabolic reprogramming 
in cancer cells has been increasingly recognized 
(Fig. 4.1). It has been widely accepted that lipid 
metabolic reprogramming is a critical molecu-
lar process in the progression of human malig-
nancies [1, 6, 7]. By promoting the exogenous 
lipids’ uptake or increasing endogenous lipid 
synthesis, cancer cells with active proliferation 
show high lipid avidity [8]. A growing body of 
studies has proved that, as most of the lipogenic 
enzymes are activated, cancer cells exhibit a shift 
in lipid metabolism [9]. For example, it has been 
reported that cancer cells cultured with a medium 

containing lipoprotein-deficient serum could sig-
nificantly inhibit proliferation and increase cell 
death. However, supplementation of high-den-
sity lipoprotein (HDL), low-density lipoprotein 
(LDL), or very-low-density lipoprotein (VLDL) 
into the serum could partially restore the growth 
rate of transformed cells, suggesting the sup-
portive role of lipoproteins in tumor growth [10]. 
Moreover, it has been reported that prostate can-
cer cells could significantly elevate the uptake of 
exogenous cholesterol and lipoproteins, leading 
to accumulation in lipid droplets (LDs) of cho-
lesteryl ester (CE) and its storage depletion. This 
metabolic alteration reduces cancer proliferation, 
impairs its invasion capability, and suppresses 
tumor growth [11]. The LDs reserve excessive 
lipids and cholesterol in cancer cells. Therefore, 
high LDs and stored-CE content are now consid-
ered a hallmark of tumor aggressiveness [12]. All 
these discoveries emphasize the importance of 
lipid metabolism reprogramming, which plays a 
critical role in cancer cells.

4.2  Overview of Lipid Metabolic 
Reprogramming in Cancer 
Cells

Cancer happens in cells with disordered growth 
and proliferation, requiring nucleic acids, pro-
teins, and lipids as building blocks. As sources 

Fig. 4.1 Summary of the origin of lipids in mammalian 
cells. Lipid resources in cells are from de novo biosynthe-
sis or the uptake of exogenous lipids. Due to the activation 
of oncogenic pathways, nutrition stress, or energy require-
ments for macromolecule biosynthesis in the transformed 

cells, genes regulating these two biological processes are 
expressed significantly. The abundance of lipids partici-
pates in membrane construction, energy support, signal 
transduction, etc. in cancer cells
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of these building blocks, metabolic intermediates 
are often accumulated in cancer cells due to the 
disturbed metabolism. In the Warburg Effect, the 
most understood glucose metabolic disturbance 
in cancer cells, the carbon from glucose is used to 
build other molecules instead of complete oxidi-
zation to carbon dioxide [13]. During metabolism 
in normal cells, glucose undergoes glycolysis 
in the cytoplasm to produce pyruvate when the 
oxygen is sufficient. Pyruvate is then oxidized 
to acetyl-CoA after entering the mitochondria. 
Acetyl-CoA is a component of the Krebs cycle to 
reduce equivalents for oxidative phosphorylation. 
In the cytoplasm, excess pyruvate is fermented 
to lactate when the oxygen is limited. Due to 
the high efficiency, differentiated cells typically 
yield 36 ATP molecules with one glucose mol-
ecule undergoing the complete oxidative phos-
phorylation. Meanwhile, 2 ATP molecules are 
obtained from anaerobic glycolysis. The Warburg 
Effect fermentates pyruvate even in the presence 
of oxygen. It is characterized by lactate produc-
tion, increased glucose uptake and consumption, 
and a decrease in oxidative phosphorylation. 
The increased glutamine metabolism marks 
another commonly observed alteration in cancer 
cells. By producing α-ketoglutarate to feed into 
the Krebs cycle, glutamine is a primary energy 
substrate in mammalian cells. α-ketoglutarate 
derived from glutamine contributes to citrate 
production by forwarding flux through the malic 
enzyme-dependent pyruvate and the Krebs cycle 
[14]. Through reversing the Krebs cycle reactions 
catalyzed by isocitrate dehydrogenase and aconi-
tase, glutamine can also be converted to citrate. 
The citrate can then be used to generate acetyl 
groups for fatty acids (FAs) synthesis [15–17].

Lipid metabolism is altered in rapidly prolif-
erative cells. The products of FAs are the hub 
in lipid metabolism. In the membrane, storage, 
or signaling lipids, incorporated intracellular 
FAs can be found. Otherwise, these FAs can be 
oxidized to carbon dioxide as an energy source 
[18–20]. In transformed cells from energy pro-
duction, carbon is diverted to FAs for mem-
branes and signaling molecules’ biosynthesis. 
In addition to sterols and sphingolipids, many 
of the cell membrane lipids are phospholipids 

(PLs), including phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE). All these lipids 
are derived partially from acetyl-CoA or con-
tain FAs. Either exogenous sources or de novo 
FA synthesis constitutes the FA building blocks 
in cancer cells. Interestingly, normal cells and 
transformed cells have a distinct preference 
for the utilization of FAs. Most normal cells 
prefer to use exogenous sources of FAs, while 
tumor cells preferentially synthesize FAs de 
novo, and a shift toward FA synthesis is often 
seen in these cells [21, 22]. For the transfer to 
the active status, FAs are covalently modified 
by CoA via fatty acyl-CoA synthetases. Upon 
activation, FAs are esterified with glycerol or 
sterol backbones, thus producing TGs and sterol 
esters (SEs). Then they are stored in the LDs. 
Besides de novo FA synthesis pathways, it was 
also found that some cancer cells scavenge lip-
ids from the environment, indicating that the 
FA uptake pathways might be a critical molecu-
lar event for the malignant behaviors in cancer 
cells. Due to the difference between in vitro and 
in vivo conditions for cell culture experiments, 
the exogenous uptake may be more important 
in some types of cancer cells. For example, 
fatty acid- binding protein 4 (FABP4), a lipid 
chaperone, is involved in providing FAs for 
tumor growth, chemo-resistance, and even 
cancer metastasis of ovarian cancer cells from 
surrounding adipocytes [23–25]. In the study 
of prostate cancer, the utilization of fatty acid 
synthase (FASN) or ATP citrate lyase (ACLY) 
inhibitors can only reduce tumor cell viability 
in cell culture medium deprived with lipopro-
teins, an exogenous lipid source [26]. And more 
importantly, a serial of studies in recent years 
showed that CD36 is related to multiple can-
cers’ malignant behaviors. This molecule is a 
widely expressed transmembrane protein with 
multiple functions, including fatty acid uptake 
[27–30]. All the evidence indicates the repro-
gramming of lipid metabolism in cancer cells 
is in numerous dimensions (Fig.  4.2). Deeply 
understanding the undergoing mechanism for it 
would further extend our knowledge in cancer 
biology and help us explore more specific strate-
gies to treat these malignant diseases.
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4.2.1  Signaling Functions of Lipid 
Products in Cancer Cells

The stimulated biosynthesis of FAs and cho-
lesterol and the mobilization of free FAs from 
triacylglycerides increase the lipids’ level. As a 
result, the signaling functions of these lipid prod-
ucts contribute to different aspects of tumori-
genesis. As a crucial component of lipid rafts, 
cholesterol can stimulate receptor-mediated sig-
nal transduction pathways [31]. Additionally, 
 farnesyl- pyrophosphate, an intermediate of cho-
lesterol synthesis, is required for protein pre-
nylation. The addition of an isoprenoid chain 
modifies several vital proteins in the signal trans-
duction. For example, geranyl-geranylation is 
essential for Rho, Rac, and cdc42 activity, while 
farnesylation is required to activate Ras and Rheb 
proteins [32]. Interestingly, suppressing the activ-
ity of retinoblastoma tumor suppressor RB causes 
senescence of cells by increasing the prenylation 
of N-Ras. This regulation is realized through the 
E2 transcription factor (TF)-dependent activa-
tion of sterol regulatory element-binding proteins 
(SREBP) [33]. All the evidence emphasizes the 

crucial role of lipid-mediated modification in cel-
lular signal transduction.

For paracrine hormones and growth factors, 
including leukotrienes, prostaglandins, steroid 
hormones, and lysophosphatidic acid (LPA), 
lipids can also be a structural basis. The 20-car-
bon unit arachidonic acid is the source of leu-
kotrienes and prostaglandins. And this acid is 
produced from phosphoglycerides by phospho-
lipases A2 and C. Prostaglandin synthesized by 
the enzyme cyclooxygenase-2 (COX-2) has been 
implicated in the promotion of tumor growth, 
neovascularization, and metastatic cancer spread 
by activation of inflammatory responses [34]. 
LPA, a water-soluble phospholipid, comprises a 
phosphate group, a single fatty acid chain, and 
glycerol. It has been demonstrated that aber-
rantly high LPA activation can promote the 
initiation and progression of multiple cancers. 
Mechanistically, it promotes cancer cell sur-
vival, proliferation, and even migration through 
regulating the G-protein-coupled receptors [35]. 
In recent years, it has been demonstrated that 
the alteration of the free FAs level contributes 
to the progression and tumorigenicity of cancer. 

Fig. 4.2 Summary of 
some essential aspects 
of lipid metabolism in 
cancer cells. Some 
critical functional genes 
regulating lipid uptake, 
lipid biosynthesis, 
anabolic and catabolic 
metabolism of lipids, 
etc. are shown. All 
detailed functions and 
the full name of the 
genes’ abbreviation will 
be described in the 
following context
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The enzyme monoacylglycerol lipase (MAGL), 
highly expressed in aggressive cancer cell lines 
and primary tumors, catalyzes monoacylglycer-
ides to free FAs and glycerol. It regulates a FA 
network promoting the survival, growth, inva-
sion, and migration of tumor cells, enriched 
with oncogenic signaling lipids. In nonaggres-
sive cancer cells, the overexpression of MAGL 
can recapitulate this FA network and enhance 
their pathogenicity phenotypes. A high-fat diet 
can rescue the impairments of growth in cancer 
cells lacking MAGL activity, implying the exog-
enous sources of FAs can contribute to MAGL- 
dependent malignancies [36]. Together, these 
findings reveal how a lipolytic enzyme can turn 
the cancer cells’ lipogenic state into pro-tumor 
signals. Accumulative evidence has highlighted 
the importance of lipid products in the intracel-
lular signal transduction of cancer cells.

4.2.2  Alterations in Lipid 
Metabolism in Cancer Cells

4.2.2.1  Deregulation of Lipid 
Metabolism in Cancer Cells

The survival and proliferation of many types of 
cancer require a supply of lipids. The primary 
pathway exploited by cancer cells for acquiring 
lipids is FA synthesis, especially the de novo FAs 
synthesis pathway activation. Boroughs et  al. 
reported that most cultured cancer cells activate 
the de novo FAs synthesize pathway in the pres-
ence of abundant oxygen and extracellular nutri-
ents. However, when there is metabolic stress, 
cancer cells will scavenge for extracellular lip-
ids as a major adaptive mechanism to maintain 
viability and growth [1]. Yao et al. observed that 
rather than de novo synthesis, proliferating fibro-
blasts, and a serial of tumor cells prefer uptaking 
lipids directly from the extracellular environment 
[37]. Besides, many studies have suggested that 
to promote survival and proliferation, several 
cancer cells will utilize both lipogenic and lipo-
lytic pathways to acquire lipids [6–9]. Together, 
these studies support how cancer cells obtain the 
lipids depend on the cell type and microenviron-

ment. The obtaining approaches include de novo 
lipogenesis, uptaking from the environment, and 
hydrolysis of intracellular TG stored in LDs. 
They may play a crucial role in cancer initiation 
and progression. The link between cancer devel-
opment and elevated level of lipid metabolism has 
been extensively featured [18]. The ways of lipid 
metabolism contributing to cancer progression 
are varied. One documented mechanism impli-
cates the proliferation and growth of  transformed 
cells by alterations in lipid metabolic pathways. 
These alterations can offer molecules for signal-
ing transduction, substrates for phospholipid syn-
thesis, and metabolic fuels through mitochondria 
oxidation [38]. Free FAs and cholesterols, the 
excess intracellular lipids, are esterified to TAG 
and CEs, respectively, and then incorporated into 
LDs [39]. In normal cells, the biology of LDs has 
also been extensively studied. For instance, after 
the fusion of smaller ones, LDs’ size can vary 
and increase as their generation proceeds [40]. 
Moreover, adipose tissue can store abundant LDs 
in physiological situations [41]. Several studies 
have proved that cancer cells exhibit a signifi-
cantly increased number of LDs and LD-related 
proteins, including adipose differentiation-
related protein (ADRP) [42]. Therefore, LDs and 
ADRP are potential biomarkers of cancer. Also, 
in harmful situations like drug toxicity, endoplas-
mic reticulum (ER) stress, and reactive oxygen 
species (ROS), the increased number of LDs and 
LD-related proteins can play an adaptive and pro-
tective role. Therefore, LDs and LD-related pro-
teins promote cancer cell proliferation and tumor 
growth.

4.2.2.2  Multiple Steps of Lipid 
Biosynthesis in Cancer Cells

Citrate is an important mediator to link FA 
metabolism with other metabolic networks [43]. 
For example, as an intermediate in the Krebs 
cycle, citrate is the keypoint of glucose metab-
olism feeding into the FA metabolism. The 
citrate’s metabolic fate depends on its subcellu-
lar localization. The Krebs cycle is fed by mito-
chondrial citrate, and the FA synthesis is fed by 
cytoplasmic citrate. Citrate is transported by the 
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transport protein citrate carrier (CIC) across the 
mitochondria’s inner membrane for utilization 
in the cytoplasm. It was found that elevated lev-
els of CIC are correlated with poor prognosis in 
various cancers. Besides, inhibiting citrate trans-
port by benzene- tricarboxylate analog (BTA) 
shows antitumor effects in xenograft mice with 
multiple tumor types [44]. In converting carbons 
from citrate to bioactive FAs, certain links are 
necessary, including ACLY, acetyl-CoA carbox-
ylase (ACC), FASN, and acyl-CoA synthetases, 
also known as fatty acid-CoA ligase (ACS or 
ACSL). In recent years, a growing body of stud-
ies has demonstrated that the high level of some 
enzymes mentioned above is correlated with 
poor prognosis. Inhibiting them can have an anti-
tumor effect in the established cancer models, 
especially in the model of decreased FA avail-
ability. When clinically applying these strategies, 
many enzymes’ inhibitors have minimal impact 
on non-transformed cells. Here, we would like 
to describe them one by one in details as the 
following.

As a central metabolic enzyme, ACLY cata-
lyzes the conversion of citrate to oxaloacetate and 
coenzyme A (CoA) to acetyl-CoA, both of which 
are ATP dependent. For cholesterol biosynthe-
sis, FA metabolism, and protein prenylation and 
acetylation, acetyl-CoA is essential. Due to its 
relation to the proliferation activity of cancer 
cells, ACLY has been considered a target for anti-
cancer drugs in many studies. For example, by 
converting the six-carbon citrate to precursors for 
FA synthesis, the four-carbon oxaloacetate, and 
two-carbon acetyl-CoA, ACLY bridges glucose 
and lipid metabolism. The knockdown of ACLY 
suppresses the ability of cancer cells to transfer 
glucose to lipids, which has been observed in 
murine lymphoid cells and adenocarcinoma cells 
[45, 46]. By genetic or pharmacological inhibi-
tion of ACLY, this metabolic change prevents 
tumorigenesis and impairs xenograft tumor for-
mation in mice [46, 47]. More importantly, inhib-
iting acetyl- CoA production may influence other 
abnormal metabolic pathways in transformed 
cells, due to its essential role as a substrate for the 
acetylation of proteins and nucleic acids [48, 49].  
ACC carboxylates acetyl-CoA to form malonyl- 

CoA, one of the most highly regulated enzymes 
in FA biosynthesis [50]. Citrate and glutamate 
can allosterically regulate ACC and activate its 
expression. Meanwhile, this enzyme is nega-
tively and allosterically regulated by long- and 
short-chain fatty acyl-CoAs, such as palmitoyl- 
CoA. The AMP-activated protein kinase (AMPK) 
can inhibit ACC’s activity by phosphorylation. 
ACC1 and ACC2 are the two isoforms of ACC 
in the human genome. ACC1 exists in lipogenic 
 tissues in large amounts, while ACC2 is enriched 
in oxidative tissues. Due to their existence in dif-
ferent tissues, ACC1 and ACC2 have different 
functions in metabolism. Though malonyl-CoA 
is a common metabolite derived from both ACC1 
and ACC2, the malonyl-CoA catalyzed by AAC1 
is a substrate for FA synthesis, whereas the 
malonyl- CoA catalyzed by ACC2 inhibits CPT1 
and prevents FA degradation. The inhibition of 
ACC1 induces apoptosis in prostate and breast 
cancer cells, but not in the non-transformed cells 
[51, 52]. The knockdown of both ACC1 and 
ACC2 by Soraphen-A in prostate cancer cells 
reveals similar results [51]. However, in breast 
cancer cells, where ACC is chemically inhibited 
by TOFA (5-(tetradecyloxy)-2-furoic acid), a 
contradictory result is reported [53]. Since TOFA 
has been observed to block the epidermal growth 
factor receptor (EGFR)-activated glioblastoma 
(GBM) cells, but not the EGFR-inactivated cell 
lines, we may explain the above findings with 
the role of EGFR signaling [54]. The observation 
further complicates the situation that, by promot-
ing the NADPH-dependent redox balance, sup-
pression of ACC1 or ACC2 can accelerate lung 
cancer growth [55]. Researchers still need to elu-
cidate the other aspects of ACC roles in cancer 
cells. Importantly, it has been demonstrated that 
ACC activity is regulated in a phosphorylation- 
dependent manner. It is identified that AMPK 
phosphorylates ACC1 at Ser79 and ACC2 at 
Ser212. Thus the conversion of acetyl-CoA to 
malonyl-CoA can be inhibited [56–58]. Since 
AMPK can be activated by metformin, which is 
already widely used clinically, more preclinical 
experiments and clinical trials are needed to fur-
ther explore the antitumor activity and therapeu-
tic efficacy of metformin [59].
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The successive condensation reactions cata-
lyzed by FASN can form FA from malonyl-CoA 
and acetyl-CoA substrates, and the 16-carbon 
palmitate is the main product. In many types 
of cancer cells, the elevated level of FASN is 
potently correlated with enhanced FA synthe-
sis and a poor prognosis [9]. It is reported that 
knockdown of FASN decreases TG and phos-
pholipids levels, inhibits proliferation, and 
stimulates apoptosis of prostate cancer cells, 
while has no obvious effect on the viability and 
proliferation of non-transformed fibroblast cells 
[60]. More studies further confirmed the prefer-
ential killing of cancer cells by pharmacological 
inhibition of FASN [61]. Since most cancer cells 
depend on FASN-mediated de novo FA synthe-
sis, whereas most non-transformed cells prefer 
uptake of exogenous FAs, FASN is a particularly 
appealing therapeutic target. However, data from 
the mechanistic experiments showed that FASN 
inhibitor might induce cell death due to the toxic 
accumulation of malonyl-CoA, rather than a lack 
of FAs [53].

ACS activates FAs to generate FA-CoA, thus 
entering the bioactive pools. The bioactive FAs 
also participate in protein palmitoylation, a cru-
cial posttranslational modification in several 
cancers [62]. ACSL1, ACSL3, ACSL4, ACSL5, 
and ACSL6 are the five isoforms of ACS genes 
in mammals. Among them, ACSL4 is upregu-
lated in colon adenocarcinoma, and ACSL5 level 
is increased in GBM [63, 64]. Overexpression 
of ACSL4 promotes tumor cell survival by pre-
venting apoptosis, likely through depletion of 
unesterified arachidonic acid, which yields a 
pro-apoptotic signal [63]. Chemical inhibition of 
ACS by Triacsin C (inhibitor targeting ACSL1, 
ACSL3, and ACSL4, but not ACSL5 or ACSL6) 
preferentially induces apoptotic cell death in lung, 
colon, and brain cancer cells [65–67]. Several 
thiazolidinediones (TZDs) can inhibit the activ-
ity of ACSL4 (not ACSL1 or ACSL5) by direct 
binding in vitro. TZDs, widely used in diabetes 
treatment, can stimulate the peroxisome prolif-
erator-activated receptors (PPARs), especially 
PPARɣ. Strikingly, TZD utilization, in a PPARɣ-
independent manner, is related to decreased inci-
dence of several cancers [68]. Since different 

isoforms of ACS have different tissue specifici-
ties, responses to nutritional state, and preferred 
substrates, this is a noteworthy point when con-
sidering treatment through ACS inactivation [69]. 
Stearoyl-CoA desaturase (SCD) mainly catalyzes 
stearoyl-CoA to oleoyl- CoA by introducing the 
double bonds into short- chain FAs in the C9 posi-
tion [70]. By changing the physical properties of 
FAs, this introduction has profound effects on 
lipid function. SCD1 and SCD5 are the two iso-
forms of SCD in human beings. The frequently 
increased SCD1 expression and activity and its 
importance for cancer biology are increasingly 
recognized [71]. By induction of unsaturated 
FAs, inhibiting SCD1 can promote the death of 
cancer cells [72]. Pharmacological inhibition of 
SCD1 limits tumor growth in preclinical cancer 
models without affecting the overall body weight 
[73, 74]. Interestingly, FAs are also substrates 
for sphingolipid synthesis. Sphingolipids such 
as ceramides and sphingosine-1-phosphate can 
actively suppress or promote tumor growth [75]. 
Furthermore, the accumulation of ceramides is 
involved in the therapeutic effects of various can-
cers [76–78].

4.2.3  The Contribution of Lipid 
Metabolism for the Malignant 
Behaviors in Cancer Cells

In recent years, accumulating evidence has dem-
onstrated lipid metabolism influence in several 
aspects of cancer cells. Owing to the diversity of 
malignant behaviors in cancer cells, some of the 
potential roles and mechanisms of altered lipid 
metabolism on tumor growth, energy adaption, 
redox homeostasis, etc. are described below.

4.2.3.1  Altered Lipid Metabolism 
for Cancer Cell Proliferation 
and Tumor Growth

As the building blocks for biological membranes, 
lipids are primarily required for the highly pro-
liferative cancer cells. In cultured mammalian 
cells, following Akt activation or interleukin-3 
administration, lipid synthesis is also necessary 
for cell growth [79]. Researchers have also found 
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the essential role of SREBP in maintaining the 
cell and organ size of Drosophila melanogaster, 
indicating the conserved significance of lipogen-
esis for growth [80]. The lipogenic gene SREBP 
is activated during mitosis, thus affecting the cell 
cycle progression [81]. SCD, the target gene of 
SREBP, has been reported to be overexpressed 
in ontogenically transformed cells and in several 
human cancers [82–84]. SCD is essential for cell 
transformation in vitro and is associated with the 
genetic predisposition and growth of cancer in 
the mouse model [85]. The knockdown of SCD 
or interruption of the Scd gene inhibits lipid syn-
thesis and enhances β-oxidation by activating 
AMPK in mice [83, 86, 87]. And the cell cycle 
progression can be blocked, and cell death can be 
induced by a chemical inhibitor of SCD1 in lung 
cancer cells [88].

4.2.3.2  Altered Lipid Metabolism 
for Energy Homeostasis 
in Cancer Cells

Compelling evidence has shown the necessity 
of de novo lipid synthesis in cancer cell prolif-
eration. However, why the uptake of exogenous 
lipids fails to meet the enhanced lipid demand 
needs to be elucidated. Therefore, research-
ers reasonably hypothesize that lipid synthesis 
may be involved in the tumourigenic process. 
Cancer cells produce and secrete a high level of 
lactate due to their large glucose consumption 
for energetic and biosynthetic use [89]. Thus 
mechanisms equilibrating the intracellular pH 
are required, which leads to acidification of the 
tumor microenvironment [90]. In some cancer 
cells and conditions, lipid synthesis functions 
as a carbon sink to sequester excess pyruvate 
and avoid lactate production but maintains the 
glycolytic rate at a high level. Furthermore, this 
metabolic process may also participate in redox 
balance. When oxygen is not available, hypoxia- 
tolerant organisms use NADP+, a metabolite of 
lipid synthesis, as an electron acceptor. And the 
hypoxic cancer cells may adopt a similar strategy, 
where lipid synthesis-derived NADP+ can elevate 
the cytoplasmic NAD+ level to maintain glycoly-
sis [91]. The cytosolic NADP+ is used by isoci-
trate dehydrogenase-1 to produce α-ketoglutarate 

since a mitochondria-cytosolic NADPH shuttle 
may exist [92]. After being transported to the 
mitochondria, this metabolite is converted back 
to isocitrate with NADP+’s concomitant produc-
tion. This recently described inverse reaction is 
catalyzed by isocitrate dehydrogenase- 2 [16, 17, 
93]. When there is not enough oxygen to main-
tain flux through the electron transport chain, the 
mitochondrial NADH/NAD+ ratio goes up. In 
this way, the  mitochondrial nicotinamide nucle-
otide transhydrogenase can take up the excess 
NADH to transfer a proton to NAPD+ and gen-
erate NAD+. Through the malate-aspartate or the 
glycerol phosphate shuttles, this product is avail-
able to maintain glycolysis [94]. Thus, lipid syn-
thesis is involved in redox balance between the 
mitochondria and cytoplasm and plays a role in 
maximizing glycolysis.

4.2.3.3  Altered Lipid Metabolism 
for Resistance to Oxidative 
Stress in Cancer Cells

Oxidative stress is harmful to the survival and 
proliferation of mammalian cells. The resistance 
to oxidative stress is one of the critical charac-
teristics of transformed cells. Much evidence has 
demonstrated the resistance to oxidative stress 
can be promoted by de novo lipid biosynthesis in 
cancer cells [95–97]. Due to the absence of desat-
urase, mammalian cells are incapable of synthe-
sizing polyunsaturated FAs. Therefore, compared 
with those obtained through diet, a high de 
novo lipid synthesis rate can elevate the relative 
amount of monounsaturated and saturated FAs. 
Polyunsaturated acyl chains are more susceptible 
to peroxidation. Studies show that lipid synthesis 
inhibition makes cancer cells sensitive to death 
induced by oxidative stress or chemotherapy 
drugs, indicating a novel therapeutic target for 
cancer. However, this intriguing observation still 
needs further investigation.

4.2.3.4  Altered Lipid Metabolism 
for Resistance to Energy Stress 
in Cancer Cells

Most cancer cells have a high glucose utilization 
rate to meet the increased demands of energy and 
biosynthesis. In contrast, some cancer cells dis-
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play a mounting dependence on lipid oxidation 
as their primary energy source [1]. For instance, 
prostate cancer cells exhibit a low glucose con-
sumption rate in general. But the uptake of 
FAs, such as palmitate, is increased, and some 
β-oxidation enzymes are overexpressed in these 
cells [98]. The specialized metabolism of pros-
tate epithelial cells, which secrete high levels of 
citrate into the prostatic fluid, may explain the 
above observation. And prostate cancer cells 
will reactivate the TCA cycle to oxidize the 
secreted citrate during transformation. Moreover, 
β-oxidation has been demonstrated to play a 
role in the proliferation and survival of leuke-
mia cells. Under energy stress, the activation of 
β-oxidation plays a crucial role in supporting 
cancer cell viability [99]. The hematopoietic cells 
can be sensitized to withdraw glucose or growth 
factors through the constitutive activation of the 
PI3K/Akt pathway [100]. However, under these 
circumstances, activating β-oxidation alone is 
enough to maintain cell viability [101]. In GBM 
cells, β-oxidation has also been proved to par-
ticipate in ATP production and oxidative stress 
resistance by providing substrates for glutathione 
and NADPH production, thus allowing cells to 
remove ROS [102].

4.2.4  Upstream Regulatory 
Mechanisms of Lipid 
Synthesis in Cancer Cells

Most of the FA and cholesterol synthesis enzymes 
are regulated by SREBPs, TFs of the helix-loop- 
helix leucine zipper family [103]. SREBP1a, 
SREBP1c, and SREBP2 are the three SREBP 
isoforms identified in mammalian cells. Among 
them, SREBP1a is the isoform with the greatest 
abundance in most cultured cells and mainly con-
trols FA, phospholipid, and TG synthesis. Both 
SREBP1a and SREBP1c are alternatively spliced, 
and their levels vary across different tissues. 
Meanwhile, SREBP2 regulates the expression of 
genes associated with cholesterol synthesis [104]. 
The SREBPs’ activity is closely related to the 
intracellular sterol concentration [105]. The 
SREBP/SCAP complex binds to COPII-coated 

vesicles when the sterol level is low and would be 
translocated to the Golgi apparatus. In this organ-
elle, the transcriptionally active fragment of the 
65-kDa N-terminal is released by a two-step pro-
teolytic cleavage [106]. This mature protein 
enters the nucleus and binds to the promoter 
region of SREBP target genes with the sterol 
regulatory elements [107]. When the sterol level 
is saturated, the combination between SREBP/
SCAP complex and COPII is blocked due to 
insulin-induced genes binding. Thus, the com-
plex stays in the endoplasmic reticulum and can-
not enter the nucleus. This classic sterol-dependent 
regulation termed “regulated intramembrane pro-
teolysis,” is mainly applicable to SREBP2 target 
genes. It is highly conserved from flies to mam-
mals. However, Drosophila’s SREBP processing 
is regulated by phosphatidylcholine and phos-
phatidylethanolamine rather than sterols [108]. 
Interestingly, even in the presence of cholesterol, 
the depletion of phosphatidylcholine in mamma-
lian cells leads to SREBP1 accumulation in the 
nuclear, but not SREBP2. And SREBP1 accumu-
lates through a SCAP-independent mechanism, 
indicating phospholipid level as the principal 
regulator of SREBP1 [109]. Besides proteolysis 
regulation, SREBPs’ activity is regulated by their 
interaction with transcriptional coactivators, such 
as p300 [110]. To transcriptionally activate spe-
cific target genes, SREBP can also recruit and 
bind to cofactor or mediator complexes [111]. 
Furthermore, with a cdc4 phospho-degron motif, 
SREBPs can be phosphorylated by glycogen syn-
thase kinase 3, leading to the polyubiquitination 
and degradation of mature proteins [112, 113]. 
The phosphoinositide 3-kinase/Akt/PKB signal-
ing pathway is often stimulated in human cancer 
cells. By phosphorylating the ATP-citrate lyase, 
Akt can elevate the expression of several FA and 
cholesterol synthesis-related genes [114]. As crit-
ical downstream effector of Akt, the mammalian 
target of rapamycin complex I (mTORC1) is a 
multiprotein kinase implicating in certain meta-
bolic processes [115]. Intriguingly, the accumu-
lation of mature SREBP1 in the nucleus needs an 
activated mTORC1, a downstream target of Akt 
phosphorylation. The metabolically regulatory 
role of mTORC1 has also been proved in cells 
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lacking the tuberous sclerosis complex 1 or 2 
genes, which are two negative regulators of 
mTORC1 [80]. mTORC1 also modulates the 
level of SREBP1 and is essential for stimulating 
hepatic lipogenesis [116]. In mammalian cells 
and the developing wing of D. melanogaster, 
SREBP is also required for the cell size control 
dependent on Akt activation. This finding 
explains the coordinated manner of the Akt/
mTORC axis in regulating protein and lipid syn-
thesis during cell growth [80]. SREBP is also 
found downstream of certain tumor-suppressive 
pathways. Downstream of the tumor suppressor 
liver kinase B1 (LKB1), AMPK can directly 
phosphorylate SREBP and inhibit its proteolytic 
function [117]. Through SREBP1 and SREBP2 
induction, the retinoblastoma protein loss 
increases the expression of genes implicated in 
the isoprenylation of N-Ras [35]. Moreover, 
mutant p53 binds to SREBP at the promoter 
region of genes on the mevalonate pathway, pro-
moting its expression. Through disturbing the tis-
sue architecture and promoting breast cancer 
formation, this hyperactivation reveals the crucial 
role of SREBP-dependent lipogenesis during 
transformation [118]. Both SREBP1 and 
SREBP2 are upregulated in many cancers. 
Though independent of mTORC1, SREBP1 is 
activated by aberrant EGFR signaling in human 
GBM.  Meanwhile, SREBP1-dependent induc-
tion of low-density lipoprotein receptors is criti-
cal for the survival of some cancer [119, 120]. 
These findings have verified the primary role of 
activated SREBP in oncogenic signaling path-
ways.  The microenvironment around solid 
tumors is often hypoxic due to the increased 
tumor volume. Low oxygen level induces 
hypoxia-inducible factors (HIFs), two heterodi-
meric TFs formed by an a-subunit (HIF1-α or 
HIF2-α), and a β-subunit. In the presence of oxy-
gen, the oxygen-sensitive prolylhydroxylases tar-
get and mark HIF-1α and HIF-2α. These two TFs 
are then degraded by the tumor suppressor, Von 
Hippel–Lindau (VHL)-dependent ubiquitination 
[121]. In renal cell carcinomas, VHL is frequently 
mutated, thus creating a pseudo-hypoxic state 
that stabilizes the level of HIF1α and HIF2α, 
even under normoxia [122]. HIFs can also be 

induced by tumorigenic pathways [123]. 
Interestingly, HIFs activity can also be attributed 
to metabolic activity. TCA cycle enzymes of 
fumarate, hydratase, and succinate dehydroge-
nase with inactivating mutations can lead to the 
collection of succinate, which blocks prolyl- 
hydroxylases and promotes the assembly of 
HIF1α [124]. By promoting the expression of 
vascular endothelial growth factor (VEGF), HIF 
activation can induce angiogenesis. And through 
a metabolic shift to anaerobic energy production, 
HIFs can also adapt to the hypoxic microenviron-
ment [125, 126]. HIF also increases the expres-
sion of glucose transporter 1 (GLUT1) and other 
glycolytic enzymes [127, 128]. HIF also upregu-
lates the level of pyruvate dehydrogenase kinase 
1 (PDK1), a kinase that phosphorylates and sup-
presses pyruvate dehydrogenase, thus blocking 
the entry of pyruvate into the TCA cycle and the 
glucose-derived lipid synthesis [129]. However, 
it has been observed that in breast cancer cells, 
HIF1 increases the level of FASN, which is 
upregulated in the hypoxic tumor environment 
[130]. Since hypoxia attenuates the carbon flow 
from glucose to FAs, the FA synthesis under this 
condition requires other carbon sources. Indeed, 
the bidirectional enzyme Acetyl-CoA synthetase 
2, which catalyzes acetyl-CoA synthesis from 
cytoplasmic acetate, is upregulated under this 
hypoxic condition to facilitate the survival of 
cancer cells [131]. More importantly, two back- 
to- back papers published in Nature have reported 
that when mitochondria are unfunctional, the pri-
mary carbon source for lipid synthesis  
falls in glutamine. Researchers found that by 
reductive carboxylation of glutamine-derived 
α-ketoglutarate in cancer cells, isocitrate dehy-
drogenase-1 can produce cytoplasmic citrate, 
which is an active metabolic phenotype in condi-
tions of hypoxia and defective mitochondria [16, 
17]. In different tissues, hypoxia has been dem-
onstrated to have an inhibitory effect on 
β-oxidation. In the heart cells, ischemia inhibits 
β-oxidation by blocking the oxidation of NADH 
and FADH2. When the macrophages are exposed 
to hypoxic conditions, the storage of triacylglyc-
erides is enhanced [132, 133]. By introducing 
hypoxia-inducible protein 2 implicated in the 
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deposition of neutral lipids into LDs, HIF1 can 
also promote lipid accumulation [134]. Through 
the induction of PPARɣ, HIF1α can also enhance 
the uptake of free FAs and TG production in the 
liver and adipose tissue, respectively [134]. When 
researchers specifically knockout VHL in mouse 
liver, they observe steatosis with increased LD 
formation and downregulated β-oxidation genes. 
They have reported that HIF2α is responsible for 
these metabolic changes as well [135]. HIF2a has 
also been found to downregulate SREBP1c and 
its target genes in the liver. Interestingly, it has 
been reported that the accumulation of lipids is 
frequently occurring in renal cancer cells, where 
VHL is mutated and the HIF1α level is stabilized 
[136]. However, the exact role of LDs in promot-
ing tumor cell proliferation and progression is 
not fully elucidated. Researchers have proposed 
that under intermittent hypoxia, the increased 
storage of triacylglycerides could be beneficial as 
a ready-to-use fuel source after reoxygenation.

4.2.5  Molecular Events of Fatty Acid 
Degradation in Cancer Cells

FA levels might be reduced in cancer cells due 
to their increased degradation, broken down by 
β-oxidation in the mitochondria. By carnitine 
palmitoyltransferase 1 (CPT1), FA-CoAs are 
converted to FA carnitines at the outer mem-
brane of mitochondria after transported from 
the cytoplasm. In the mitochondria, acetyl-CoAs 
are produced following the repeat cleavage of 
FAs. The acetyl-CoAs can enter the TCA cycle 
and reduce equivalents for oxidative phos-
phorylation. Limitations on FA abundance by 
enhancing its oxidation could be theoretically 
beneficial, but experimental data have revealed 
mixed ideas. Carnitine palmitoyl transferase-1 
(CPT1) participates in the rate-limiting and first 
step of FA transportation into mitochondria for 
oxidation to carbon dioxide, which is inhib-
ited by malonyl- CoA.  As the direct product 
derived from ACC, malonyl-CoA depletion can 
enhance the β-oxidation of FAs and inhibit the 
activity of ACC2. Therefore, the increased deg-
radation of FAs may partially contribute to the 

slowed proliferation of cancer cells by inhibit-
ing ACC.  Whether the elevated FA oxidation 
will block the growth of cancer cells remains 
unclear. Depending on the energy needs and 
ACC isoforms, cancer types might differ in their 
clinical responses to the enhanced FA oxidation, 
diminishing the FA availability. Moreover, the 
CPT1 and FA oxidation inhibitors, etomoxir and 
ranolazine, may both kill cancer cells [102, 137]. 
Another significance of the increased FA oxida-
tion rate lies in the elevated cellular ATP level, 
which provides energy for further cell prolif-
eration. Indeed under energy stress, CPT1C, the 
brain isoform of CPT1, is vital for the existence 
of cancer cells [138]. PPARα is a central tran-
scriptional regulator of FA oxidation. Extended 
PPARα activation causes liver cancer in mice 
and rats by an unclear mechanism that impli-
cates cell cycle disturbance and ROS production 
[139]. However, PPARα agonists administered in 
humans have not caused similar cancers, and on 
the contrary, PPARα activation suppresses tumor 
growth in the established cancer models [140].

4.2.6  Diverting Fatty Acids 
to Storage in Cancer Cells

Once produced, FAs can be utilized for mem-
brane lipid synthesis, be degraded, or be stored. 
Intriguingly, elevated storage of FAs belong-
ing to neutral lipids, such as TGs or SEs, can 
decrease  availability the FAs to be used as mem-
brane building or signaling blocks, thus block-
ing cell proliferation. Most cells store TGs in 
the cytosolic LDs, the prominent lipid storage 
organelle [141]. The function of LDs in cancer 
cells remains still unclear. In many cancer cells, 
researchers have observed an increased num-
ber of LD and proposed them to be pathogenic. 
However, LD accumulation per se may not be the 
reason for cancer development but might reflect 
a cellular response to energy stress [42]. The 
location of LD accumulation, whether it occurs 
in cancer or surrounding cells, needs to be eluci-
dated in future studies.

The major pathway of TG synthesis is known 
as the glycerol phosphate or Kennedy pathway. 
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It condenses FAs with enzymes of acylglycerol-
phosphate acyltransferase (AGPAT), glycerol- 3- 
phosphate acyltransferase (GPAT), diacylglycerol 
acyltransferase (DGAT), and phosphatidic acid 
phosphohydrolase (PAP). Except for the most dis-
tal enzyme (DGAT), all the other products will feed 
into the PL synthesis. Therefore, the PL production 
may be limited by blocking AGPAT, GPAT, and 
PAP, while activating DGAT might enhance the FA 
storage. Additionally, only with concomitant sup-
pression of FA release can the potential benefits of 
improving FA storage be realized.

AGPAT esterifies lysophosphatidic acid (LPA) 
and an FA-CoA to form phosphatidic acid (PA). 
There are 11 members of AGPATs documented 
[142]. An elevated expression of AGPAT2 pre-
dicts a poor prognosis of ovarian cancer, and 
AGPAT2 inhibitors exhibit antitumor activity 
in the xenograft mouse model. Additionally, 
AGPAT9 and AGPAT11 have been reported to be 
upregulated in various cancers [143].

PAP, also known as Lipin, produces diacyl-
glycerol (DG) by removing a PA’s phosphate 
group. As one of the least studied enzymes in 
terms of cancer, it is still unclear how this step 
of lipid synthesis and storage influences cancer 
progression. However, PAP is implicated in regu-
lating SREBP activity, a TF family modulating 
the expression of several enzymes participat-
ing in FA and cholesterol biosynthesis [144]. 
PAP is phosphorylated and then inactivated by 
mTORC1, leading to SREBP activation [145]. 
This discovery suggests that PAP may therefore 
have a significant effect on maintaining cellular 
lipid homeostasis.

DGAT encodes a multipass transmembrane 
protein that functions as a critical metabolic 
enzyme. It catalyzes the conversion of DG and 
FA-CoA to TG.  DGAT1 and DGAT2 are the 
two isoforms of DGATs Mammals have. DGAT 
catalyzes the only dedicated step in TG conver-
sion, resulting in decreased available lipids via 
increased lipid storage. In transformed human 
fibroblasts, increased TG, reduced phospholipids 
level, and inhibited cell growth and invasiveness 
can be observed due to DGAT1 overexpression 
[146]. Inhibiting DGAT1 may also facilitate the 
accumulation of its substrate DG in cancer cells, 

which is of great significance in the signal trans-
duction [147]. These findings would give cau-
tious concerns in treating cancers with DGAT1 
inhibitors, which are under clinical trials for met-
abolic diseases.

4.2.7  Lipid Uptake in Cancer cells

Transformed cells require more lipids and would 
uptake more lipids than normal cells. One way 
of increasing the uptake is through the upregu-
lation of receptors for plasma lipids on the cell 
surface. Among these receptors, the cluster of 
differentiation 36 (CD36) can facilitate lipid 
uptake from the extracellular environment [148]. 
In a recent study, Pascual et al. revealed that with 
lipid receptor CD36, cancer cells display a poor 
prognosis. It has also demonstrated that inhibi-
tion of CD36 impairs the metastasis of cancer 
cells. Along with other findings, the FA receptor 
CD36 has been identified as a metastasis-initi-
ating marker and driver in a lipid metabolism- 
dependent manner [29].

Another approach to enhance lipid uptake 
in cancer cells is through the increased level of 
fatty acid-binding proteins (FABPs) [149]. In 
regulating lipid uptake and tumor development, 
different isoforms of FABPs expressed in various 
tissues may play distinctive roles. FABP3 and 
FABP7 have been shown to promote the uptake 
of extracellular FAs under hypoxia, thus forming 
an increased level of LDs [150]. Additionally, 
through activating the intracellular receptor 
PPARβ/δ, overexpression of FABP5 plays a criti-
cal role in promoting cell proliferation and tumor 
growth in prostate cancer [151]. These findings 
extend our knowledge of lipid metabolism, thus 
providing potential targets for novel antitumor 
therapeutics.

4.2.8  Release of Lipids from Storage 
in Cancer Cells

Specific lipases can release FAs from storage for 
utilization. By inhibiting lipolysis, the available 
pool of FA for cancer cell proliferation becomes 
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smaller. Lipolysis can also produce FAs to serve 
as precursors of essential signaling lipids [152]. 
In adipocytes, sequential reactions through 
adipose triglyceride lipase (ATGL), hormone- 
sensitive lipase (HSL), and monoacylglycerol 
lipase (MAGL) can fully hydrolyze one TG mol-
ecule to release three FAs in the LD. Moreover, 
each of these lipases also has specific functions 
in other tissues.

Currently, most studies addressing the lipases–
cancer relation have focused on MAGL.  Upon 
leaving the glycerol backbone, MG is hydrolyzed 
by MAGL to the final FA.  Researchers have 
observed enhanced MAGL expression and activ-
ity in primary tumors and aggressive human can-
cer cells [36]. Chemically inhibiting MAGL by 
JZL184 can lower the free FA level and prevent 
melanoma and ovarian cancer cells’ tumorige-
nicity both in vitro and in vivo. In contrast, the 
upregulation of MAGL showed the opposite phe-
notype. Interestingly, when the MAGL inhibitor 
suppresses the mouse model’s tumor growth, a 
high-fat diet can reverse the phenotype. This 
observation raises whether a specific diet can 
influence the efficacy of targeting lipid metabo-
lism as a cancer treatment [36]. Furthermore, 
MAGL also functions in regulating signaling lip-
ids. For example, invasive tumors have increased 
levels of LPA and PGE2, which can be lowered 
by MAGL inhibitors.

4.2.9  Formation of Lipid Droplets 
in Cancer Cells

LDs are major energy storage organelles of 
excess cellular lipids in esterified form. Cancer 
cells contain remarkably more LDs than normal 
cells. The upregulation of certain LD-decorating 
proteins (i.e., hypoxia-inducible protein 2 
(HIG2), Perilipin, ADRP, and Tip47) has been 
proved to facilitate the formation and accumu-
lation of LDs in different types of cancer cell 
[153]. These proteins may participate in scaveng-
ing ROS, maintaining ER homeostasis, and drug 
resistance in cancer cells. LD density stimulation 
enhances the proliferation of colon cancer cells 
(CRC), whereas perilipin 2 (PLIN2) knock-

down suppresses tumor growth [154]. Another 
research has reported that the HIF-2α/PLIN2/
lipid storage axis is essential for ER homeostasis 
and resistance against cytotoxic ER stress [155]. 
It has also revealed that loss of HIF-2a/PLIN2- 
dependent lipid storage enhances sensitivity to 
ER stress. Moreover, suppressing lipid synthe-
sis or silencing PLIN2 can noticeably attenuate 
CRC proliferation [156]. All of the studies above 
suggest LD-associated proteins as potential tar-
gets for cancer treatment. However, more studies 
are needed to explain further the LD-associated 
stress responses mechanically.

4.2.10  Lipid Scavenging and Fatty 
Acid Oxidation in Cancer Cells

Lipids, required for cell survival and growth, 
comprise a large fraction of mammalian cells’ 
dry weight. With oxygen and abundant extra-
cellular nutrients, most cancer cells choose the 
de novo synthesis to produce FAs. However, to 
maintain viability and proliferation, cancer cells 
have to scavenge extracellular lipids to adapt to 
metabolic stress. Scavenging, rather than synthe-
sizing lipids, spare cells from the need to supply 
carbon. The oncogenic Ras stimulates the uptake 
and consumption of lysophospholipids, provid-
ing an intracellular lipid pool for tumor growth, 
which also occurs under hypoxia [157, 158]. As 
a result, cancer cells driven by KRas are resistant 
to the silencing of SCD1. This enzyme gener-
ally desaturates the de novo FAs synthesis before 
their incorporation into complex lipids [159]. 
Extracellular lipids, especially desaturated FAs, 
are also critical in cells with inactivated mTORC1 
under hypoxia. In this context, protein synthesis 
is enhanced and lipid desaturation is decreased, 
resulting in activation of the unfolded protein 
response and cell death, but can be rescued by 
unsaturated FAs [160]. These findings have been 
repeated in renal carcinoma, GBM, and bladder 
cancer, suggesting solid tumors’ dependence 
on the extracellular environment to uptake FAs. 
However, a subset of diffuse large B-cell lym-
phomas prefer FA oxidation as a fuel source even 
under nutritious conditions, which express high 
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levels of related enzymes [161]. Autophagy and 
related processes enable other cells to utilize FAs 
for fuel. In a genetic lung cancer mouse model, 
impaired autophagy leads to lipid accumula-
tion, dysfunctional mitochondria, defective FA 
oxidation, and enhanced starvation sensitivity. 
Moreover, FA oxidation and other mitochondrial 
oxidative pathways are likely to enable cancer 
cells to survive through the regression period 
[162]. In a pancreatic cancer model driven by 
KRas, tumor regression induced by kinase inhibi-
tors or knockdown of KRas produce a dormant 
population of cancer cells, which largely rely on 
mitochondrial respiration for survival. Inhibition 
of either autophagy or FA oxidation decreases 
the tumor-initiating potential of this population, 
thus mimicking a condition after an initial round 
of treatment and suggesting the importance of 
these catabolic pathways in enabling cancer cells 
to form tumors [163]. Another study has shown 
the coordinated mechanisms of stromal cells 
providing FAs to tumor cells as the fuel source, 
especially in ovarian cancer [28]. These tumor 
cells generally metastasize to the omentum, the 
large fold of fatty tissue in the abdomen. The co- 
culture of ovarian cancer cells with adipocytes 
has revealed that FAs transferred from adipocytes 
can activate AMPK and FA oxidation in the can-
cer cells, thus promoting cell proliferation. These 
findings raise many questions regarding the pos-
sibility of metabolite transfer between cells and 
the role of tumor microenvironment in promoting 
cell metabolism.

4.3  Conclusion and Perspective

Compelling evidence has revealed the criti-
cal role of lipid metabolism reprogramming in 
supporting transformed cells’ malignant behav-
iors. They are obtained from lipidomics stud-
ies, established cancer models, and clinical 
trials. Disrupting lipid metabolism can induce the 
regression of tumors and inhibit their metastatic 
spread. The approaches include limiting lipids’ 
origins, blocking lipid utilization, breaking down 
LDs, or deactivating certain enzymes involved in 

lipid metabolism. Based on these findings, the 
lipid metabolic pathways have been targeted to 
develop several cancer treatment drugs. However, 
many of the mechanisms involved have not been 
elucidated clearly. Certain inhibitors could sup-
press the proliferation and growth of cancer cells, 
but along with cytotoxicity in the normal cells. 
Thus, an all-around and in-depth understanding 
of lipid metabolism in cancer cells is necessary 
for future studies. The potential challenges are as 
the following: (1) identify different lipid meta-
bolic processes and the hub genes involved in 
the initiation and progression of cancer, (2) avoid 
toxicity to normal cells while developing tar-
geted drugs, and (3) clarify the relationship and 
crosstalk of lipid, glucose, protein, and energy 
metabolism. The oncogenic signalings and lipid 
metabolism are interwound with each other, and 
the lipids function in a broad spectrum at both 
cellular and organismal levels. These facts high-
light the importance of targeting lipid metabo-
lism in offering novel cancer treatment strategies 
in the future.
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Abstract

Accumulative data demonstrate that during 
the initiation and progression of tumors, sev-
eral types of cellular components in tumor 
microenvironment, including tumor cells and 
immune cells, exhibit malfunctions in cellular 
energy metabolism. For instance, lipid metab-
olism impairments in immune cells are crucial 
in coordinating immunosuppression and 
tumor immune escape. In particular, excessive 
lipids have been shown to exhibit negative 
effects on innate immunity. Previous studies 
on lipid metabolism in immune cells are 
mainly focused on macrophages and T lym-
phocytes. Although natural killer (NK) cells 
are major players in the innate elimination of 
virus, bacteria, and tumor cells, available lit-
erature reports related with lipid metabolism 
in NK cells and tumor-associated NK (TANK) 
cells are very sparse. Despite these, the impor-
tance and clinical relevance of the crosstalk 
among lipid metabolism, NK/TANK cells, 
and tumors have been clearly indicated. In this 
chapter, following a general description of NK 
and TANK cells, our knowledge on the regula-
tion of lipid metabolism in NK cells is 

reviewed, with an emphasis on the roles of 
mTOR and SREBP signaling. Then the inter-
actions between lipid metabolism and NK/
TANK cells under pathological conditions, 
e.g., obesity and cancer, were carefully intro-
duced. As there is an urgent need to reveal 
more regulators and to clarify detailed molec-
ular mechanisms by which lipid metabolism 
interacts with NK/TANK cells, several cate-
gories of potential regulators/pathways, as 
well as the challenges and perspectives in this 
emerging field, are discussed.

Keywords
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5.1  Introduction

Cancer is a disease with impairments in immu-
nity, as cancer cells escape from being recog-
nized and removed by the immune system [1, 2]. 
Many studies demonstrate that the immune sys-
tem is tightly intertwined with cancer throughout 
the whole “journey” of cancer, from carcinogen-
esis to prognosis. Meanwhile, accumulative data 
have shown that malfunction in cellular energy 
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metabolism is a typical characteristic of practi-
cally all kinds of cancers. Importantly, recent 
reports indicate that during initiation and pro-
gression of tumors, the metabolism of immune 
cells is abnormal and is responsible for functional 
disorders.

In 2002, Frauwirth et al. reported that costim-
ulatory receptor CD28 is involved in T cell acti-
vation through glycolysis, which has provided 
the first piece of direct evidence linking immune 
cell metabolism with immune activation [3]. Four 
years later, Doughty et al. found that glycolysis is 
required for differentiation and activation of B 
cells [4]. Afterward, research on immune metab-
olism has achieved an explosive growth, leading 
to increasing recognition on the importance of 
cell metabolism for the function and differentia-
tion of immune cells [5–7]. As glucose remains 
the key fuel for all immune cells, a majority of 
the studies focus on glucose metabolism. 
However, other nutrient substances, such as 
amino acids and lipids, also play critical roles in 
cell metabolism and are closely related with a 
number of metabolism-associated disorders [8–
10]. For instance, glutamine metabolism provides 
carbon and nitrogen for the synthesis of amino 
acids, nucleic acids, and lipids [11].

Lipids, mainly including triglycerides, choles-
terol, phosphatidic acid, polyunsaturated fatty 
acids, and their metabolites, are important energy 
storage substances in the human body [12]. They 
usually enter the mitochondrial tricarboxylic acid 
(TCA) cycle and eventually power oxidative 
phosphorylation (OXPHOS) [13–15]. The 
metabolism of lipids is regulated by complex but 
precise factors and mechanisms, e.g., insulin, 
glucagon, diet, nutrition, and biochemical 
enzyme activity in the body [16, 17]. It has been 
indicated that abnormal lipid metabolism may 
negatively affect immune cells and even the 
whole immune system, leading to various patho-
logical conditions including carcinogenesis [18, 
19]. For example, tumor cells usually have 
increased rate of fatty acid synthesis in order to 
meet the increased needs of producing plasma 
membrane phospholipids and signaling mole-
cules [20]. Moreover, a large amount of evidences 
show that lipid metabolism in many cellular com-
ponents in tumor microenvironment (TME), 

including malignant cells and immune cells, is 
crucial in coordinating immunosuppression and 
tumor immune escape [21–23]. Although most 
literature on lipid metabolism in immune cells is 
focused on macrophages and T lymphocytes [9, 
24–27], there are a few valuable studies related to 
lipid metabolism in natural killer (NK) cells and 
the tumor-associated NK (TANK) cells, which 
are carefully reviewed and discussed in this 
chapter.

5.2  Definition of NK Cells 
and TANK Cells

NK cells, historically designated as “large granu-
lar lymphocytes,” are prototype innate lymphoid 
cells [28, 29]. Functionally, NK cells possess 
potent anti-infection and antitumor activities [30–
32], which are mainly monitored by the expression 
of activating and inhibitory receptors on the sur-
face of NK cells [33]. Several activating receptors 
including natural killer group 2 member D 
(NKG2D), natural cytotoxicity receptors natural 
killer cell p30-related protein (NKp30; also known 
as NCR3), and natural killer cell p46-related pro-
tein (NKp46; also known as NCR1) recognize 
molecules that are upregulated on cells during 
stress. Studies have indicated that tumor cells 
overexpress several classes of glycoproteins, 
including peptide related sequences MICA and 
MICB of MHC-I, to activate their ligand NKG2D 
on the surface of NK cells and thereby induce 
release of cytotoxic particles such as perforin 
(PFN) and granzyme (GZM) from NK cells and 
initiate apoptosis signal pathways in target cells 
[32, 34–36]. Killer cell immunoglobulin- like 
receptors (KIRs) are representatives of inhibitory 
receptors that can recognize human leukocyte 
antigen (HLA) class I molecules and subsequently 
promote the targeting capability of NK cells to 
cells lacking self-HLA class I expression and 
ensure self-tolerance [35, 37, 38].

The phenotype of NK cells varies slightly 
among different species [34, 39–42]. In humans, 
NK cells are classified according to the expres-
sion status of surface T cell receptor (TCR), CD3 
molecules, and neural cell adhesion molecular 1 
(also known as CD56) [43]. The main phenotype 
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of NK cells is CD3−CD56+ lymphocyte in 
humans, while in mice it is CD3−NK1.1+ lym-
phocyte [36, 44, 45]. Moreover, the phenotype 
and function of human NK cells are diverse and 
different in peripheral blood and other tissues 
[33, 41]. For example, there are CD3−CD56bright 
and CD3−CD56dim NK cells in human peripheral 
blood, of which CD3−CD56dim NK cells are the 
dominant (nearly 90%) and show strong cytotox-
icity [44, 46, 47]. On the contrary, CD3−CD56bright 
NK cells have weak cytotoxicity and mainly con-
tain high levels of cytokine receptors, e.g., IL-2R 
and IL-12R [48, 49]. NK cells widely exist in 
many tissues, particularly in the spleen, liver, 
lung, and uterus [33, 50–52]. Similar to the phe-
notypes detected in human peripheral blood, 
there are CD3−CD56bright and CD3−CD56dim NK 
cells in the liver. Although CD3−CD56dim NK 
cells in the liver possess similar phenotype and 
function as those in peripheral blood, including 
CD16 expression and toxic molecules, they spe-
cifically express high levels of CD69 [50, 53]. 
Interestingly, the presence of CD69 is associated 
with tissue residence of NK cells in mice and 
humans [33, 54–57]. Detailed introduction on the 
characteristics of NK cells residing in various tis-
sues could be found in recent literature [33].

TANK cells include circulating NK cells, peri-
tumor NK cells, and NK cells infiltrated into 
tumors in cancer patients [58]. Interestingly, 
malignant cells could affect the characteristics of 
NK cells through regulating the abovementioned 
activating and/or inhibitory receptors. In patients 
with non-small cell lung carcinoma, Platonova 
and co-workers demonstrated a significantly 
reduced expression of activating NK receptors in 
intra-tumoral TANK cells by 50% compared with 
that of circulating NK cells from the same 
patients or healthy donors. Meanwhile, CD69 
and NKp44 activating receptors, which are 
almost undetectable in circulating NK cells, were 
found on intra-tumoral TANK cells with a median 
positivity of 36% and 12%, respectively. In addi-
tion, IFN-γ secretion was undetectable in intra- 
tumoral TANK cells stimulated with either IL-2 
or K562 cells, indicating that intra-tumoral 
TANK cells have functional deficiencies [59]. 
Similar findings were discovered in TANK cells 

in breast cancer patients at different stages of dis-
ease [60]. Particularly, upon disease progression, 
the expression of activating NK cell receptors 
was significantly decreased, which was accompa-
nied with an increase in inhibitory NK cell recep-
tors in patients with invasive breast tumors [60]. 
Moreover, evaluation on cytotoxicity-related 
molecule GZM B suggested that TANK cells in 
breast cancer patients had a reduced and poor 
cytotoxic function. A significant decrease of acti-
vating NK cell receptors in TANK cells was also 
observed in colorectal cancer (CRC) patients, 
which was accompanied with significantly lower 
degranulation activity of circulating NK cells 
than those from normal donors (27.3 vs. 45.2%; 
P < 0.01) [61]. In addition, many different cyto-
kines produced in the complex TME have signifi-
cant impacts on NK cells. For instance, TGF-β in 
TME could induce downregulation of NKG2D in 
NK cells, leading to reduced cytotoxic activity of 
TANK cells [62]. Meanwhile, it affects the pro-
duction, metabolism, and mitochondrial function 
of NK in TME [63, 64]. These findings demon-
strate the complex interactions between TANK 
cells, tumors, and TME.

Importantly, several studies have indicated 
that the activity and tumor infiltration of TANK 
cells are closely related with prognosis of cancer 
patients. Ishigami et  al. firstly investigated the 
impact of intra-tumor infiltrating NK cells on 
prognosis of gastric cancer patients and found 
that the 5-year survival rate of patients with a 
high rate of NK infiltration (n = 39) was signifi-
cantly improved compared with that of patients 
with a low level of NK infiltration (n = 107) (cut-
off value, 25 NK cells/25 high-power fields, 
P < 0.01) [65]. Later, Villegas et al. determined 
the correlation between the presence of tumor- 
infiltrating NK cell subset CD57 and survival in 
50 patients with primary squamous cell lung can-
cer after surgery. Their data demonstrate that 
patient survival was significantly improved when 
the amount of above NK cell subset was more 
than five in each microscopic field. Moreover, the 
mortality risk of patients with less NK cells 
increased to 3.50 folds of that in patients with 
more NK cells (cutoff value, 5 NK cells/field) 
[66]. In a most recent clinical study with 52 renal 

5 Lipid Metabolism in Tumor-Associated Natural Killer Cells



74

cell carcinoma patients with lung metastases 
enrolled, the overall survival rate of patients was 
positively associated with the density of infiltrat-
ing NKp46+ NK cells [67].

5.3  Current Knowledge on Lipid 
Metabolism in NK Cells

As the characteristics of immune cells are closely 
related with their metabolic status, normal lipid 
metabolism is crucial for maintaining optimal 
immune functions of NK cells and even the whole 
immune system [68–70]. O’Brien and Finlay 
recently published an excellent review describing 
mouse and human NK cell metabolism (Fig. 5.1) 
[71]. However, as a newly emerging research area, 
there are very few studies investigating the signal-
ing pathways mediating lipid metabolism in NK 
cells, which mainly focus on mammalian target of 
rapamycin (mTOR) and sterol regulatory element-
binding proteins (SREBPs).

5.3.1  mTOR Signaling in Lipid 
Metabolism in NK Cells

mTOR, a ubiquitous serine/threonine kinase, is a 
central player integrating various metabolic, anti-
genic, and inflammatory cues and thus has been 
termed the metabolic checkpoint kinase [72, 73]. 
Taking part in two distinct complexes termed 
mTORC1 and mTORC2, mTOR could promote 
metabolic reactions through stimulating glycolysis 
and synthesis of proteins and lipids, and thereby 
affect the differentiation and proliferation of 
immune cells [72]. Indeed, the expression of lipo-
genesis enzymes in NIH3T3 cells is monitored by 
SREBP1, a transcription factor tightly regulated 
by mTORC1 [74]. Moreover, mTOR is essential 
for the development and activation of NK cells 
stimulated by interleukin-15 (IL-15) [75].

Cytokine stimulation with interleukin can 
affect the metabolism of NK cells originating 
from mice spleen and human peripheral blood 
mononuclear cells (PBMCs) through mTOR sig-

Fig. 5.1 Mechanisms disrupting human/mouse natural 
killer (NK) cell metabolism in cancer (characterized by 
reduced nutrient levels) and obesity (characterized by 
excessive lipids). mTORC1 mammalian target of rapamy-
cin complex 1, TGFβ transforming growth factor-β, FBP1 
fructose bisphosphatase 1, 25HC 25-hydroxycholesterol, 

27HC 27-hydroxycholesterol, SREBP sterol regulatory 
element-binding protein, TGFβR TGFβ receptor, PPAR 
peroxisome proliferator-activated receptor. Reprinted 
with permission from O’Brien et al. Nat Rev. Immunol. 
19(2019)282–290. Published by Springer Nature
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naling [76]. It is known that 10–15% of all the 
human circulating lymphocytes are considered to 
be NK cells. Interestingly, Xie et al. found that 
overexpressed DEP domain-containing mTOR- 
interacting protein (DEPTOR) decreased 
mTORC1 but increased mTORC2 activity in 
lymphocytes of human PBMCs. However, the 
expression of lipid metabolism genes, in particu-
lar ATP citrate-lyase (Acl), acetyl-coenzyme A 
carboxylase 1 (Acc1), fatty acid synthase (Fasn), 
and stearoyl-coenzyme A desaturase 1 (Scd1), 
was not significantly reduced by DEPTOR over-
expression, indicating that DEPTOR-mediated 
inhibition on mTORC1 may not suppress lipo-
genesis in lymphocytes of PBMCs [77]. On the 
contrary, AKT inhibitors decreased the activity of 
mTORC1/2 and AKT and downregulated lipo-
genesis genes in DEPTOR overexpressing lym-
phocytes of PBMCs. Moreover, knockdown of 
DEPTOR upregulated mTORC1 activity and 
enhanced the expression of adipogenic genes 
(Acl, Acc1, Fasn, etc.) and adipogenesis in lym-
phocytes of PBMCs [77].

The importance of mTOR signaling in lipid 
metabolism in NK cells is further demonstrated 
by a recent report from Miller’s group, in which 
the biochemical properties of human NK cells 
after continuous or intermittent exposure to 
IL-15 were determined and compared [78]. Their 
data showed that continuous treatment of IL-15 
led to inhibitory effects on human NK cells, e.g., 
decreased viability, a cell cycle arrest gene 
expression pattern, and reduced antitumor capa-
bility. In particular, the fatty acid oxidation 
(FAO)-dependent spare respiratory capacity was 
decreased in NK cells continuously exposed to 
IL-15 when compared with those exposed to 
intermittent treatment, by the inhibitory effect of 
mTOR on FAO of NK cells via inhibiting carni-
tine palmitoyltransferase 1a (CPT1a). However, 
on the contrary, intermittent treatment of IL-15 
induced strong antitumor activity of NK cells in 
mice. Impressively, mTOR inhibitor rapamycin 
effectively recovered the functions of NK cells 
continuously exposed to IL-15. This work dem-
onstrated that continuous administration of 
IL-15 induced NK cell exhaustion through a 
metabolic defect, including a decrease in FAO 

via mTOR signaling, which subsequently sup-
pressed the activation and function of NK cells.

5.3.2  SREBP Signaling in Lipid 
Metabolism in NK Cells

SREBPs are transcription factors that regulate 
the expression of genes encoding molecules 
involved in lipid biosynthesis and transport, e.g., 
almost all lipogenic enzymes including Fasn, 
Scd1, 3-hydroxy-3-methylglutaryl-CoA synthase 
1 (Hmgcs1), and acetyl-CoA acetyltransferase 2 
(Acat2), and thus possess well-defined roles in 
cellular lipid homeostasis. Three SREBPs includ-
ing SREBP1a, SREBP1c, and SREBP2 are 
expressed in mammalian cells, which transacti-
vate genes targeted by both SREBP1c and 
SREBP2. They preferentially drive the expres-
sion of genes encoding molecules involved in the 
biosynthesis of fatty acids, and predominately 
transactivate genes encoding molecules involved 
in cholesterol biosynthesis, intracellular lipid 
movement, and lipoprotein import, respectively 
[79, 80]. Moreover, it has been indicated that the 
function of SREBPs in control of de novo lipo-
genesis and the synthesis/uptake of cholesterol is 
regulated by mTORC1 [71].

Previous reports have shown that lipid metabo-
lism in immune cells, including human and 
murine macrophages, murine T cells, and den-
dritic cells, is also highly dependent on SREBPs 
[81–83]. Bensinger and colleagues demonstrated 
that SREBP signaling was essential for meeting 
the increased lipid demands of membrane synthe-
sis during blastogenesis of mouse CD8+ T cells, 
which is a required biosynthetic process for clonal 
expansion. Consequently, SREBP deficiency led 
to failure of blastogenesis and attenuation of 
clonal expansion in mouse CD8+ T cells [84]. 
Moreover, Assmann and co-workers showed that 
in mouse NK cells, the expression of Srebp target 
genes encoding key molecules for de novo fatty 
acid synthesis (Fasn and Scd1) and those encod-
ing molecules involved in mevalonate pathway 
for cholesterol synthesis (Hmgcs1 and Acat2) was 
steadily induced after cytokine stimulation with 
IL-2 and IL-12 for 18 h. However, although there 
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are studies demonstrating that SREBP can affect 
the expression of IFN and GZMB in human NK 
cells, the impact of SREBP in lipid metabolism in 
human NK cells has not yet been investigated and 
remains poorly defined [85].

5.4  Altered Lipid Metabolism, 
Altered Characteristics 
of NK/TANK Cells

Lipids are not only an important component of 
cellular membrane and a major energy source but 
also involved in the complex inter- and intracel-
lular signal transduction network. Previous stud-
ies in animal and human have shown that dietary 
lipids are important mediators of immune cell 
function and possess a generally negative effect 
on innate immune cell function [86, 87]. Although 
to date there is a dearth of information on abnor-
mal lipid metabolism in NK cells, its significant 
impact on characteristics of NK cells and TANK 
cells has been clearly indicated.

5.4.1  Altered Lipid Metabolism 
in NK Cells

Obesity is a disorder of lipid metabolism. With 
the emerging obesity pandemic, obesity-induced 
biological changes have attracted increasing 
attention. In a clinical study conducted by Lynch 
et al., 52 patients with severe obesity and 11 lean 
healthy controls were enrolled. Patients were 
classified into two groups, including 26 metaboli-
cally “healthy obese” and 26 “unhealthy obese” 
patients, respectively, based on standard cutoff 
points for blood pressure, lipid profile, and fast-
ing glucose. Their data demonstrated that obese 
patients had remarkably fewer NK cells and cyto-
toxic T lymphocytes (CTLs) in peripheral blood 
in comparison with lean controls. Moreover, the 
percentages of NK cells (11.7 vs. 6.5%, 
P < 0.0001) and CTLs in the healthy obese group 
were significantly higher than those in the 
unhealthy obese group, regardless of age and 
BMI.  Moreover, these NK cells were less acti-
vated in “healthy obese” in comparison with 

“unhealthy obese” [88]. This is the first report 
describing quantitative differences in the circu-
lating immune system of obese patients with 
similar BMI but varied metabolic status and sug-
gests that the increase of circulating NK cells and 
CTLs may have protective effect against obesity- 
related diseases including cancer.

Afterward, O’Shea et al. investigated whether 
the characteristics of NK cells would be influ-
enced differentially by cigarette smoke in obese 
and lean population. They collected the blood 
samples of 40 subjects with severe obesity and 20 
lean healthy subjects, together with their clinical 
data. In particular, the influence of cigarette 
smoke on the killing capability of NK cells 
against K562 tumor cells was assessed with or 
without the co-treatment of adipokines leptin and 
adiponectin, two crucial regulators of lipid 
metabolism [89]. The obtained data indicate that 
the amount, phenotype, and function of NK cells 
were remarkably changed in obese subjects. For 
example, the percentage of NK cells was signifi-
cantly decreased from 16.6% in lean controls to 
7.6% in obese subjects (P = 0.0008), with a sig-
nificant compromise in NK cell functions in 
obese patients. Moreover, NK cells from obese 
subjects were significantly more sensitive to the 
inhibitory effects of cigarette smoke on their 
tumor-killing ability in comparison with lean 
subjects (33 vs. 28%, P = 0.01). Interestingly, co- 
treatment of adiponectin effectively reversed the 
influence of cigarette smoke on NK cells in both 
obese subjects (P  =  0.002) and lean controls 
(P = 0.01), which was not observed in NK cells 
co-treated with leptin. These findings suggest 
that the impaired NK cell activity and higher sen-
sitivity to the toxic effects of cigarette smoke 
may contribute to the increased risks of cancers 
and infections seen in obese population. As adi-
ponectin was able to restore the activity of NK 
cells, it may have therapeutic implication in 
obese people and smokers.

Most recently, the influence of obesity on NK 
cell immunosurveillance and the underlying 
mechanisms was studied deeply and systemically 
by Michelet et al. in both mice and human models 
[90]. Transcriptional assay was conducted, 
respectively, in NK cells from mice fed a short-
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term (1  week) high-fat diet (HFD), fed a long-
term (8 weeks) HFD, and fed a standard-fat diet. 
They found that after even just a week of HFD, 
most of the genes related to lipid metabolism and 
lipid synthesis, including lipid-droplet formation 
and lipases (Lipe and Plin2), lipid and glycerol 
uptake (Cd36, Lpl and Lrp4), and lipid metabo-
lism (Abca1, Scarb2 and Gyk), all of which are 
peroxisome proliferator-activated receptor 
(PPAR) target genes, were significantly upregu-
lated in NK cells from mice. Meanwhile, treat-
ment with fatty acid, or PPARα and PPARδ 
(PPARα/δ) agonists, mimicked obesity and inhib-
ited mTOR-mediated glycolysis. These excessive 
lipid-induced metabolic defects were accompa-
nied with downregulation of the killing function 
of NK cells. To confirm these findings in humans, 
they studied human NK cells from obese individ-
uals and age-matched lean controls, and found 
that both the amount and functional activity of 
NK cells were impaired in obese individuals. For 
instance, there were significantly fewer NK cells 
(CD3−CD56+) in peripheral blood in obese sub-
jects than in lean ones. Meanwhile, both the cyto-
toxic activity against cancer cells and IFN-γ 
production were significantly decreased in NK 
cells from obese individuals in comparison with 
those from lean ones. Alterations in signaling 
pathways revealed in mice with HFD were also 
observed in NK cells in human obesity, which fur-
ther confirmed that PPAR targeting metabolic 
pathways could be turned on in NK cells in a 
lipid-rich environment. Further studies demon-
strate that excessive lipids in obesity impaired NK 
cell-mediated immunosurveillance, leading to 
deficient antitumor activity in both cultured NK 
cells and a tumor-bearing mice model. These data 
have provided additional evidence that altered 
lipid metabolism in NK cells is closely associated 
with increased risks of cancers and infections in 
obesity and suggest that metabolic reprogram-
ming of NK cells may improve the clinical out-
comes in cancer patients with obesity. It is worthy 
to note that interestingly, unlike excessive lipid-
induced NK cell incompetence, other features of 
obesity, e.g., high glucose or high insulin concen-
trations, did not interfere with NK cell-mediated 
killing effect on target cells in this study.

5.4.2  Altered Lipid Metabolism 
in TANK Cells

Studies introduced in Sect. 5.4.1 demonstrate 
that abnormal lipid metabolism would impair NK 
cell-mediated immunosurveillance, which may 
subsequently lead to carcinogenesis and cancer 
progression. In fact, the presence of tumors can 
in turn affect the metabolism of immune cells or 
induce metabolic reprogramming. Previous stud-
ies have shown that in mice bearing tumors and 
in cancer patients, conventional dendritic cells 
(cDC) had increased level of lipid content and 
decreased activity in stimulating allogeneic T 
cells or presenting tumor-associated antigens 
[68, 91]. Mechanistically, upregulation of scav-
enger receptors (SR) was found to play a key role 
in lipid accumulation in cDC [68, 91]. Moreover, 
increases in lipid accumulation and FAO metabo-
lism were also found in tumor-infiltrating 
myeloid-derived suppressor cells (MDSCs) [92]. 
When it comes to NK cells, it has been shown 
that TANK cells could transform the balance of 
the core procedure of metabolism from OXPHOS 
to glycolysis, to fulfill the requirement of 
increased energy demands to fight against tumor 
cells [93, 94]. However, there is currently only 
one published report investigating the alterations 
of lipid metabolism in TANK cells.

In recent years, perioperative immunology, 
which aims to reveal the mechanisms mediating 
cancer surgery-induced immunological effects 
and develop immunotherapeutic strategies to pre-
vent cancer recurrence after surgical removal of 
tumors, has become an emerging field with the 
accumulative literature [95–98]. In a study inves-
tigating the influence of surgery on the character-
istics of NK cells, Niavarani et al. evaluated the 
alterations and potential role of lipid metabolism 
in TANK cells in both tumor-bearing murine 
models and colorectal cancer patients [70]. In 
this study, a significant increase of lipid content 
was observed in splenic NK cells isolated from 
B16F10lacZ-tumor-bearing C57Bl/6 (B6-B16) 
mice with surgical treatment in comparison with 
NK cells from control mice without surgery. This 
postoperative lipid accumulation after tumor 
resection in NK cells was additionally confirmed 
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in surgery-treated BALB/c-CT26 mice bearing 
colorectal cancer. Meanwhile, expressions of 
Ly49A, Ly49E/F, Ly49G2, and NKG2D on the 
surface of NK cells from surgery-treated B6-B16 
mice were significantly decreased. Further analy-
sis revealed that gene expressions of scavenger 
receptors (SR) including MSR1, CD36, and 
CD68, all of which are crucial in intracellular 
lipid transport, were remarkably upregulated in 
postoperative NK cells. Moreover, postoperative 
NK cells with high lipid content showed defec-
tive cytotoxic function against tumors ex  vivo 
and in vivo. Interestingly, differences neither in 
lipid level nor in surface expression level of SR 
were observed in macrophages or cDC in the 
postoperative stage, indicating distinctive effects 
on NK cells on this matter. Importantly, to deter-
mine whether there are the same effects on human 
NK cells after surgery, they further characterized 
the NK cells in five colorectal cancer patients 
after tumor resection. Consistent with the find-
ings in mice, postoperative TANK cells in 
colorectal cancer patients exhibited enhanced 
accumulation of lipids, increased CD36 expres-
sion, and reduced production of granzyme B and 
perforin in addition to decreased cell-killing 

activity. Novel strategies for lipid metabolism 
reprogramming in NK cells may have implica-
tions for improving surgical outcomes in cancer 
patients.

5.5  Other Potential Regulators 
Coordinating the Interaction 
Between Lipid Metabolism 
and NK/TANK Cells

While the association between NK/TANK cells 
with lipid metabolism has become an emerging 
field, very few studies have been conducted to 
address these important issues, particularly in 
TANK cells (Fig.  5.2). The underlying mecha-
nisms mediating the interaction between lipid 
metabolic reprogramming and NK/TANK cells 
are complicated and still poorly understood. As 
there is an urgent need to reveal detailed regula-
tors and related signal pathways by which lipid 
metabolism interacts with NK/TANK cells, we 
herein briefly introduce several example regula-
tors potentially involved in the lipid metabolism 
of NK and TANK cells, which deserve further 
investigation.

Fig. 5.2 A schematic diagram of current understanding 
and representative reports on lipid metabolism of human 
natural killer (NK) and tumor-associated nature killer 
(TANK) cells. Numbers in frames correspond to the num-
bers in Reference section. PPAR peroxisome proliferator- 

activated receptor, mTORC1 mammalian target of 
rapamycin complex 1, 25HC 25-hydroxycholesterol, 
SREBP sterol regulatory element-binding protein, IL-15 
interleukin-15, IL-2 interleukin-2, IL-12 interleukin-12, 
FA fatty acid
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5.5.1  Lipid Molecules

In the abovementioned study conducted by 
Michelet et al., palmitate and oleate, two represen-
tatives of lipids, were used to treat primary NK 
cells isolated from blood samples and YT-INDY 
immortalized NK cells, in order to mimic obesity 
in  vitro [90]. Another lipid commonly released 
into the TME is sphingosine- 1- phosphate (S1P), 
which interacts with five independent high-affinity 
AG-coupled protein receptors (S1P receptor 
S1PR1–5) and plays an important extracellular 
role [99, 100]. NK cells have an overabundance of 
S1P receptor (S1PR) that contributes to the regula-
tion of NK cell migration. Moreover, S1PR5 
expression is required for NK cell localization dur-
ing homeostasis and rapid secretion of IFN-γ by 
NK cells [99]. In primary rodent hepatocytes, con-
jugated bile acids activate S1PR2, leading to sub-
sequent activation of the downstream ERK1/2 and 
AKT signaling pathways, which is crucial for 
regulating hepatic lipid metabolism [101]. 
Whether S1P could affect the lipid metabolism of 
NK cells and TANK needs to be elucidated. 
Moreover, considering the essential role of SREBP 
in lipid metabolism of NK cells, lipid molecules 
oxysterol 25-hydroxycholesterol and oxysterol 
27-hydroxycholesterol may potentially affect the 
lipid metabolism of NK cells and TANK through 
targeting SREBP.  Particularly, in inflammatory 
macrophages and specific tumors (e.g., glioblas-
toma), cholesterol 25-hydroxylase is highly 
expressed and can be converted to oxysterol 
25-hydroxycholesterol by enzymes [85, 102, 103].

5.5.2  Hormones

Many studies have demonstrated the complex 
regulatory effects of hormones on many different 
types of cells and tissues, including the regula-
tion on lipid metabolism [104–107]. Particularly, 
some hormones are directly associated with the 
functional regulation of NK cells. For instance, 
prostaglandin E2 (PGE2) is a well-known tumor- 
associated mediator that contributes to immuno-
suppression and carcinogenesis by multiple 
mechanisms [108]. Multiple lines of in vitro and 

in  vivo evidences indicate that PGE2 not only 
interferes with the functions of NK cells (e.g., 
reducing NK cell production of IFN-γ) but also 
represses their proliferation and survival via mul-
tiple mechanisms (e.g., inducing apoptosis of NK 
cells) [109–112]. Adiponectin, which is secreted 
by adipose tissue and participates in the metabo-
lism of fatty acids, has inhibitory effect on NK 
cell function. Increase of adiponectin could 
reduce the production of IFN-γ, whereas adipo-
nectin deficiency promoted IFN-γ production in 
mouse NK cells [113]. Leptin is another hormone 
derived from adipose tissues, with its receptors 
(leptin receptors) expressed in 5% of human 
blood NK cells. Interestingly, leptin shows differ-
ent regulatory effects on mice NK cells, NK-92 
cells, and primary human NK cells [114]. For 
instance, two recent studies indicated that after 
stimulation with leptin, both the cytotoxicity 
toward cancer cells and IFN-γ production were 
reduced in humans NK cells [114, 115]. However, 
in contrast, another report showed that stimula-
tion of leptin increased granzyme B expression 
and in  vitro cell-killing activity of NK-92 cells 
[116]. Moreover, stress hormones could activate 
lipolysis by adipose tissue and thereby increase 
the levels of circulating fatty acids. A quick raise 
in catecholamines and glucocorticoids induced 
by 3,4-methylenedioxymethamphetamine and 
methylphenidate could stimulate the migration of 
NK cells into circulation, which was positively 
associated with the proportion of CD56dim NK 
cell subsets. Interestingly, there was a downregu-
lation of NKG2D expression in NK cells during 
this process [117].

5.5.3  Cytokines

As described above, a recent report from Miller’s 
group demonstrated that human NK cells con-
stantly exposed to IL-15 exhibited a reduction in 
FAO [78]. In fact, several other cytokines have 
been shown to affect lipid metabolism in immune 
cells. For instance, Salvatore et al. characterized 
human monocyte-derived foamy DCs obtained 
with exposure to interleukin 17A (IL-17A) [118]. 
At day 6 of IL-17A treatment, DC-17s (DCs 
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obtained with exposure to IL-17A) exhibited a 
mixed DC/macrophage phenotype as they simul-
taneously expressed DC markers (CD1a) and 
macrophage markers (CD14, CD68 and CD163). 
Interestingly, there were significant accumula-
tions of all lipid species in DC-17s in comparison 
with DCs from three healthy donors, with the lev-
els of phospholipid, cholesterol, triglyceride, and 
cholesteryl ester increased 2–5 times, 2–4 times, 
5–12 times, and 3–9 times, respectively, after 
IL-17A treatment. However, there was no signifi-
cant difference in the immunogenic properties 
between DC-17s and DCs [118]. In another 
recent report, Autumn G et  al. found that treat-
ment of mouse bone marrow-derived macro-
phages (BMDMs) with either IFN-β or Poly:IC 
(interferon inducer) remarkably reduced the syn-
thesis of saturated long chain fatty acids, unsatu-
rated long chain fatty acids, and cholesterol. 
Unexpectedly, isotope tracer analysis demon-
strated an increase in total amount of fatty acids 
and cholesterol on a per cell basis, suggesting an 
increase of lipid import in these cells. In addition, 
exposure to type I IFN consistently inhibited de 
novo synthesis of cholesterol while promoted its 
import to a similar extent [119].

5.5.4  Regulators Implicated in Lipid 
Metabolism in iNKTs

Natural killer T (NKT) cells are special T cell 
subsets with both T cell receptors and NK cell 
receptors on the cell surface. Fu and co-workers 
recently demonstrated that co-administration of 
anti-CD3 with anti-CD28 remarkably increased 
lipid biosynthesis and IFN-γ production in acti-
vated invariant natural killer (iNKT) cells [120]. 
Further exploration demonstrated that these pro-
cedures were mediated by PPARγ, a crucial regu-
lator of adipocyte differentiation and lipid 
metabolism, and promyelocytic leukemia zinc 
finger (PLZF) synergistically through enhancing 
transcription of Srebf1. By using a mouse model 
bearing subcutaneously inoculated B16F10 mel-
anoma, they demonstrated that lactic acid in 
TME reduced the expression of PPARγ in iNKT 
cells infiltrating into tumors and subsequently 

diminished their lipid synthesis and IFN-γ secre-
tion. Furthermore, they found that in patients 
with hepatocellular carcinoma, expressions of 
PPAR-γ, SREBP1, and cholesterol were all 
reduced in intra-tumoral iNKT cells compared 
with cells in para-carcinoma tissues, and PPAR-γ 
expression was positively correlated with 
SREBP1 and cholesterol in both cancer and para- 
cancerous tissues. These findings indicate that 
reduction of PPAR-γ leads to deficient choles-
terol synthesis and dysfunction of intra-tumoral 
iNKT cells in humans and mice. Importantly, this 
study proposed a new strategy to increase the 
anticancer activity of immunotherapies based on 
iNKT cells trough enhancing lipid biosynthesis 
with PPARγ agonist [120].

5.6  Conclusion and Perspective

Interactions between “internal” (intracellular) 
and “external” (extracellular/environmental) 
lipid metabolism and the immune cells have 
become an important research area receiving 
increased attention. In general, excessive lipids 
have been shown to exhibit negative effects on 
innate immunity in  vitro and in  vivo and are 
responsible for a number of disorders, including 
impaired immunosurveillance and tumor immune 
escape. On the other hand, pathological condi-
tions such as cancer, obesity, and inflammation 
could alter the metabolism, number, and func-
tional abilities of various types of immune cells. 
NK cells play critical roles in the innate elimina-
tion of virus, bacteria, and malignant cells, 
including cancer stem cells. Unfortunately, our 
current understanding on the association between 
lipid metabolism and NK/TANK cells remains 
very poor, as available literature reports are very 
sparse. Despite all this, the importance and clini-
cal relevance of the crosstalk among lipid metab-
olism, NK/TANK cells, and tumors have already 
been indicated.

As the limited literature mainly supports the 
role and involvement of several signal molecules 
already known to be crucial for general proce-
dures of lipid synthesis and metabolism, e.g., 
mTOR and SREBP, identification of NK/TANK 
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cell metabolism-specific molecular mechanisms 
is an important yet challenging task, considering 
the diversity of energy metabolism, lipids, NK/
TANK cells, and tumors. In addition to the mol-
ecules or pathways introduced in this chapter, 
there are certainly other regulators, and even sub-
cellular fraction carrying bioactive components 
such as extracellular vesicles, which may medi-
ate the interaction between lipid metabolism and 
NK/TANK cells. It is important to pay attention 
that the progression stage of disorders, such as 
stage of cancer and severity of obesity, may inter-
fere with the characteristics of lipid metabolism 
in NK/TANK cells and alter the responses to 
metabolic reprogramming. We also need to keep 
in mind that NK/TANK cells exist in many dif-
ferent tissues and organs, in which they may not 
only have different phenotypes and functions but 
also exhibit varied responses to metabolic stimu-
lation. Moreover, a number of approaches such as 
chemotherapy and biotherapy have been used for 
the treatment of cancers, and elucidation of their 
regulatory effects on lipid metabolism of NK/
TANK cells will have great clinical impact. 
Future research in this field will be a multidisci-
pline collaboration and will lay foundations for 
the development of NK/TANK cell-based and 
metabolism-associated therapeutics.
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Abstract

Macrophages are essential components of 
the immune system in tumors. It can be 
recruited and educated to two mainly polar-
ized subpopulations (M1-like and M2-like) 
of tumor- associated macrophages (TAMs) to 
display anti-tumor or protumor function dur-
ing the tumor occurrence and progression. 
Reprogramming of metabolism, especially lipid 
metabolism, is a typical characteristic of TAMs 
polarization, which was confirmed recently as a 
vital target for tumor therapy. However, the rela-
tionship between TAMs and lipid metabolism is 
still obscure in the past decade. In this review, 
we will first introduce the historical aspects of 
TAMs, and then discuss the correlation of main 
lipids (triglycerides, cholesterol, and phospho-
lipids) to TAMs activation and summarize the 
mechanisms by which lipid metabolism medi-
ated tumor escape the immunological sur-
veillance as well as currently available drugs 
targeting these mechanisms. We hope that this 
chapter will give a better understanding of 
lipid metabolism in TAMs for those who are 
interested in this field, and lay a foundation to 
develop novel strategies for tumor therapy by 
targeting lipid metabolism.

Keywords

Tumor-associated macrophages · Lipid 
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6.1  Introduction

Macrophages, an important member of the mono-
nuclear phagocyte immune system, exist widely 
in almost all tissues of multicellular organisms. In 
human adults, they were estimated to total of 1010 
cells, which are essential for mediating innate 
immunity (non-specific defense) and helping 
initiate adaptive immunity (specific defense) [1]. 
Macrophages are a kind of leukocytes and play 
vital roles in the maintenance of tissue homeo-
stasis, microbial killing, inflammation regula-
tion, immune suppression, antigen processing, 
and tissue remodeling [2–4]. Also, macrophages 
can activate the complement system by secreting 
various cytokines and are involved in the process 
of immune regulation [5].

A mounting number of observations have 
demonstrated that macrophages display impres-
sive plasticity in adapting to the local microen-
vironment, which contains chemokines, lipids, 
growth factors, and other molecules secreted 
by tumor stromal cells [6–8]. During these pro-
cesses, macrophages are generally differenti-
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ated into two polarized states, i.e., classically 
activated macrophages (M1) and alternatively 
activated macrophages (M2), to perform dis-
tinct functions. Interestingly, macrophages also 
infiltrate into solid tumors (Tumor-associated 
macrophage, TAM) and develop into M1-like or 
M2-like cells, which interact with tumor cells to 
eliminate or promote tumor progression, respec-
tively. Moreover, TAMs can also directly kill 
tumor cells, clear cellular debris, or eliminate 
apoptotic cells through phagocytosis, although 
it shows distinct phagocytic ability in different 
TAM phenotypes [5, 9]. Thus, understanding the 
mechanisms of TAM activation and/or differen-
tiation is essential for developing strategies for 
tumor therapy.

6.2  Historical Aspects of TAMs

Host leukocytes were first discovered in and/or 
at the edge of tumor tissue by Virchow in the 
1860s [10], which linked the chronic inflamma-
tion to tumor origin. Then the phagocytosis and 
macrophages were identified by Ilya Mechnikov 
in 1887 [11]. However, the classification of mac-
rophages in the mononuclear phagocyte system 
was determined by van Furth and Cohn till in 
the 1970s [12, 13]. In mononuclear phagocyte 
theory, the tissue-resident macrophages depend 
upon the replenishment from bone marrow- 
derived blood monocytes [13]. Although this 
concept has been debated in several aspects, it 
is generally accepted that adult-derived tissue- 
resident macrophages, for instance, microglia, 
Kupffer cells, and alveolar macrophages resided 
in the brain, liver, and lungs, respectively, and 
embryonic-derived tissue-specific macrophages 
could coexist in the given tissues [14]. Over the 
next two decades, macrophages were demon-
strated to exert distinct even opposite functions 
under different circumstances, especially in 
tumor progression [15, 16]. In 1992, Mantovani 
and colleges proposed a “macrophage balance” 
hypothesis to interpret the dual functions of 
TAMs (i.e., cytotoxicity and growth promotion) 
in their interaction with tumor cells through 
secreted cytokines by careful analysis of these 

seemingly contradictory results [10]. When 
determining the different metabolism of arginine 
in distinct mouse model-derived macrophages 
stimulated by IFN-γ, lipopolysaccharides (LPS) 
or TGF-β, Mills and colleges correlated with 
these differences between T helper 1 (Th1) 
and Th2 cell responses and proposed M1–M2 
dichotomy to distinguish the two types of polar-
ized macrophages [17]. This classification was 
commonly used in later research, although there 
are several other nomenclatures [18].

Currently, it is well established that macro-
phages are stimulated to M1 by IFN-γ, LPS, 
or granulocyte-macrophage colony-stimulating 
factors (GM-CSF). M1 macrophages produce 
high levels of pro-inflammatory cytokines such 
as TNFα, IL-1β, IL-6, IL-12, IL-8, and IL-23 to 
facilitate the clearance of invading pathogens. In 
contrast, when primed with cytokines like IL-4, 
IL-13, and IL-10, macrophages are prone to M2 
phenotype and secret IL-10, arginase 1 (Arg1), 
and other type 2 cytokines to participate in the 
process of anti-inflammation, allergic response, 
tissue repair, and immunoregulation (Fig.  6.1) 
[4, 19, 20].

Due to high heterogeneity, TAMs also pos-
sess M1-like and M2-like subpopulations, 
which can transform into each other with the 
change of microenvironment. It was evidenced 
that, in addition to regulating the inflammatory 
response, M1-like and M2-like TAMs can exert 
anti-tumor and protumor functions, respectively. 
In the course of tumor progression, TAMs are 
the main recruited immune cell population (up 
to 50%) and are finally educated by tumors to 
a M2-like phenotype, which promotes tumor 
immune escape, tumor growth, angiogenesis, 
and metastasis [21]. Similarly, the CC chemo-
kines like CCL17, CCL22, and CCL24 pro-
duced by M2-like macrophages can also inhibit 
the effector functions of CD4+ and CD8+ T cells 
and recruit regulatory T cells (Tregs) to regulate 
the tumor microenvironment [22–24]. Although 
TAMs were reported to be present in all stages 
of tumor progression, M1-like macrophages with 
a strong anti-tumor activity are mostly activated 
in the early stage, while M2-like macrophages 
with a protumor ability are mainly activated in 
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the late stage. It should be noted that M1-like and 
M2-like macrophages are the two typical pheno-
types of TAMs rather than the only phenotypes in 
various stages, which was confirmed by a series 
of research groups [25–28].

6.3  Overview of Metabolic 
Reprogramming in TAMs

It is well known that energy is one of the most 
important factors for tumor cell proliferation. In 
order to meet the demand, cancer cell was meta-
bolically reprogrammed to quickly obtain adequate 
energy. The most famous metabolic reprogram-
ming in cancer cells is the Warburg effect, a 
glucose metabolic shift from oxidative phosphor-
ylation to aerobic glycolysis [29, 30]. Similarly, 
once macrophages are recruited into the tumor 
microenvironment, they have to be reprogrammed 
in the metabolic pathways in order to adapt to the 
special environment [1]. For example, TAMs dif-

ferentiate into M2-like macrophages while stimu-
lated with Th2 cytokines (IL-4 and IL-13). The 
M2-like macrophages have increased L-arginine 
metabolism and produce polyamines by increas-
ing Arg1 expression, thereby suppressing the 
immune response and promoting tumor growth 
[31, 32]. Moreover, the reprogramming of glucose 
and lipid metabolisms were confirmed in murine 
or human TAMs. For instance, several lines of evi-
dence have shown that TAMs utilize glycolysis in 
the early stages of cancer progression, but oxida-
tive phosphorylation is preferred in the late stages 
with the accumulation of lactic acid [33–35]. The 
fatty acid uptake and oxidation are suppressed in 
M1 macrophages, which is totally opposite in M2 
macrophages [36]. Furthermore, in addition to the 
variation of these nutrient metabolisms, some other 
metabolism patterns like heme oxygenase 1 medi-
ated iron metabolic activation also contributed to 
TAM polarization [37]. Collectively, metabolic 
reprogramming can regulate TAM differentiation, 
polarization, and anti-tumor responses.

Fig. 6.1 The characteristic of macrophages and TAMs. 
Macrophages mainly differentiated into two subpopula-
tions (M1 and M2) with distinct stimulations in the local 
microenvironment. Generally, M1 macrophages, stimu-
lated by IFN-γ, LPS, or GM-CSF in inflammatory state, 
produced some pro-inflammatory cytokines (TNFα, IL-6, 
IL-12, etc.) to facilitate pro-inflammation, tissue damage, 
Th1 response, and tumor suppression. M2 macrophages, 

activated by IL-4, IL-13, IL-10, or TGF-β, generated a 
series of cytokines (IL-10, Arg1, etc.) to participate in the 
process of anti-inflammation, tissue repair, Th2 response, 
and tumor promotion. Once recruited into the tumor 
microenvironment (TME), macrophages were polarized 
to M1-like, M2-like tumor-associated macrophages 
(TAMs), and/or other subpopulations
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6.3.1  The Role of Lipid Metabolism 
for TAMs

6.3.1.1  General Process of Cellular 
Lipid Metabolism

Among the metabolic alterations in TAMs, lipid 
metabolism has been associated with the tumori-
cidal capability. Lipids are essential components 
of cell membrane structure and are composed 
of different types of molecules, including fatty 
acids, triglycerides, cholesterol, phospholipids, 
sphingolipids, etc. [38, 39]. Besides their roles 
as structural components, lipids can transduce 
signals within cells as second messengers, and 
provide energy sources when nutrients are lim-
ited [40–42]. In normal conditions, the cellular 
lipid sustains a homeostasis by regulating its 
biosynthesis and lipolysis. It has been well dem-
onstrated that the digested fatty acids can be up-
taken directly or de novo synthesized with the 
help of several key fatty acid synthases includ-
ing sterol regulatory element-binding proteins 
(SREBPs), acetyl-CoA carboxylase (ACC), and 
stearoyl-CoA desaturase 1 (SCD1) [43]. When 
cellular lipids are excessive, these fatty acids 
will further generate triglycerides (TGs) with 
the aid of monoacylglycerol O-acyltransferases 

(MGATs) and diacylglycerol O-acyltransferases 
(DGATs) (Fig. 6.2). Fatty acids can also be con-
verted to cholesteryl esters and those lipids are 
further stored in the cytosol as lipid droplets 
[44–46]. TG, cholesterol, and phospholipids are 
the main components within lipid droplets. To 
 maintain the normal physiological state of cells, 
they are catalyzed by a series of enzymes to pro-
duce distinct derivatives for fulfilling diverse 
functions. However, the lipid metabolism was 
reprogrammed during TAM differentiation. 
Abnormal accumulation or decrease of metabo-
lites not only directly affected TAM polariza-
tion, angiogenesis, lymphangiogenesis, or fatty 
acid oxidation but also indirectly changed these 
functions via transcriptional regulation medi-
ated by nuclear factor kappa B (NF-κB), per-
oxisome proliferator- activated receptor (PPAR), 
CCAAT/enhancer- binding protein δ (C/EBPδ), 
signal transducer and activator of transcription 3 
(STAT3) or SREBP1, which will be discussed as 
follows (Fig. 6.2).

6.3.1.2  Triglyceride Metabolism 
in TAMs

During the early comprehensive analysis of the 
gene expression profiles between human mono-

Fig. 6.2 Regulation of 
lipid catabolism or 
transformation in TAMs. 
TG triglycerides, DG 
diacylglycerol, MG 
monoacylglycerol, 
ATGL adipose 
triglyceride lipase, 
ABHD5 abhydrolase 
domain-containing 5, 
HSL hormone sensitive 
lipase, MGLL 
monoacylglycerol 
lipase, PKC protein 
kinase C, PLA2 
phospholipase A2, 5-LO 
5-lipoxygenases, COX2 
cyclooxygenases 2, 
PGE2 prostaglandin E2, 
mPGES1 microsomal 
PGE2 synthase 1, 
CYP450 cytochrome 
p450, LTs leukotrienes
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cytes and differentiated macrophages (M1 and 
M2), lipid metabolism was found in the mainly 
altered category of modulated transcripts [47]. 
Even so, the relative mechanisms were largely 
unknown. Triglycerides, also known as neutral 
fats, are the main form of lipids. When cells 
need, TGs can be catalyzed by adipose triglyc-
eride lipase (ATGL) to generate diacylglycerols 
(DGs), and then hydrolyzed via hormone sensi-
tive lipase (HSL) to form monoacylglycerols 
(MGs), which can further produce free fatty 
acids and glycerols by monoacylglycerol lipase 
(MAGL/MGLL) [43, 48]. Recently, several stud-
ies from a same research group correlated the 
reprogrammed TG catabolism to macrophage 
activation. Xiang et al. demonstrated that MGLL 
was deficient and contributed to lipid accumula-
tion in TAMs from colorectal cancer. MGLL defi-
ciency induced an accumulation of MGs, DGs, 
and TGs. 2-Arachidonoylglycerol (2-AG), a sub-
type of DGs, functioned as an endogenous ligand 
of cannabinoid receptor-2 (CB2). Xiang et  al. 
claimed that MGLL deficiency-induced 2-AG 
could activate CB2, inhibit the signal transduc-
tion of TLR4, and finally polarized TAMs to an 
M2-like phenotype, which maintained an immu-
nosuppressive tumor microenvironment [49]. 
Another work screened a small TAM subpopula-
tion with low expression of abhydrolase domain- 
containing 5 (ABHD5), a coactivator of ATGL to 
catalyze the hydrolysis of cellular triglycerides, 
in colorectal cancer tissues. The TAMs with 
ABHD5 deficiency had higher levels of ROS 
and matrix metalloproteinases (MMPs), which 
facilitated the migration and invasiveness of 
colorectal cancer cells [28]. Interestingly, the TG 
catabolism associated factor ABHD5 could also 
regulate polyamine metabolism in TAMs and cell 
growth of colorectal cancer [50]. Moreover, mel-
anoma and colon cancer cells-educated macro-
phages can accumulate lipids through enhanced 
lipid uptake mediated by surface scavenger 
receptor CD36. These TAMs, in turn, generate 
some tumor proliferation- and progression-pro-
moting molecules, such as Arg1, Vegf, and Hif1a. 
Noteworthily increased lipid accumulation in 
TAMs was positively and significantly associated 
with the development of multiple myeloma [51]. 

Taken together, these findings suggest that repro-
gramming of TG metabolism is crucial for TAM 
activation and tumor progression.

6.3.1.3  Cholesterol Metabolism 
in TAMs

Cholesterol homeostasis, which is modulated by 
the process of de novo synthesis, uptake, storage, 
and efflux, is important for the maintaining of cel-
lular structure and function [52, 53]. Cholesterol 
de novo synthesis from acetyl-CoA is a complex 
process that involved in a series of enzymes to 
catalyze approximately 30 steps in cells [54]. It is 
well documented that cholesterols can be further 
processed to generate vitamin D, bile acids, ste-
roid hormones, and cholesterol derivatives (cho-
lesteryl esters, oxysterols) [54]. Accordingly, the 
metabolism of cholesterol theoretically might 
affect macrophage activation, although an early 
study showed that cholesterol- enriched peri-
toneal macrophages induced by casein did not 
demonstrate any different changes relative to the 
controls in tumoricidal activity [55]. This notion 
was gradually confirmed in the following studies. 
For instance, disruption of cholesterol synthesis 
by the inhibition of ATP citrate lyase can regulate 
membrane fluidity and decrease the anti-tumor 
activity in CpG-induced macrophages [56]. More 
convincingly, Goossens et al. reported that ovar-
ian cancer cells promoted the efflux of membrane 
cholesterols, which made TAMs shift to M2-like 
phenotype and promote tumor progression [57].

In addition to cholesterols, the cholesterol- 
associated metabolites also regulate the activation 
of TAMs. For example, 27-Hydroxycholesterol 
(27HC), a kind of oxysterol, is a primary metab-
olite of cholesterols catalyzed by cytochrome 
p450 oxidase (CYP27A1) and degraded by oxys-
terol 7α-hydroxylase (CYP7B1). It was reported 
that CYP27A1 was highly expressed in TAMs 
and regulated TAM activation-associated tumor 
progression in breast cancer. The loss of the pro-
tumoral function of these CYP27A1 deficient 
TAMs was rescued by 27HC supplementation 
[58]. Moreover, when cocultured with breast 
cancer cells, THP-1 monocytes were differenti-
ated into M2-like macrophages with high levels 
of CYP27A1 and 27HC. Accumulated 27HC was 
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not only secreted to promote tumor cell prolifera-
tion but also recruited monocytes and stimulated 
them to produce tumor favoring chemokines 
such as CCL2. Consistently, higher expression 
of CYP27A1 was also observed in IL-4-induced 
M2 macrophages [59]. These results indicated 
that 27HC accumulation stimulated TAMs to an 
M2-like phenotype and modified the microenvi-
ronment for cancer progression. In addition, vita-
min D3 is a converted product of cholesterols. It 
is reported that tumor-produced versican V1 pro-
moted LL-37 expression in macrophages through 
activation of toll-like receptor 2 (TLR2) and 
vitamin D3 signaling to facilitate ovarian cancer 
development in vitro [60]. Based on these stud-
ies, it seems that reducing cholesterols in TAMs 
is a benefit for tumor survival. However, recent 
research on lowering cholesterol with a chemi-
cal inhibitor showed an anti-tumoral function. 
Simvastatin, a cholesterol-lowering drug by dis-
rupting lipid rafts, was able to re- polarize TAMs, 
promoting M2-to-M1 phenotype switch via 
cholesterol-associated LXR/ABCA1 regulation 
[61]. Collectively, the functions and mechanisms 
of cholesterol metabolism in TAMs is extremely 
complex owning to various components, which 
warrants further research in the future.

6.3.1.4  Phospholipid Metabolism 
in TAMs

Phospholipids are another group of lipids that 
contain phosphoric acids, mainly including glyc-
erophospholipids and sphingomyelin, and are 
widely distributed in the cellular membrane sys-
tem and influence cellular behavior in a variety 
of ways [62]. One of the most focused subgroups 
is arachidonic acid (AA) related phospholipids 
because they are key regulators of inflammation 
and cancers. AA will be released from the sn-2 
position of membrane phospholipids through 
enzymatic reaction mediated by protein kinase C 
(PKC) and phospholipase A2 (PLA2) [63]. Free 
AA can be further transformed via three major 
pathways, cyclooxygenases (COX), cytochrome 
p450, and lipoxygenases (LO), into prosta-
glandins (PGs), epoxygenated fatty acids, and 
leukotrienes (LTs), respectively [64]. Among 
these mediators, it is not difficult to conclude 

that phospholipid metabolism must change in 
TAMs after infiltrating into the tumor micro-
environment because COX1 and COX2 often 
changed in different stages of macrophages or 
in response to IFN-γ and LPS treatment [47]. 
For example, the most abundant prostaglandin 
E2 (PGE2), a COX2 mediated AA metabolic 
product, was markedly secreted by granulocyte- 
type CD15+ myeloid cells from cancer patients 
compared to these in healthy donors [65]. 
Moreover, autocrine PGE2 from osteopontin 
(OPN)-stimulated TAMs could improve tumor 
microenvironment by affecting angiogenesis 
for tumor growth [66]. Interestingly, increased 
PGE2 could also, in turn, prevent myeloid dif-
ferentiation into mature APCs and turn to a 
phenotype of myeloid-derived suppressor cells 
[65]. However, Ringleb et  al. revealed another 
AA catalyzed enzyme, 5-LO, was decreased by 
apoptotic breast cancer cells, which attenuated 
T cell recruitment to benefit cancer progression 
[67]. In addition, high levels of 5-LO metabo-
lites from hypoxic ovarian cancer cells pro-
moted TAMs infiltration [68]. Of note, the role 
of 5-LO in the tumor microenvironment (TME) 
remains controversial [69–72].

6.3.1.5  Fatty Acid Oxidation in TAM
It is well documented that the way of energy 
production is a clear difference between M1 and 
M2 macrophages. Related to glycolysis domi-
nantly used in M1, M2 macrophages seem to 
prefer oxidative phosphorylation via enhancing 
fatty acid oxidation (FAO) [73]. Moreover, it is 
reported that FAO inhibitor can markedly sup-
press IL-4- induced M2 macrophage activation 
[74]. However, this notion was challenged by 
Namgaladze and Brune, who demonstrated no 
apparent changes in human M2 macrophages 
treated by the FAO inhibitor [75]. Although the 
role of FAO in macrophage polarization was still 
ambiguous, recent studies uncovered that FAO 
indeed participated in the activation of TAMs. 
Among them, Zhang et  al. demonstrated that 
the protumoral effects of conditioned medium 
from M2 polarized human monocyte-derived 
macrophages (M2-like TAMs) on hepatocellu-
lar carcinoma (HCC) were blocked by the FAO 
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inhibitor. Furthermore, a more direct method 
using different inhibitors against glutamine 
and glucose oxidation and fatty acid synthesis 
demonstrated that the effect of M2-like TAMs 
on HCC depends on the modulation of FAO 
activity [76]. Similarly, etomoxir could impede 
oleate-induced colon cancer-associated macro-
phages acquiring the M2-like phenotype [77]. 
These parallel results were also shown in PPAR 
activation-stimulated M2-like polarization in 
HCC-associated macrophages [78]. Of note, the 
opposite role of FAO was also reported by Niu 
et al., who demonstrated that truncated PPARγ 
inhibited fatty acid oxidation, contributed to 
tumor-associated macrophage differentiation, 
and promoted cancer progression [79]. After all, 
these findings suggest that FAO is an important 
factor in TAM activation.

6.3.2  Lipid Metabolites in TME 
Affects TAMs Polarization

Lipids are widely distributed and can affect cell 
functions in many ways. Importantly, cellular 
lipids can also be secreted and influence cell 
function in an autocrine or paracrine manner. For 
instance, the metabolites in TME derive from 
tumor cells, interstitial cells, and the vasculature 
systems. All those metabolites might have a com-
munication with TAMs. As mentioned above, 
27HC and PGE2 are secreted into TME to recruit 
monocytes and stimulate TAMs to produce 
tumor beneficial chemokines or affect angiogen-
esis [58, 59, 65]. Beyond these, there are a few 
lipid metabolites secreted by TAMs or tumors 
that have been identified to participate in TAMs 
polarization (Table 6.1).

Table 6.1 The role of secreted lipid metabolites on TAMs

Lipid 
metabolites Origin TAMs Cancer type Function References
PGE2 Autocrine RAW264.7 Melanoma Angiogenesis [66]

Tumor 
cells

Tumor tissue-infiltrated 
CD11b + myeloid cells

Bladder 
tumors

Differentiation into mature 
APCs; acquiring phenotype of 
the myeloid-derived suppressor 
cells or inflammatory 
macrophages

[65]

Tumor 
cells

RAW264.7 macrophages Lung cancer M2 macrophage differentiation [80]

5-LO 
metabolite

Tumor 
cells

THP-1 Ovarian 
cancer

Macrophages migration and 
invasion

[68]

27HC Autocrine Bone marrow-derived 
macrophages

Breast Cancer Cancer cell proliferation [58]

Autocrine THP-1; murine bone 
marrow cells

ER+ cancer cell proliferation; 
recruitment of CCR2- and 
CCR5-expressing monocytes

[59]

25HC Tumor 
cells

THP-1 monoblastic 
leukemia cell line; 
primary human 
peripheral blood 
monocytes

Glioblastoma 
multiforme

Macrophage chemotactic 
migration

[81]

S1P Tumor 
cells

Human primary 
macrophages; isolated 
murine macrophages;

Breast Cancer Macrophages differentiation 
into M2-like TAMs

[82, 83]

Primary human 
macrophages

Breast Cancer Lymphangiogenesis and tumor 
metastasis

[84]

LPA Tumor 
cells

Primary macrophages Colorectal 
cancer

M1-like polarization [85]

OPN Autocrine RAW264.7 Melanoma Angiogenesis; cancer cells 
migration; macrophage 
recruitment

[66]
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6.4  Lipid Metabolic 
Reprogramming-Related 
Signaling Pathways in TAMs

TME is a special microenvironment with oxygen 
and nutrition deficiency. After entering into TME, 
macrophages will reprogram their metabolisms in 
an active or passive manner. The reprogrammed 
lipid metabolisms will determine the secreta of 
TAMs and further influence the immune status 
of TME and the progression of tumors. Knowing 
lipid metabolic reprogramming- associated sig-
naling pathways in TAMs are beneficial for 
developing new targets for cancer treatment.

6.4.1  COX2/PGE2 Axis Mediates 
Phospholipid Metabolism 
Signal Network

COX2 is one of the most important inflammatory 
mediators and is abnormally expressed in many 
cancers. Multiple lines of evidence revealed 
that COX2 and its catalyzed product PGE2 con-
verted from AA not only stimulated inflamma-
tion but also enhanced tumor cell proliferation 
and survival [86]. Likewise, the roles of COX2/
PGE2 axis in TAMs and tumors have also been 
widely studied in recent years. For instance, 
TAM-derived OPN could bind to α9β1 integ-
rin to promote AP1 signaling- mediated COX2 
expression, which further increased PGE2 and 
MMP9 expression, resulting in angiogenesis and 
melanoma growth [66]. Besides, in nasopharyn-
geal carcinoma- associated macrophages, PGE2 
stimulated the production of IL-10 and pen-
traxin 3 by adjusting RNA binding protein Hu 
antigen R (HuR)-mediated C/EBPδ expression 
(Fig.  6.2). According to this mechanism, PGE2 
inhibited the tumor-phagocytic activity of TAMs 
[87]. More interestingly, PGE2 was demon-
strated to trigger the expression of programmed 
cell death protein ligand 1 (PD-L1) in TAMs 
which is a chief culprit molecule helping tumors 
to escape from immunological surveillance [88]. 
Of note, a study in colon cancer showed that 

receptor- interacting protein kinase 3 (RIPK3) 
deficiency elicited NFκB-transcribed COX2 to 
elevate PEG2 levels. Moreover, elevated PEG2 in 
TME could suppress RIPK3. This RIPK3-PGE2 
circuit further enlarged the protumoral function 
of TAMs [89]. Certainly, PGE2 could also alter 
TAMs functions via other signaling pathways 
such as PGE2/STAT3 [90]. Taken together, those 
studies indicated that the COX2/PGE2 axis might 
be a promising target for tumor treatment.

6.4.2  Caspase 1/PPAR Axis 
Regulates Fatty Acid 
Metabolism

In addition to regulating the abundance of PGE2, 
RIPK3 involving in fatty acid oxidation was 
reported by Wu et al. [78]. They found that RIPK3 
deficiency in HCC-associated macrophages 
reduced ROS-mediated caspase 1 activation. 
Caspase 1 inactivation potentiated PPAR signal-
ing to promote CD36 and Fabp4 mediated- FAO 
pathways and finally induce M2-like polarization 
(Fig.  6.2). Disruption of this pathway can alle-
viate the immunosuppressive activity of TAMs 
and suppress tumorigenesis of liver cancer [78]. 
However, caspase 1/PPARγ axis-induced FAO 
inhibition also promotes TAMs differentiation 
for breast cancer progression [79]. The seem-
ingly contradicted findings in those two studies 
indicated that the TAMs in two different tumor 
tissues might have different secreta downstream 
of the FAO pathway. Another report pointed 
out that FAO activation could stimulate STAT6-
mediated gene expression which was related to 
TAM generation and function [51]. Apart from 
FAO, SREBP1-regulated fatty acid desaturase 1 
(Fads1) and Fads2 (Fig. 6.2), i.e., fatty acid syn-
thesis, was indirectly activated by regulatory T 
cells in the tumor microenvironment, which con-
tributed to M2-like TAM polarization [91]. These 
results suggest that the mechanisms of fatty acid 
metabolism in TAMs are varied in the different 
tumor microenvironments, which shed light on 
personalized treatment in the future.
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6.4.3  MGLL and ABHD5-Mediated 
Cross-Talk Between 
Triglyceride Metabolism 
and Other Signaling Pathways

Xiang et  al. reported that TAMs in colorectal 
cancer tissues are rich in lipid droplets, which 
were mainly neutral fats. According to the high 
throughput analysis, they mapped the genes 
involved in TG metabolism. They claimed that 
MGLL was deficient and contributed to lipid 
accumulation in TAMs. MGLL deficiency 
resulted in 2-AG accumulation and CB2 activa-
tion, which blocked TLR4 signaling and polar-
ized TAMs to an M2-like phenotype. In contrast, 
forced expression of MGLL in TAMs promoted 
the release of free fatty acid and reduced the 
 levels of 2-AG.  It has been reported that satu-
rated fatty acid can activate TLR4-dependent M1 
activation. Therefore, overexpression of MGLL 
in TAMs potentiated M1 polarization by potenti-
ating TLR4 signaling and suppressing CB2 path-
ways and subsequently activated CD8+ T cells 
to kill cancer cells [49]. Unexpectedly, another 
TG lipolytic activator ABHD5 was aberrantly 
overexpressed in colorectal cancer-associated 
macrophages. Miao et  al. claimed that ABHD5 
could inhibit C/EBPε-dependent expression of 
spermidine synthase and reduce the spermidine 
production, which finally promote colorec-
tal cancer growth [50]. Interestingly, the same 
research group later reported a small population 
of TAMs with lower expression of ABHD5  in 
mouse colorectal cancer tissues were correlated 
to cancer metastasis. Mechanistically, they found 
that ABHD5 deficiency resulted in the over-
production of ROS and IL-1β, which activated 
NF-κB- dependent matrix metalloproteinase 
production and cancer cell metastasis (Fig. 6.2) 
[28]. These studies indicated that TG-associated 
enzymes were heterogeneously expressed in 
TAMs and might affect cancer cell biology in 
different aspects. Therefore, the heterogeneity of 
TG metabolism in TAMs should not be neglected 
when designing the strategies for cancer therapy.

6.4.4  Apoptosis Signals of Cancer 
Cells Affect TAM Activity

Survival tumor cells dynamically educated the 
tumor microenvironment by secreting a variety 
of protein and metabolic molecules. However, 
recent reports showed that apoptotic tumor cells 
could also alter the lipid metabolism of TAMs, 
especially during the early stages of tumor for-
mation. Weigert et al. revealed that the activation 
of M2-like TAMs required tumor cell death [82]. 
This activation depends on sphingosine kinase 2 
(Sphk2)-catalyzed production of Sphingosine-1- 
Phosphate (S1P) [82, 83]. Once secreted into the 
tumor microenvironment, S1P bound to its recep-
tor S1PR1 before inducing LCN2 expression via 
activating STAT3 (Fig.  6.2), promoting lym-
phangiogenesis and enabling breast cancer cell 
metastasis [84]. Moreover, apoptotic cancer cells 
also could suppress 5-LO through Mer tyrosine 
kinase-mediated upregulation of transcription 
repression factor c-Myb, so that the loss of 5-LO 
expression provided a tumor-favored microenvi-
ronment [67].

6.4.5  “Do-Not-Eat” Signal Affects 
the Phagocytosis of TAMs

Phagocytosis is an essential role of macrophage 
in the elimination of pathogen, cellular debris, 
apoptotic cells, and neoplastic cells to maintain 
tissue homoeostasis. Under normal condition, 
macrophages express PD-1, signal regulatory pro-
tein α (SIRPα), and leukocyte immunoglobulin- 
like receptor subfamily B member 1 (LILRB1) 
to pair corresponding ligands PD-L1, CD47, 
major histocompatibility complex class I (MHC 
I) expressing in target cells, respectively, which 
help to distinguish self and non- self- cells [5]. 
However, neoplastic cells were evolutionarily 
expressed these “do-not-eat” signaling molecules 
in their surface to avoid macrophage engulfment 
and promote tumor immune evasion. It has been 
proved that lipid metabolism contributes to mac-

6 Lipid Metabolism in Tumor-Associated Macrophages



96

rophage phagocytosis via providing energy and 
regulating membrane fluidity. Thus, similar to 
macrophage, lipid metabolism, and its metabo-
lite should theoretically modulate the phagocytic 
ability of TAMs by regulating these “do-not-eat” 
signaling molecules. Virtually this notion was 
reflected in several recent studies. Gordon et al. 
revealed that PD-1 was also expressed in the sur-
face of TAMs and served as a suppression mole-
cule of TAMs phagocytosis in mouse and human 
samples [92]. Meanwhile, Alvey et  al. dem-
onstrated that CD47 knockdown tumors were 
shrunk by TAM phagocytosis [93], which was 
further consolidated in cholangiocarcinoma [94]. 
Moreover, as described before, lipid metabolite 
PGE2 can induce PD-L1 expression in cancer 
and assist to escape immune surveillance [88], 
and directly affect the tumor- phagocytic activity 
of TAMs [87]. It is worth to note that the ex vivo 
phagocytosis assay performed by Gordon et  al. 
uncovered the PD-1+ TAMs, with low phagocy-
tosis, and PD-1− TAMs, with high phagocytosis, 
were expressed an M2-like and M1-like surface 
profile, respectively [92], suggesting M1-like and 
M2-like TAMs displayed different phagocytic 
ability which contributes to their distinct func-
tion. Taken together, given that TAMs are less 
phagocytic than macrophages in other tissues [9], 
it is important to reactivate the phagocytic activ-
ity of TAMs in cancer treatment.

6.4.6  Other Identified Lipid 
Metabolism-Related Signaling 
Pathways

There are several other identified signaling 
pathways in TAMs for cancer cell growth and 
proliferation, although less research revealed 
the mechanisms of lipid metabolism. Li et  al. 
revealed that ovarian cancer cell-derived versi-
can V1 induced HCAP18/LL-37 expression by 
TLR- mediated vitamin D3 generation and fur-
ther promoted tumor cell growth and invasion 
[60]. Besides, Wen et al. reported that the 5-LO 
produced by ovarian cancer cells within hypoxic 
conditions could promote macrophages migra-
tion and invasion through p38-mediated MMP-7 

upregulation [68]. Interestingly, a positive effect 
of p38 signaling in TAMs was recently demon-
strated by Zhang et al., who found that colon can-
cer cell-produced lysophosphatidic acid (LPA) 
could signal to its receptor to elevate p38/p65 
signaling pathways in TAMs so as to acquire an 
M1-like phenotype and suppress cancer progres-
sion [85].

Altogether, the mechanisms of lipid metabolic 
reprogramming in TAMs are complicated, which 
makes TAMs shift their phenotypes actively or 
passively to adapt to the microenvironment. This 
nature not only easily can be used by tumor cells 
for survival, but also offers us a chance for tumor 
therapy.

6.5  Strategies for Tumor Therapy 
by Targeting TAM Lipid 
Metabolism

Given the potent regulatory roles in the occur-
rence and development of various cancers, 
TAMs, the main group of immune cells in TME, 
are considered to be a promising target for can-
cer treatment [95]. Currently, many drugs based 
on lipid metabolism-associated pathways have 
been applied to tumor therapies (Table  6.2). 
There are several lipid metabolism targeted 
strategies that have been utilized and briefly 
described as  follows. (1) Depleting TAMs 
directly. As most TAMs demonstrate M2-like 
phenotype, destroying TAMs to remove tumor 
favoring microenvironment could be an effec-
tive way for cancer treatment, which was con-
firmed by treatment of clodronate in myeloma 
bearing mice [96]. (2) Promoting TAM differ-
entiated into M1-like phenotype. This strategy 
was utilized by Zhang, et  al. who augment 
M1-like TAMs through LPA mediated p38/p65 
signaling pathway to enhance the suppression 
of colon cancer progression [85]. (3) Preventing 
TAMs from polarizing to the M2-like pheno-
type. For example, Mira et  al. used lovastatin, 
an inhibitor of cholesterol biosynthesis, and 
revealed the inhibition of M2-like polarization 
of TAM which render it anti-tumor immunity 
in spontaneous mouse mammary tumors [97]. 

Y. Xiang and H. Miao



97

(4) Reeducation of M2-like TAMs. Regarding 
this, a study from Simões et  al. showed that 
the stable synthetic analog of aspirin- triggered 
lipoxin—15-epi-LXA4 (ATL-1) could selec-
tively promote M2-like TAMs to transform into 
M1-like profile, thereby triggering apoptosis 
of melanoma cells and suppressing its progres-
sion (Lipoxin A4 selectively programs) [98]. (5) 
Improving TAM phagocytosis. Phagocytosis of 
TAMs was enhanced by inhibition of “do-not- 
eat” signals like PD-1/PD-L1 axis [99].

6.6  Challenges and Perspective

As discussed above, TAMs are the key link con-
necting tumor immunosuppression to tumor 
occurrence and progression. Reprogramming of 
lipid metabolism plays a crucial role in regulating 
TAM activity. With the development of detection 
technology, more than 10,000 lipid species have 
been identified, indicating that lipid metabolism- 
based therapy possesses a great potential for 
cancer treatment. However, limited studies have 
been performed on the lipid metabolic repro-
gramming in TAMs. Therefore, there are still 
many problems that need to be resolved urgently. 
First, identifying the key target molecules or sig-
naling pathways that display a decisive role to 

sustain the steady state of TAMs. Second, devel-
oping or optimizing the delivery methods of the 
targeted drug for precise treatment. Third, dis-
covering new chemicals for changing the func-
tion of TAMs. Thus, by exploring these intrinsic 
mechanisms, we can deepen our understanding 
of the significance of lipid metabolism in TAMs 
and make more potential targeted strategies for 
cancer therapy.
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Abstract

Myeloid-derived suppressor cells (MDSCs) 
are a heterogenous population of myeloid 
cells with immature phenotypes and immuno-
suppressive functions. This population of cells 
has been extensively studied over the past 
decade owing to an increasing recognition of 
their pivotal role in pathological conditions 
including cancers, infectious diseases, sep-
sis, and autoimmune diseases. Various treat-
ments targeting MDSCs are currently under 
development or in clinical trials with the aim 
to restore functional immunity against tumors 
or pathogens. Recent advances in immune 
metabolism demonstrate the role of meta-
bolic pathways, especially lipid metabolism, 
in the differentiation and function of MDSCs 
in tumor environments. Therefore, a compre-
hensive understanding of lipid metabolism in 
MDSCs would facilitate the development of 

novel therapies against tumors through meta-
bolic reprograming of MDSCs.

Keywords
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7.1  Lipid Metabolism 
and the Origin of MDSCs

Lipid metabolism involves lipid catabolism and 
anabolism, providing energy and substrate to sus-
tain cellular activities. Lipid metabolism begins 
with food digestion to breakdown triglycerides into 
fatty acids, glycerol, and cholesterol by lipases. 
Small intestinal epithelial cells absorb fatty acids 
and monoglycerides to reassemble into triglycer-
ides. Subsequently, triglyceride and cholesterol are 
packed with lipoproteins to form lipid transport 
complexes like chylomicrons, which travel into the 
blood circulation [1]. When lipid transport com-
plexes move across tissues, capillary endothelial 
cells release and breakdown triglycerides into fatty 
acids and glycerol for consumption in metaboliz-
ing cells [2]. Glycerol participates in glycolysis or 
gluconeogenesis mostly in the cytosol of liver cells 
whereas fatty acids are stored mainly in the form of 
triglycerides or used through fatty acid beta-oxida-
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tion (FAO) for energy [3]. Long-chain fatty acids 
are transported via carnitine palmitoyltransferase 
system from cytosol to mitochondrial where the 
FAO takes place. The sequential removal of two 
carbon units from a beta position of fatty acyl-CoA 
molecules produces acetyl-CoA, a key intermedi-
ate for carbohydrate, protein, and lipid metabolism. 
Acetyl- CoA sustains tricarboxylic acid cycle (TCA) 
and oxidative phosphorylation (OXPHOS) [4]. 
If fatty acids are completely oxidized to CO2 and 
water, they yield the highest ATP on an energy per 
gram basis compared to carbohydrates and proteins. 
On the contrary to FAO, fatty acid synthesis com-
mences with carboxylation of acetyl-CoA derived 
from citrate in cytosol into malonyl CoA by acetyl 
CoA carboxylase 1 (ACC-1). Malonyl CoA in turn 
potently inhibits the carnitine palmitoyltransfer-
ase 1 (CPT-1) activity, the rate- limiting enzyme in 
FAO. Condensation of malonyl CoA to acetyl CoA 
and another seven cycles of reaction to produce a 
saturated long-chain fatty acid palmitate by fatty 
acid synthase. De novo synthesized fatty acids and 
intermediates of other metabolic pathways partici-
pate in the generation of other lipids or incorporated 
into triglycerides for lipid droplet formation.

Tissue-specific metabolic environment has a 
great influence on the hematopoiesis and periph-
eral immune homeostasis. Take bone marrow 
(BM) as an example (Fig. 7.1), adipocytes occupy 
up to 70% of adult BM cavity and thus make BM 
the third largest fat depot in the body behind sub-
cutaneous and visceral fat [5]. These cells are not 
just “space fillers” [6], but rather metabolically 
active and release fatty acids from triacylglycerol 
droplet into hematopoietic milieu, therefore cre-
ating a lipid rich microenvironment for hemato-
poietic cells [7]. While long-term hematopoietic 
stem cell (LT-HSC) relies on anaerobic glycoly-
sis for energy [8], short-term HSC (ST-HSC) 
and committed progenitors live on FAO for self-
renew and differentiation [9]. When LT-HSCs 
differentiate, the expression of genes related to 
lipid metabolism became increasingly vigorous. 
HSC numbers in BM of mice and human increase 
with age, partially due to loss of quiescence for 
LT-HSCs and enhanced proliferation of ST-HSCs 
[10, 11]. A similar observation was reported in 
diet- induced obesity mice [12]. Moreover, aged 

and obese mice manifest biased hematopoiesis 
toward myeloid lineages and reduced lymphoid 
progenitors [13, 14]. Excessive accumulation of 
fat content in the marrow with aging and obesity 
is thought to contribute to this altered hema-
topoiesis through lipolysis of triglycerides in 
 adipocytes. Indeed, fatty acids released from BM 
adipocytes are utilized by leukemic blasts via 
fatty acid-binding protein (FABP)-4, supporting 
the survival and proliferation of acute myeloid 
leukemia blast cells [15]. As such, lipid-rich BM 
microenvironment may favor the hematopoiesis 
toward myelopoiesis through metabolic repro-
gramming of HSC for FAO.

Myeloid-derived suppressor cells (MDSCs) 
(mouse: CD11b+ Gr1+; human: CD11b+ CD33+ 
HLA−DR−/lo) are immunosuppressive myeloid 
cell populations first described in tumors, sub-
sequently identified in chronic inflammation, 
and recently in neonates [16–19]. Inhibition 
of MDSC mediated suppression of innate and 
adaptive immunity is crucial for effective immu-
notherapy against tumor and pathogens. Based 
on surface markers, MDSCs resemble neutro-
phils and monocytes with immature phenotypes, 
thus can be further divided into PMN-MDSCs 
(mouse: Ly6G+Ly6C−/lo; human: CD15+CD14−) 
and M-MDSCs (mouse: Ly6C+/hiLy6G−; human: 
CD14+CD15−) subpopulations, respectively 
[20]. The origin of MDSCs is still under debate. 
Initially, MDSCs are proposed as myeloid pre-
cursors blocked from differentiation in BM and 
recruited by chemokines secreted from tumor 
cells. This hypothesis is supported by in  vivo 
experiments that all-trans retinoic acid and 
vitamin D3 drive the immature myeloid cells 
in tumors into functional macrophages, granu-
locytes, and DCs [21, 22]. However, recent 
studies challenge this theory by demonstrating 
that monocytes and neutrophils are plastic and 
acquire immunosuppressive function within 
tumor microenvironment (TME) [23]. In any 
case, both hypotheses acknowledge the role of 
TME in the development of MDSCs. Although 
cytokines secreted by tumor cells have been indi-
cated in the manipulation of myelopoiesis in BM 
or TME [24, 25], accumulating evidence points 
that metabolic reprogramming of MDSCs from 
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glycolysis to FAO and OXPHOS by tumor cells 
play a pivotal role in the generation and function 
of MDSCs. Besides tumor tissues, MDSCs also 
accumulate in adipose tissue and bone marrow, 
two other lipid-rich environments. It has been 
reported that MDSCs are elevated in obese indi-

viduals, as well as in spleen and adipose tissue 
in obese mice. The level of MDSCs in adipose 
tissue of mice on a high-fat diet is 1.5–3 times 
higher than their lean counterparts [26]. As dis-
cussed above, bone marrow of obese and aged 
individuals also harbors a large reservoir of 
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Fig. 7.1 Lipid metabolism and the origin of MDSCs. (i) 
LT-HSC relies on anaerobic glycolysis for energy, while 
ST-HSC and committed progenitors live on FAO for 
energy. (ii) During LT-HSC differentiation, the expression 
of lipid metabolism-related genes increases, accompanied 
by a decrease in the expression of glycolysis-related 
genes. (iii) Aging or obesity would lead to an increase in 
adipocytes and fatty acids in BM, forming a lipid-rich 
microenvironment. In the BM of aged and obese human or 
mice: (iv) the quiescence of LT-HSC is disrupted and 

ST-HSCs prefer to differentiate into myeloid progenitors, 
accompanied by a metabolic switch from glycolysis to 
FAO and OXPHOS for energy supply. (v) Immature 
myeloid cells accumulate and generate immunosuppres-
sive MDSCs. MDSC Myeloid-derived suppressor cells, 
LT-HSCs Long-term hematopoietic stem cells, ST-HSCs 
Short-term hematopoietic stem cells, FAO Fatty acid beta 
oxidation, BM Bone marrow, OXPHOS Oxidative 
phosphorylation
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immature myeloid cells. These evidence together 
suggest that tissue-specific lipid microenviron-
ment greatly impacts MDSC generation.

7.2  Influence of TME on MDSC 
Energy Metabolism

Four distinct mechanisms are employed by 
MDSCs in TME to promote tumor growth and 
metastases: (a) suppression of tumor-specific 
immunity, (b) establishing a TME to benefit 
tumor growth, (c) facilitating tumor metastasis, 

(d) induction of tumor stem cell and promotion 
of epithelial-to-mesenchymal transition [27]. In 
TME, factors determining MDSC expansion, 
differentiation, migration, and immunosuppres-
sion, include cytokines and growth hormones 
(e.g., PGE2, TGF-β, GM-CSF, IL-6, and IFN-γ), 
low PH, hypoxia, and nutrient availability [28]. 
These triggers participate in shaping MDSC 
functions by exploiting their plasticity and 
reprogramming their metabolic fate [29]. Below, 
we discuss the key metabolic features in TME 
and its influence on the MDSC energy metabo-
lism (Fig. 7.2).
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Fig. 7.2 TME shapes the energy metabolism of MDSCs. 
(i) To meet the demand for rapid proliferation, tumor cells 
initiate a metabolic shift toward glycolysis, which is known 
as Warburg Effect. The high glycolytic rate in tumor cells 
results in massive lactate release, forming an acidulated 
microenvironment. Besides, uncontrolled proliferation of 
tumor cells and abnormal blood vessel formation cause 
hypoxia in TME. (ii) MDSCs reprogram their metabolic 
pathways toward glycolysis to compete with tumor cells for 
limited oxygen and glucose. (iii) Tumor cells enhance fatty 
acid uptake and synthesis and recruit adipocytes in TME to 
produce excessive exogenous fatty acids, which makes a 
lipid-rich environment for infiltrating MDSCs. MDSCs are 
then driven to adopt FAO as their primary energy source. 
(iv) The acidic and lipid-rich TME promotes the develop-

ment of MDSCs and enhances their immunosuppressive 
function. MDSCs consume amino acids in the TME 
through enzymes (Arg-1, IDO, iNOS, etc.) and transporters 
like Cat-2 and Xc, contributing to amino acid starvation in 
the TME, which in turn leads to inhibition of tumor anti-
gen-specific proliferation of T cells. (v) Toxic ROS/RNS 
and amino acid metabolites (polyamine and kynurenine) 
released by MDSCs induce apoptosis of T cells and pro-
mote the generation of Treg from naïve CD4 T cells. TME 
Tumor microenvironment, MDSC Myeloid-derived sup-
pressor cells, FAO Fatty acid beta oxidation, Arg-1 argi-
nase-1, iNOS induced nitric oxide synthase, IDO 
indoleamine 2,3 dioxygenase, Cat-2 amino acid transporter 
2B, Xc cysteine-glutamine antiporter, ROS reactive oxygen 
species, RNS reactive nitrogen species
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Rapid proliferation of tumor cells requires 
large amounts of ATPs and substrates to fulfill 
energetic and biosynthetic demands. As such, 
tumor cells rewire their metabolic pathway toward 
glycolysis even under aerobic condition, also 
known as Warburg Effect [30]. Although aerobic 
glycolysis is insufficient to generate ATP per unit 
of glucose compared to mitochondrial respiration, 
it generates a comparable amount of ATP within 
a given period of time [31]. Massive lactate secre-
tion from tumor glycolysis acidifies TME and 
altered the myelopoiesis to promote the genera-
tion of MDSCs [32]. Uncontrolled proliferation 
of tumor cells and abnormal blood vessel forma-
tion cause hypoxia in TME. Hypoxia stimulates 
the expression of HIF-1α in tumor- infiltrating 
immune cells, which is the downstream of PI3K-
AKT-mTOR pathway [33]. Activation of HIF-1α 
favors the glycolysis over OXPHOS by upregu-
lation of glucose and lactate transporters, along 
with glycolytic enzymes [34, 35]. This results 
in dampened lymphocyte activation and blocked 
maturation of myeloid subsets, which requires 
sufficient glucose for effector functions. Dynamic 
metabolic flux analysis (dMFA) study shows 
that MDSC maturation in TME correlates with 
a high glycolytic flux contributing to up to 95% 
of the global ATP turnover rate, demonstrating 
that developing MDSCs obtain energy primarily 
through glycolysis [36]. In addition, glycolysis 
activation by metformin or providing lactate pro-
motes the proliferation of MDSCs in TME [37]. 
Hence, MDSCs would compete with tumor cells 
for limited glucose and oxygen, but eventually 
acclimate its metabolic pathway to the available 
nutrients and hypoxia in TME.

Nitrogen metabolism of MDSCs has been 
extensively studied in the context of immunosup-
pression of T cell function in TME. Amino acids 
such as l-arginine, tryptophan, and cysteine are 
either depleted from TME by MDSCs expressed 
enzymes like Arginase-1 (Arg-1), iNOS, and 
indoleamine 2,3 dioxygenase (IDO), or seques-
tered by transporters like cationic amino acid 
transporter 2B (Cat-2) or cysteine-glutamine 
antiporter (Xc) in MDSCs [38–40]. Amino acid 
starvation leads to inhibition of tumor antigen- 

specific proliferation of T cells through downreg-
ulation of CD3ζ and induction of cell cycle arrest 
at G0–G1 phase [41–43]. Moreover, products 
from amino acid metabolism such as polyamine, 
kynurenine, and toxic ROS/RNS (NO, O2−, 
H2O2, and PNT) can further induce apoptosis of 
cytotoxic CD8 T cells and promote conversion of 
naïve CD4 T cells into Tregs [43–46].

Aerobic glycolysis provides tumor cells with 
excessive carbon for de novo synthesis of nucleo-
tides, lipids, and proteins to support their uncon-
trolled proliferation. Of note, enhanced uptake 
of glucose promotes synthesis of reducing agent 
NADPH from oxidative branch of pentose phos-
phate pathway to participate in lipid synthesis [47, 
48]. As a result, reactivation of lipid biosynthesis 
and storage have been frequently reported in cancer 
tissues, especially when tumor cells outgrew tissue 
blood supply of nutrients and oxygen. Despite that 
tumor cells synthesize most fatty acids de novo 
[49], aggressive tumor cells often intermingle with 
adipocytes in TME to obtain exogenous fatty acids 
[50, 51]. Therefore, similar to BM and adipose tis-
sue microenvironment, TME is also a lipid-rich 
environment for infiltrating immune cells. We will 
discuss further on how this lipid-rich TME influ-
ences immunosuppressive function of MDSCs.

7.3  Lipid Metabolism 
and Immunosuppressive 
Function of MDSC

Recent studies on mouse models conclude that 
tumor-associated MDSCs upregulate FAO as a 
primary energy source as opposed to glycolysis 
to exert immunosuppressive functions, in com-
parison to peripheral myeloid cells and spleen 
MDSCs. This conclusion is supported by increased 
mitochondrial mass, fatty acid uptake via CD36, 
expression of key enzymes in FAO (CPT-1, 
acyl-CoA dehydrogenase, 3- hydroxyacyl-CoA 
dehydrogenase), and oxygen consumption rate 
(OCR)/extracellular acidification rate (ECAR) 
ratio [52]. Of note, consistent with what has been 
observed in the mouse study, enhanced fatty 
acid uptake and increased level of FAO-related 
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enzymes in MDSCs were also detected in the 
blood and tumor from cancer patients. Along 
this line, lipid overload in MDSCs correlates 
with their suppressive function. Interestingly, 
most lipids in MDSCs are found to be oxidized 
via MPO and ROS, and the polyunsaturated 
fatty acids, which are more susceptible to oxida-
tion, could promote the suppressive function of 
MDSCs [29]. Importantly, pharmacologic inhi-
bition of FAO in mouse significantly alleviated 
tumor progression and improved antitumor out-
come of adoptive T-cell therapy. Mechanically, 
this is because pharmacologic inhibition of FAO 
decreased the production of inhibitory cytokines 
and prevented the immune inhibitory capability 
of MDSCs. Moreover, combining chemotherapy 
and pharmacologic FAO inhibition eliminated 
the immunosuppressive effects of MDSCs and 
consequently enhanced the therapeutic outcome 
[52]. Lysosomal acid lipase (LAL) is required 
for hydrolysis of cholesteryl and triglycerides in 
lysosomes to generate fatty acid for FAO. MDSCs 
in LAL-deficient mice switched from FAO to 
glucose-dependent oxidative pathway, with 
enhanced proliferation but compromised immu-
nosuppression [53]. Together, these results indi-
cate that modulating FAO activity may provide 
an interesting option to inhibit the immunosup-
pressive function of MDSCs and improve the 
outcome of clinical therapy [54].

Besides FAO for ATP supply, fatty acid syn-
thesis, lipogenesis, and lipid accumulation also 
link to suppressive function of MDSCs [55, 
56]. Gabrilovich et al. demonstrated that target-
ing key enzymes of lipid synthesis ACC-1 with 
5- tetradecycloxy-2 furoic acid (TOFA) to block 
fatty acid synthesis in MDSCs revert the suppres-
sion of T cell activation. Recently, Veglia, et al. 
identified MDSCs utilize fatty acid transport 
protein 2 (FATP-2) for transporting arachidonic 
acid and synthesizing prostaglandin E2 (PGE-2) 
to suppress T cell-mediated antitumor immunity. 
Selective inhibition of FATP2 abolished the sup-
pressive activity of PMN-MDSCs and substan-
tially delayed tumor progression in mice [57]. 
Interestingly, PGE2, a lipid mediator, generated 
by COX-2 from fatty acid arachidonic acid [58] 

was proved to promote MDSC generation in 
tumor-bearing mice [59]. And further research 
indicated that inhibiting PEG2 or COX2 could 
decrease MDSC generation and delay tumor 
progression [59, 60]. Prevention of lipid droplet 
formation in MDSC like cell line MSC-2 by dia-
cylglycerol acyltransferases impairs the immu-
nosuppression [61]. Therefore, although fatty 
acid synthesis and oxidation cannot occur under 
classical view, it appears that MDSCs adapt to 
hypoxic and nutrient-deprived TME to activate 
both metabolic pathways simultaneously to exert 
its suppressive function (Fig. 7.3).

7.4  Genetic and Epigenetic 
Pathways Involved in Lipid 
Metabolisms of MDSC

Although how lipid metabolism in MDSCs influ-
ences their immunosuppressive function is not 
fully understood, several signaling pathways 
have been implicated to play a role in this pro-
cess. For example, liver X receptors (LXR) are 
members of nuclear hormone receptor family 
that regulate lipid homeostasis. Their physiologi-
cal activators are oxysterols and intermediates in 
the cholesterol biosynthetic pathway. Under the 
administration of LXR agonist, PMN-MDSCs 
and M-MDSCs were effectively decreased in 
mouse models and cancer patients [62]. In addi-
tion, the LXR target gene ApoE triggers activa-
tion of cytotoxic T cells to enhance antitumor 
immune defenses [62]. Another known “lipid 
sensing” receptor is peroxisome proliferator-
activator receptors (PPARs), which are activated 
by free fatty acids, prostaglandins, and sterols. 
Several PPARs subtypes elicit the expression of 
FAO genes and coordinate cell fate and inflam-
mation. Cardiolipin, the main phospholipid in the 
inner mitochondrial membrane, promotes IL-10 
expression in MDSCs of tumor-bearing mice by 
activating PPARγ [63, 64], and the effect can be 
reversed by PPARγ inhibitor [65]. Moreover, 
PPARα agonist activated CPT and thereby 
enhanced fatty acid catabolism in melanoma- 
specific CD8+ TILs, ultimately leading to delayed 
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tumor progression [66]. These studies indicate 
targeting PPAR pathways as a promising strat-
egy for rebalancing lipid metabolism in MDSCs. 
Further research supported cross-regulation 
between PPARs and LXRs pathways to increase 
atherosclerosis susceptibility and elucidated that 
activation of this regulatory network has additive 
effects in controlling ATP binding cassette trans-
porter A1 (ABCA1) expression, thereby revers-
ing cholesterol transport in macrophages [67, 
68].

Changes in lipid metabolism can also influ-
ence cell differentiation and functions by epigen-
etic modifications. For example, the phospholipid 
derivative lysophosphatidic acid (LPA) activates 
a family of GPCRs named LPAR1–6 and leads to 
recruitment of HDAC1 coincides with decreased 
histone acetylation in the TRAIL death receptors 
promoter, which ultimately promotes survival of 
cancer cells [69]. Moreover, many DNA/histone- 
modifying enzymes often require cofactors and 

substrates that are also critical intermediate 
metabolites. For example, increased FAO leads 
to elevation of acetyl-CoA, which served as a 
carrier of acyl groups by histone acetyltransfer-
ases to promote open chromatin state and acti-
vate transcription. Compared with other immune 
cells, evidence to support the direct link between 
metabolites or cofactors and epigenetic regula-
tion in MDSCs is still lacking [70, 71].

Besides providing most of the acetyl groups 
on histones, fatty acids are also involved in 
another histone modification: histone acylation. 
Up till now, a variety of short and long-chain acyl 
groups have been identified covalently attached 
to a histone lysine residue, including propyl, 
butyryl, crotonyl, myristoyl, and palmitoyl. Each 
fatty acid modifying group confers distinct bio-
chemical properties that influence subcellular 
localization, intracellular trafficking, and pro-
tein–lipid interactions. A compelling study to link 
lysine fatty acylation to immune response shows 
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the role of HDAC11  in the regulation of serine 
hydroxymethyltransferase 2 (SHMT2) defatty-
acylation in type I IFN-mediated signaling [72]. 
HDAC11, the only class IV HDAC member, has 
been rediscovered as a highly potent and effi-
cient defatty-acylase of lysine as compared to 
its deacetylase activity [72]. Of note, HDAC11 
acts as a negative regulator of MDSCs expan-
sion and function [73]. A better understanding of 
the mechanisms and functional consequences of 
reversible lysine fatty acylation may provide new 
insights into regulating lipid metabolic homeo-
stasis. In the future, we expect to see the signal-
ing pathway inhibitors, epigenetic inhibitors, and 
metabolite antagonists that specifically interfere 
with the above mentioned regulatory process 
being applied in combination to manipulate the 
fate of MDSCs and its function.

7.5  Issues of Translating MDSC 
Knowledge from Bench 
to Bed

Although several key discoveries made in 
mouse studies have been validated on human, 
there are still differences between human and 
murine MDSCs. For example, LOX-1, a low-
density lipoprotein receptor, has been proposed 
as a candidate marker for human immunosup-
pressive PMN-MDSCs and numbers of LOX-1+ 
PMN- MDSCs correlate with cancer progres-
sion [74]. On the contrary, PMN-MDSCs from 
LOX-1 knockout mice did not exhibit differ-
ences in migration toward tumor tissue, nor in 
suppressive function against T cells compared 
to wild type PMN-MDSCs.  Moreover, Arg-1 
expression in M-MDSCs and TAMs are well 
documented in murine studies, whereas Arg-1 
is constitutively expressed in human neutrophils 
and inducible in other monocytic cells under 
disease setting [75]. Another example of these 
differences could be the fact that mice lacks 
cholesteryl ester transfer protein (CETP), which 
transferring CE from HDL toward ApoB con-
taining lipoproteins [76]. Consequently, mice 

and human display a substantially different 
plasma lipoprotein profile. These species bar-
riers might hinder the translation process from 
mouse studies to effective therapies targeting 
metabolisms of MDSCs.

Despite the success achieved in past years on 
studying lipid metabolism and mouse MDSCs, 
research on human MDSCs is still scarce and 
key questions regarding human MDSC biol-
ogy remain largely unexplored. How chronic 
tumor microenvironment influence the gen-
eration process of human MDSCs? Through 
which mechanism are they recruited to the 
tumor microenvironments? Would it be pos-
sible to manipulate human MDSC generation 
or migration toward tumor microenvironment 
through altering lipid metabolism? To address 
these questions, novel research models and tools 
are required. For instance, severe immune-defi-
cient mice engrafted with human CD34+ HSC 
develop multi-lineage human immune cells, 
which can serve as a unique platform to study 
human MDSC biology in  vivo [77, 78]. These 
humanized mouse models can be further trans-
planted with tumor cells or tissues to dissect the 
factors of TME on both the generation and the 
recruitment of MDSCs [79, 80]. Moreover, liver 
humanization protocol has succeeded in addition 
to human immune system reconstitution to create 
a double humanized mouse. These complex yet 
highly clinically relevant models would provide 
an in vivo platform to investigate the metabolic 
and immune cross-talk among human MDSCs, 
tumor, and liver (Fig. 7.4). On average, 95% of 
new cancer drug candidates failed during clini-
cal tests due to the inconsistency between murine 
and human immune systems [81] and lack of 
reliable preclinical animal models, which could 
accurately recapitulate patient tumor microen-
vironment [82]. Hence, it is critical to appreci-
ate the differences between human and murine 
MDSCs in order to accelerate therapeutic devel-
opment. With the advance of humanized mouse 
models, screening, and validation of MDSC tar-
geted therapeutics would be easier and faster in 
the future.
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Lipid Metabolism in Tumor-
Associated Fibroblasts

Hongzhong Li and Jingyuan Wan

Abstract

Tumor- or cancer-associated fibroblasts 
(TAFs), one of the most abundant stromal cell 
types in various carcinomas, consist of a het-
erogeneous cell population. Typically, TAFs 
are assigned with pro-tumor activities to pro-
mote tumor growth and progression. One of 
the key features of solid tumors is the meta-
bolic reprogramming that induces alterations 
of bioenergetics and biosynthesis in both 
tumor cells and TAFs. Therefore, this review 
emphasizes TAFs lipid metabolism related to 
both TAFs differentiation process and TAFs 
crosstalk with cancer cells. We hope that this 
review will help understand lipid metabolism 
in tumor microenvironment, and support the 
rational design of metabolism-based 
approaches to improve the efficacy of cancer 
therapy.

Keywords
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8.1  Introduction

Fibroblasts comprise the most profuse population 
within the family of connective-tissue cells. They 
exhibit the physiological role such as synthesiz-
ing ECM components and regulating tissue 
homeostasis and surrounding cells differentiation 
[1, 2]. Fibroblasts are accountable for matrix 
metalloproteinases (MMPs) production that is 
implicated in matrix remodeling, cell motility, 
proliferation, and death, further highlighting the 
effect of fibroblasts on the maintenance of ECM 
homeostasis [3]. Furthermore, another critical 
function of fibroblasts is to release diverse growth 
factors, which facilitates communication between 
epithelial and mesenchymal cells [4, 5].

Since cancer was regarded as a wound that 
never heals 30 years ago [6], the essential role of 
fibroblasts in cancer progression has aroused. 
Fibroblasts in cancer tissues, also known as 
tumor-associated fibroblasts (TAFs) or cancer- 
associated fibroblasts (CAFs), are the majority of 
stromal cells in the tumor microenvironment 
(TME), especially in solid tumors such as breast, 
prostate, and pancreatic cancers. A growing body 
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of evidence shows that TAFs are key players in 
tumorigenesis. During tumor progression, TAFs 
enhance tumor cell proliferation and survival, 
angiogenesis, metastasis, immunogenicity, and 
resistance to therapies by secreting diverse 
inflammatory cytokines and growth factors, and 
remodeling the extracellular matrix [7, 8]. In 
addition, the crosstalk between TAFs and cancer 
cells, immune cells, or other cells in TME is cor-
related with cell metabolic reprogramming that 
subsidizes TAFs activation, and cancer progres-
sion and evasion from antitumor therapies [9]. In 
this regard, the investigations on TAFs metabolic 
reprogramming could contribute to better under-
standing TAFs activation, the cell interaction in 
TME, and could offer pioneering methods to 
improve new therapeutic strategies targeting the 
pro-tumorigenic activity of TAFs.

8.2  Origin and Markers of TAFs

“Fibroblasts” were first defined as cells in the 
connective tissues that synthesized collagen. 
Fibroblasts in normal tissues are generally single 
cells present in the interstitial space or occasion-
ally near a capillary, without any correlation with 
a basement membrane but embedded within 
fibrillar ECM of the interstitium. Fibroblasts are 
part of the diverse connective tissue components 
and are non-epithelial, nonimmune cells with a 
likely mesenchymal lineage origin. Fibroblasts 
display classic spindle-shaped morphology with 
a potential for planar polarity. Fibroblasts in nor-
mal tissues are generally regarded as indolent 
with negligible metabolic and transcriptomic 
activities. Intrinsically, they are speculated to be 
in a hibernating, quiescent, or resting state [1, 2]. 
TAFs are a heterogeneous population of cells, 
while so far there are no precise markers that can 
evidently differentiate TAFs from normal, resting 
fibroblasts. TAFs can originate from activated 
resident fibroblasts or other precursor cells exem-
plified by bone marrow-derived mesenchymal 
stem cells, endothelial cells, epithelial cells, adi-
pocytes, fibrocytes, pericytes, smooth muscle 
cells, carcinoma cells, stellate cells in pancreas 
and liver, myoepithelial cells in breast tissues, 

and pericryptal myofibroblasts from the gastroin-
testinal tract [7, 8] (Fig. 8.1). TAF activation is 
triggered by a range of cytokines including can-
cer cell-derived Transforming Growth Factor-β1 
(TGF-β1), platelet-derived growth factor α 
(PDGFα), PDGFβ, basic fibroblast growth factor 
(bFGF), and interleukin-6 (IL-6) and environ-
mental stimuli such as oxidative stress, hypoxia, 
and matrix stiffness [4, 10]. All these stimuli may 
collaborate to determine different TAF pheno-
types further favoring their heterogeneity. Upon 
activation, TAFs secrete a huge repertoire of 
growth factors such as hepatocyte growth factor 
(HGF), epidermal growth factor (EGF), connec-
tive tissue growth factor (CTGF) and insulin-like 
growth factor (IGF), cytokines including 
CXCL12 and IL-6, extracellular vesicles (EVs), 
metabolites, ECM components particularly col-
lagens, fibronectin and tenascin-C (TNC), and 
ECM-remodeling enzymes such as MMPs and 
lysyl oxidases (LOXs). All these factors directly 
affect the behavior of surrounding cells and 
remodel the ECM.  Therefore, TAFs aid tumor 
development, from the early phases of tumori-
genesis until cancer cells colonize distant organs 
to form metastasis [8, 11, 12] (Fig. 8.1).

The most common markers used to identify 
TAFs are α-smooth muscle actin (α-SMA), 
 fibroblast activation protein alpha (FAP), 
fibroblast- specific protein 1 (FSP1 also known as 
S100A4), desmin and discoidin domain-contain-
ing receptor 2 (DDR2), and PDGFRα/β [9]. 
However, their expression level diverges consid-
erably depending on the tumor type studied, and 
normal fibroblasts and even other cell types such 
as endothelial cells, pericytes, mesenchymal 
stem cells, and immune cells also express most of 
these markers [13]. Among these markers, 
α-SMA presented a huge labeling pattern and has 
been acknowledged as the most dependable 
marker for recognizing activated fibroblast in 
TAFs [14]. Cancer cell-secreted growth factors 
such as TGF-β [15], PDGF and FGF-2 [16], 
Wnt7a [17], sonic hedgehog [18], and exosomes 
[19, 20] can induce transformation of progenitor 
lacking α-SMA expression to α-SMA-positive 
TAFs. On the other hand, it is evidenced that leu-
kemia inhibitory factor (LIF) renovates progeni-
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tor state to pro-invasive fibroblast in α-SMA 
independent manner [21]. Therefore, the progen-
itor and quiescent precursor of TAFs donates 
favorable tumor microenvironment to some 
degree for tumor development after obtaining 
phenotypic variations (Fig. 8.1).

8.3  Overview of Metabolism 
Reprogramming in TAFs

In 1927, Warburg et  al. stated that glucose 
metabolism was considerably improved in 
tumor tissues compared with normal tissues, 
even in the existence of abundant oxygen [22, 
23]. This process, well-known as the “Warburg 
effect,” is the primary and metabolic feature of 

cancer and is linked to metabolic reprogram-
ming of tumor cells [24]. Furthermore, other 
metabolic alterations have also been found in 
tumor tissues, including the use of alternative 
carbon sources and metabolic interactions 
between tumor and stromal cells signified by the 
“reverse Warburg effect” [24, 25]. Thus, solid 
tumors where several energetic pathways in 
TME cooperate can be regarded as metaboli-
cally heterogeneous diseases [26, 27]. As the 
major tumor stromal cells, TAFs adapt in a 
dynamic manner to the metabolic needs of can-
cer cells, associated with tumorigenesis and 
resistance to cancer treatments. Notably, TAFs 
could directly “feed” cancer cells essential 
nutrients and energy-rich metabolites, including 
lactate, ketone bodies, glutamine, fatty acids, 
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Fig. 8.1 The origin and main markers of TAFs. This 
schematic diagram describes the cellular origin, activa-
tion, secreted factors, and biological functions of TAFs. 
ECM extracellular matrix, EMT epithelial-to- 
mesenchymal transition, EndMT endothelial-to- 
mesenchymal transition, α-SMA alpha-smooth muscle 
actin, FAP fibroblast activation protein, FSP1 fibroblast-

specific protein 1, HGF hepatocyte growth factor, PDGFR 
platelet-derived growth factor receptor beta, GPR77 G 
protein-coupled receptor 77, BMP4 bone morphogenetic 
protein 4, SDF1 stromal-derived factor 1, MMPs matrix 
metalloproteinase, EGF epithelial growth factor, VEGF 
vascular endothelial growth factor, TGF-β transforming 
growth factor-beta, PDGF platelet-derived growth factor
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and other amino acids through the induction of 
autophagy in a host–parasite pattern, to contrib-
ute to tumor growth and metastasis [9, 28]. 
Current studies on the metabolic reprogram-
ming of TAFs mainly pay attention to glycol and 
amino acid metabolism reprogramming 
(Fig.  8.2). It is shown that TAFs have an 
improved aerobic glycolysis and reduced oxida-
tive phosphorylation, compared with NFs. As a 
consequence of glycolysis, TAFs could secrete a 
lot of lactate to the ECM, which leads to an 
acidic microenvironment favoring the meta-
static potential of tumor cells [29]. Studies 
focusing on amino acid metabolism in TAFs 
have shown that a diversity of metabolic sub-
strates such as glutamine are produced by TAFs 

for cancer cells. Glutamate ammonia ligase, the 
key enzyme in glutamine synthesis, is upregu-
lated in TAFs. The glutamine importers of can-
cer cells such as SLC6A14 are upregulated in a 
glutamine concentration-dependent manner in 
the existence of fibroblasts [30]. In addition to 
well-known glycolysis and glutamine metabo-
lism, there is growing evidence that lipids exert 
a great effect on tumorigenesis and cancer 
development. Modifications in lipid metabolism 
have an impact on many cancer processes, 
including cell growth, motility, proliferation, 
autophagy, and apoptosis [31, 32]. In summary, 
to define the reciprocal metabolic interplay 
between TAFs and cancer cells will provide a 
better understanding of molecular mechanisms 

Fig. 8.2 The overview metabolism reprogramming of 
TAFs. ACC Acetyl-CoA carboxylase, ACLY ATP citrate 
lyase, ACS Acyl-CoA synthase, AGPAT 1-acylglycerol- 3-
phosphate acyltransferase, ATGL adipose triglyceride 
lipase, CGI-58 comparative gene identification-58, CPT-1 
carnitine acyl transferase-1, DG diacylglycerol, DGAT 
diacylglycerol acyltransferase, FAP fatty acid transporter, 
FASN fatty acid synthase, FFA free fatty acid, GLUTs glu-
cose transporters, GPATs glycerol-3-phosphate acyltrans-
ferases, GPL glycerophospholipids, HMGR HMG-CoA 

reductase, HSL hormone sensitive triglyceride lipase, LPA 
lysophophatidic acid, MAG monoacylglycerol, MAGL 
monoacylglycerol lipase, MCD malonyl-CoA decarbox-
ylase, MCT monocarboxylate transporter, PA phospha-
tidic acid, PAP phosphatidic acid phosphohydrolase, 
PEDF pigment epithelium-derived factor, PLA phospholi-
pase A, PUFAs polyunsaturated fatty acids, SCD stearoyl–
CoA desaturase, S1P sphingosine-1-phosphate, SPHKs 
sphingosine kinases, TAC tricarboxylic acid cycle, TG 
triglyceride
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by which the treatment resistance ensues, and 
benefit the strategy to improve cancer therapy.

8.4  The Role of Lipid Metabolism 
for TAFs

Not like proteins, nucleic acids, and polysaccha-
rides which are large macromolecular polymers, 
lipids are hydrophobic or amphipathic small mol-
ecules. Lipids are normally defined as naturally 
occurring compounds that are soluble in nonpolar 
solvents but insoluble in water [31]. According to 
the International Lipid Classification and 
Nomenclature Committee, lipids are currently 
classified into eight categories: (1) fatty acids; (2) 
glycerolipids; (3) glycerophospholipids; (4) 
sphingolipids; (5) sterol lipids; (6) prenol lipids; 
(7) saccharolipids; and (8) polyketides [31, 33]. 
Lipids are important components of all mem-
branes and are extensively distributed in cellular 
organelles. Besides their role as structural con-
stituents, lipids in membranes also serve essential 
functions of diverse organelles [34, 35]. Lipids 
could function as second messengers to transduce 
signals within cells, and serve as important energy 
sources when nutrients are limited. In the cells, 
lipids structure controls their function and meta-
bolic fate [31]. Lipid metabolism is a complicated 
process including lipid uptake, transport, synthe-
sis, and degradation (Fig. 8.2). Biosynthesis and 
degradation of different lipids are modulated by 
different signaling pathways, and even the same 
lipid can be controlled by diverse signaling path-
ways in different cells and tissues under physio-
logical or therapeutic stimulus. Cell needs and 
replies to environmental conditions are responsi-
ble for the regulation of these signaling pathways, 
which connects lipid metabolism in the modula-
tion of cell process including cell growth, differ-
entiation, proliferation, motility, apoptosis, and 
membrane homeostasis [36–38]. In the meantime, 
membrane composition and permeability can be 
changed by lipid metabolism, which promotes the 
progression and development of many diseases 
including kinds of cancers [39]. Lipids that are 
now regarded as most related to cancer progres-
sion and treatment are fatty acids, glycerolipids, 

sphingolipids, glycerophospholipids, and sterol 
lipids [40, 41] (Fig. 8.2). Here we highlight the 
role of lipid metabolic reprogramming in TAFs 
differentiation and function and remark lipid 
metabolism involved in crosstalk between TAFs 
and cancer cells.

8.4.1  Lipid Metabolism 
Reprogramming Involved 
in TAFs Differentiation 
and Proliferation

TAFs differentiation is an essential step for can-
cer initiation and progression, which can either 
ensue at the early stage of cancer or unpredict-
ably occur before the genetic alterations of epi-
thelial cells to initiate the malignant conversion 
of neighboring cells [42, 43]. The constitutive 
activation of tumor stroma resulting in TAFs dif-
ferentiation is connected to signaling pathways, 
regulated mainly by tumor cells, with autocrine 
loops and with TAFs metabolic reprogramming 
shown in various solid cancers [44–48]. 
Particularly, TAFs differentiation can be induced 
by tumor cell-derived TGF, EGF, PDGF, bFGF, 
IL-6, and IL-1 [8, 49].

Intracellular lipid metabolism and homeosta-
sis are modulated through selective proteins and 
highly dynamic organelles named lipid droplets 
(LDs). LDs are locations for lipid storage, mem-
brane synthesis, and cargo protein trafficking 
through the cytoplasmic compartment [50]. LDs 
are formed by various neutral lipids containing 
triacylglycerol (TAG) and cholesterol esters 
(CEs) which are enclosed by a phospholipid 
monolayer with proteins either embedded in the 
monolayer or attached to its surface [50, 51]. LDs 
take part in lipid flux by experiencing an active 
cycle of lipolysis which involves several proteins 
localized on the LD surface. This cluster of sur-
face proteins includes adipose triglyceride lipase 
(ATGL), comparative gene identification 58 
(CGI-58), and pigment epithelium-derived factor 
(PEDF) [52–54], which stimulate lipolysis and 
the secretion of free fatty acids. Factors that regu-
late lipogenesis are inclined to reside in the cyto-
plasm, but crosstalk among other TG pathway 
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members is critical to sustain the net lipid bal-
ance in normal cells [50–56]. Many tumors, 
including prostate cancer, have a significantly 
lower level of PEDF, while some head and neck 
tumors have a mutation in G0/G1 switch protein 
2 (G0S2) that acts as a potent inhibitor of ATGL, 
suggesting that the pathologic imbalance in the 
TG pathway is a common mechanism for dys-
regulated lipid metabolism [57, 58]. TAFs were 
found to store more lipids than normal fibroblasts 
(NFs). ATGL and PEDF were strongly expressed 
in NFs, while TAFs had minimal to undetectable 
levels of ATGL or PEDF protein. At baseline, 
TAFs showed microtubule-organizing centers 
(MTOCs) amplification when compared to 1–2 
perinuclear MTOCs consistently observed in 
NFs. PEDF treatment or lipogenesis blockade 
inhibited lipid content and MTOC number. These 
data support that TAFs have developed a tumor- 
like phenotype by reprogramming lipid metabo-
lism and amplifying MTOCs [59].

Accumulating studies suggest that sphingo-
lipid metabolism is changed in human cancers 
and contributes to cancer progression, metastasis, 
and chemoresistance [60, 61]. Sphingosine 
kinases (SPHK1 and SPHK2) are homologous 
isoenzymes that catalyze the phosphorylation of 
sphingosine to produce the bioactive metabolite 
sphingosine-1-phosphate (S1P). SPHK1 is iden-
tified to be highly expressed in many cancers. It 
was reported that SPHK1 is highly expressed in 
the tumor stroma of high-grade serous ovarian 
cancer (HGSC), and is needed for the differentia-
tion and tumor-promoting function of TAFs. 
Knockout or pharmacological inhibition of 
SPHK1  in ovarian fibroblasts mitigated TGF-β- 
induced expression of TAF markers and 
 suppressed their ability to promote the metastatic 
potential of cancer cells in a coculture system. 
Mechanistically, SPHK1 mediates TGF-β signal-
ing via the transactivation of S1P receptors 
(S1PR2 and S1PR3), resulting in p38 MAPK 
phosphorylation. The importance of stromal 
SPHK1  in tumorigenesis was also verified 
in  vivo, by showing a significant decrease in 
tumor growth and metastasis in SPHK1 knockout 
mice. In addition, it was demonstrated that a 
paracrine mechanism whereby Hepatocellular 
carcinoma (HCC) cells secrete lysophosphatidic 

acid (LPA), which promotes trans-differentiation 
of peritumoral tissue fibroblasts (PTFs) to a TAF- 
like myofibroblastic phenotype. This effect is 
mediated by the upregulation of specific genes 
related to a myo/contractile phenotype. After 
trans-differentiation, PTFs expressed α-SMA and 
enhanced HCC cell proliferation, migration, and 
invasion [62]. This finding is further confirmed in 
another study, where ovarian cancer cell- 
conditioned medium (OCC-CM) or LPA induced 
TAF-phenotype in MRC5 lung fibroblasts. 
Further analysis indicated that LPA upregulated 
hypoxia-inducible factor 1α (HIF1α) expression 
and inhibiting HIF1α lessened LPA-induced gly-
colysis in both ovarian fibroblasts and TAFs. 
These data inaugurate LPA-mediated glycolytic 
shift as the earliest, theoretically priming event, 
in NFs to TAFs transition, and recognize that 
LPA-LPAR-HIF1α signaling hub plays an impor-
tant role in maintaining glycolytic-phenotype in 
TAFs [63].

In addition to the role in membrane composi-
tion and energy storage, lipids are also critical 
signaling factors in physiology and pathophysiol-
ogy. Among them, the most noticeable signaling 
lipids are polyunsaturated fatty acid derivatives 
including leukotrienes, prostanoids, and other 
eicosanoids. Prostanoids are not only implicated 
in the physiology of the digestive, reproductive, 
and vascular systems, but also have a dramatic 
impact on acute and chronic inflammation [76]. 
Prostaglandin E2 (PGE2), the product of arachi-
donic acid catalyzed by cyclooxygenases (COX) 
and PGE2 synthases, exerts an important role in 
the initiation and resolution of inflammation. 
Since clinical observations presented that COX2/
PGE2 expression on pulmonary fibroblasts from 
idiopathic pulmonary fibrosis (IPF) patients was 
downregulated compared to healthy controls, the 
effect of PGE2 on fibroblasts was broadly investi-
gated in lung fibrosis models [65, 77]. PGE2 was 
described as an inhibitor of fibroblast prolifera-
tion, following that fibroblast apoptosis is a cru-
cial issue to halt chronic wound healing and start 
resolution. Apart from influencing myofibroblast 
proliferation and survival, some studies indicated 
that PGE2 inhibits TGF-β-induced transition 
from fibroblast to myofibroblast in human lung 
fibroblasts by EP2, as measured by downregu-
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lated α-SMA protein expression [78, 79]. SMAD- 
independent but PKA-dependent, signaling 
pathway triggers this effect through cAMP accu-
mulation. PGE2 suppresses nuclear import of 
myocardin-related transcription factor-A 
(MRTF-A), avoiding nuclear accumulation of 
serum-response factor -MRTF-A complexes and 
α-SMA promoter activity through phosphorylat-
ing vasodilator-stimulated phosphoprotein and 
dephosphorylating cofilin-1 [80–82]. PGE2 
seems to inhibit all hallmarks of pro-fibrotic 
fibroblast activity and exerts a negative impact on 
multiple aspects of TGF-β signaling to reform the 
ECM. Furthermore, PGE2 was also demonstrated 
to inhibit NF-κB activation in human synovial 
fibroblasts, showing the PGE2 might be a more 
universal negative regulator on fibroblast activa-
tion [66]. Remarkably, a few studies showed that 
pro-fibrotic fibroblast activation depended on the 
activation of the PGE2 receptor downstream. For 
example, PGE2 linking mainly to EP1 urged the 
proliferation of rat neonatal ventricular fibro-
blast, while signaling through EP2–4 enhanced 
intestine-derived fibroblasts migration, suggest-
ing that the effect of PGE2 on fibroblast may be 
context-specific [83, 84]. In view of that PGE2 
may inhibit myofibroblast phenotype, and con-
sidering that TAFs resemble myofibroblasts to a 
certain range, it sounds reasonable that PGE2 
mitigates TAF generation and/or activity. Rather 
than scarce studies on the effect of PGE2 on 
TAFs, more studies showed that TAFs were rec-
ognized as a key source of PGE2. It was shown 
that inflammatory mediators stimulated human 
TAFs to produce PGE2 in breast cancers, while 
other studies showed that human breast cancer 
cells secreted PGE2 to impact adjacent TAFs in a 
paracrine manner [85]. PGE2 released from breast 
cancer cells prompted aromatase expression in 
adipose fibroblasts via enhancing promoter 
switching [67]. In mice, zinc finger protein 
SNAIL induced PGE2 production from mesen-
chymal stem cells and TAFs in a TGF-β- 
dependent manner, which in turn supported 
breast cancer cell metastasis [86]. Furthermore, 
head and neck squamous cell carcinoma cells 
triggered neighboring stromal fibroblasts to pro-
duce mPGES-1-derived PGE2 [87]. TAF markers 
were mainly expressed in mPGES-1 positive 

cells in neuroblastoma tumors, where cancer 
cells did not secrete PGE2. Inhibiting PGE2 pro-
duction suppressed tumor growth in neuroblas-
toma models, probably through boosting 
angiogenesis, cancer cell proliferation, and reac-
tivating antitumor immunity [88, 89]. These evi-
dences propose that the pro-tumor function of 
TAFs is partially attributed to their capacity to 
secrete PGE2. Nevertheless, the role of PGE2 in 
the transition of resident fibroblast to a TAF 
 phenotype or in the regulation of established 
TAFs function is not clear. Several studies regard-
ing the impact of PGE2 signaling on TAFs indi-
cate that the role of PGE2 in fibroblast activation 
in tumor is also context-dependent. Bone marrow 
fibroblasts from lung or breast cancer patients 
exhibited a reduced proliferative ability related to 
higher PGE2 compared to fibroblasts from healthy 
donors [68], which agrees with the findings that 
PGE2 induced fibroblasts apoptosis in fibrosis 
models. It was reported that cancer cells-derived 
PGE2 induced indoleamine 2,3-dioxygenase 
(IDO)/kynurenine in fibroblasts by an EP4/
STAT3-dependent pathway, which led to the deg-
radation of E-cadherin and then promoting breast 
cancer metastasis [69]. On the other hand, no sig-
nificant changes in PGE2 and IDO expression 
between TAFs and fibroblasts surrounding tumor 
tissues were shown in human hepatocellular car-
cinoma [90]. Lastly, suppressing PGE2 produc-
tion or an EP4 antagonist can block the migration 
of IL-1-induced dermal fibroblasts toward neuro-
blastoma cells, suggesting that PGE2 may stimu-
late fibroblast migration in certain sceneries [88]. 
Therefore, the role of PGE2 in TAF activation is 
yet to be clearly acknowledged, although the 
association between tissue fibrosis and malig-
nancy is well-known, and PGE2 occurs as a nega-
tive regulator to promote fibrosis. Nevertheless, it 
is plausible that TAFs-derived PGE2 enhances 
tumor progression by inducing cancer cell prolif-
eration and metastatic potential, while negatively 
modulating PGE2-producing cells at the same 
time in a homeostatic manner. Interestingly, few 
studies showed lipids-mediated inhibitory effects 
on TAFs differentiation. For example, Lipoxin 
A4 (LXA4), an endogenous bioactive lipid, was 
shown to potentially inhibit the differentiation of 
human pancreatic stellate cells (PSCs) (hPSCs) 

8 Lipid Metabolism in Tumor-Associated Fibroblasts



124

into TAF-like myofibroblasts and thereby hPSC- 
induced pro-tumorigenic effects. LXA4 signifi-
cantly suppressed TGF-β-mediated differentiation 
of hPSCs by inhibiting pSmad2/3 signaling. 
Moreover, LXA4 treatment abolished the para-
crine pro-tumoral effects of hPSCs in vitro and 
in vivo. Fascinatingly, LXA4 significantly abol-
ished the tumor growth, attributed to a dramatic 
reduction in fibrosis, which suggests LXA4 can 
be applied to reprogram tumor stroma in order to 
treat [70].

The formation of new membranes is required 
for cellular proliferation. It is often supposed that 
the lipids desired for these membranes are synthe-
sized generally de novo. In addition to PGE2 
involved in fibroblast proliferation, it was demon-
strated that proliferating fibroblasts preferred to 
taking up palmitate from the extracellular envi-
ronment over synthesizing it de novo. Compared 
with quiescent fibroblasts, proliferating fibro-
blasts increased palmitate uptake, inhibited the 
degradation of fatty acid, and alternatively 
directed more palmitate to membrane lipids. 
Inhibiting fatty acid uptake suppressed fibroblasts 
proliferation while adding exogenous palmitate 
led to reduced glucose uptake and made cells lose 
sensitivity to glycolytic inhibition [71] (Table 8.1).

8.4.2  TAFs Serve as Lipids Source 
to Promote Cancer 
Progression

Metabolic communication between TAFs and 
cancer cells plays a key role in cancer progres-
sion. TAFs are also verified as lipids source to 
support cancer cell growth and metastasis. It was 
uncovered that TAFs conditioned medium (CM) 
promoted colorectal cancer (CRC) cell migration 
compared with CM from normal fibroblasts. 
More fatty acids and phospholipids are accumu-
lated as TAFs undertake a lipidomic reprogram-
ming. It was confirmed that CRC cells took up 
the lipids metabolites released from TAFs, as 
TAFs CM still promoted the CRC cells migration 
after protein deprivation. Inhibiting fatty acids 
synthase (FASN), a key enzyme in fatty acids 
synthesis, or suppressing the uptake of fatty acids 
by CRC cells, can abolish TAFs-induced CRC 

cell migration. These data provide a new under-
standing of the mechanism of CRC metastasis 
and indicate FASN in TAFs may be potential tar-
gets for anti-metastasis therapy [91]. In another 
study, TAFs have also been shown to enhance 
lipid synthesis due to the overexpression of 
FASN.  Cancer cells overexpress fatty acid 
 transporter protein 1, which mediates uptake of 
fatty acid from TAFs [92].

Ketones are end products of aerobic glycolysis 
and intermediate products generated by fatty acid 
catabolism in the liver of normal time, and to a 
lesser extent, originated from the catabolism of 
the ketogenic amino acids leucine, lysine, and 
tryptophan. Ketones can be transferred to the out-
side of the liver to sustain the survival of the 
organism under starvation, particularly during 
prolonged starvation [28]. Tumorigenesis is 
thought of as a nutrient deprivation, where ketones 
are mainly originated from lipid metabolism in 
poor glucose or rich lipids tissues. TAFs produce 
a large amount of ketone bodies that are then 
reutilized by tumor cells for anabolic metabolism 
or oxidative phosphorylation (OXPHOS) like lac-
tate. Cav-1 deficiency can enhance stromal 
autophagy and support the stromal generation of 
ketone bodies [93]. Ketones are more powerful 
fuels for mitochondria, generating more energy 
and decreasing oxygen consumption, as com-
pared with lactate. Of those, β-hydroxybutyrate 
promotes cancer cell proliferation approximately 
threefold, while lactate enhances cancer cell 
metastasis [94].

Moreover, it was shown that TAFs were also 
capable to transfer a large amount of lipids and 
proteins to adjacent tumor cells via using 
microvesicles (MVs) as cargo, thus contributing 
to maintaining high tumor cell proliferation [95]. 
As a number of transferred proteins are metabolic 
enzymes, MVs exhibit a critical role in the meta-
bolic reprogramming of tumor cells owing to 
TAFs contact. In addition, TAFs-derived exo-
somes are also able to prompt a metabolic repro-
gramming in tumor cells [96]. Furthermore, it was 
demonstrated that TAFs-derived exosomes 
encompassed intact metabolites, such as amino 
acids, TCA-cycle intermediates, and lipids, which 
are vehiculated in tumor cells to promote their 
growth [97]. It is worth mentioning that FASN 
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expression has been found elevated in numerous 
types of cancer [98]. Even though there is still no 
direct link between TAFs and FASN overexpres-
sion, this could be the result of the coevolution of 
stroma and cancer. However, more research is 
required before conclusions can be drawn.

8.4.3  The Effect of TAFs on Lipid 
Metabolism of Cancer Cells

Compared to nonmalignant cells, cancer cells dis-
play significant metabolic alterations. While nor-
mal cells modify anabolic and catabolic pathways 

in response to alterations in nutrient availability, 
cancer cells demonstrate increased growth even 
under nutrient scarcity. Although most of the stud-
ies regarding metabolic dysregulation in cancer 
focuses on carbohydrates, the importance of 
changes associated with lipid metabolism is start-
ing to be acknowledged and the augmented in de 
novo lipogenesis is considered a new hallmark in 
many aggressive cancers [99]. Furthermore, can-
cer cells show increased levels of de novo adipo-
genesis via improved expression of key lipogenesis 
regulators like sterol regulatory element-binding 
proteins (SREBPs), acetyl- CoA carboxylase 
(ACC), FASN, and stearoyl–CoA desaturase 1 

Table 8.1 The role of secreted lipid metabolites on TAFs

Lipids Origin Cancer type Function References
S1P Cancer cells Ovarian cancer Mediated TGFb-induced TAFs activation via 

the transactivation of S1PR2/3, resulting in 
p38 phosphorylation

Saddoughi et al. [61]

LPA Cancer cells Hepatocellular 
carcinoma

Promoted trans-differentiation of peritumoral 
tissue fibroblasts (PTFs) to a TAF-like 
myofibroblastic phenotype

Wen et al. [64]

Cancer cells Ovarian cancer Induced TAF-phenotype in MRC5 lung 
fibroblasts by upregulation of HIF-1α

Radhakrishnan 
et al. [63]

PGE2 Pulmonary 
fibroblasts

Idiopathic 
pulmonary fibrosis

Inhibited myofibroblast proliferation and 
survival

Vancheri et al. [65]

Autocrine Rheumatoid 
arthritis patients

Attenuated the activation of NF-κB in human 
synovial fibroblasts fr

Gomez et al. [66]

Cancer cells Breast cancer Induced aromatase expression in adipose 
fibroblasts by enhancing promoter switching

Leclerc et al. [67]

Autocrine Lung cancer
Breast cancer

Exhibited a defective proliferative capacity in 
bone marrow fibroblasts

Honegger et al. [68]

Cancer cells Breast cancer Upregulated indoleamine 2,3-dioxygenase 
(IDO) expression in fibroblasts through an 
EP4/signal transducer and activator of 
transcription 3 (STAT3)-dependent pathway

Chen et al. [69]

Lipoxin A4 Exogenous Human pancreatic 
stellate cells
Pancreatic cancer

Inhibited the differentiation of human 
pancreatic stellate cells (PSCs) (hPSCs) into 
TAF-like myofibroblasts and thereby 
hPSC-induced pro-tumorigenic effects

Schnittert et al. [70]

Palmitate ECM Fibroblasts Inhibited fatty acid degradation, and instead 
directed more palmitate to membrane lipids

Yao et al. [71]

Resolvin D1 Exogenous Hepatocellular 
carcinoma

Inhibited paracrine of TAFs-derived cartilage 
oligomeric matrix protein to prevent 
epithelial–mesenchymal transition (EMT) and 
cancer stemness

Sun et al. [72]

Estrogen Exogenous Gastric cancer Facilitated gastric cancer cell proliferation and 
invasion through promoting the secretion of 
interleukin-6 of TAFs

Zhang et al. [73]

12(S)-HETE Cancer cells Colorectal cancer Induced the retraction of TAFs via MLC2, 
RHO/ROCK, and Ca2+ signaling

Stadler et al. [74]

Omega-3 
PUFA

Exogenous Lung cancer Suppressed MMP9 production in TAFs Taguchi et al. [75]
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(SCD1) [40]. Additionally, current studies have 
shown that constitutive activation of pro-growth 
pathways led to a dependence on unsaturated fatty 
acids (FA) for survival under oxygen deprivation. 
The TME can be acidic, hypoxic, and deficient in 
nutrients, which can cause the remodeled metabo-
lism of tumor cells and neighboring stromal cells 
to assist tumor cell survival, proliferation, and 
metastasis. Communication between tumor cells 
and stromal cells modulates the high metabolic 
requirements of the tumor. Fatty acid turnover is 
high in tumor cells to meet the energy and syn-
thetic needs of the growing tumor [100].

Gene expression analysis of coculture spher-
oids demonstrated that TAFs induced a signifi-
cant upregulation of cholesterol and steroid 
biosynthesis pathways in prostate cancer cells. 
Cytokine profiling showed high amounts of pro- 
inflammatory, pro-migratory, and pro-angio-
genic factors in the TAFs supernatant. Especially, 
two enzymes, 3-hydroxy-3-methylglutaryl-
Coenzyme A synthase 2 (HMGCS2) and aldo-
keto reductase family 1 member C3 (AKR1C3), 
were considerably upregulated in prostate can-
cer cells upon coculture with TAFs. Both 
enzymes were also significantly increased in 
human prostate cancer compared to benign tis-
sues. Suppressing HMGCS2 and AKR1C3 led 
to significant growth delay of coculture spher-
oids and enzalutamide resistant cell lines in 2D 
and 3D culture, underlining their presumed role 
in prostate cancer. Notably, dual targeting of 
cholesterol and steroid biosynthesis with simv-
astatin, a generally prescribed cholesterol syn-
thesis inhibitor, and an inhibitor against 
AKR1C3 had the strongest growth inhibitory 
effect. These data suggest that TAFs induce an 
upregulation of cholesterol and steroid biosyn-
thesis in prostate cancer cells, driving them into 
AR targeted therapy resistance. Hindering both 
pathways with simvastatin and an AKR1C3 
inhibitor may therefore be a hopeful tool to 
overcome resistance to AR targeted treatment in 
prostate cancer [101].

Furthermore, several studies demonstrate that 
TAFs activate integrin signaling and tyrosine 
kinases which are critical in regulating lipid 
metabolism, even there is no direct evidence 
linking TAFs-mediated signal pathways activa-

tion to lipid metabolism of cancer cells. For 
example, cellular adhesion and signaling trans-
mission can be governed by integrin signaling to 
activate intracellular signaling pathways, which 
aim to prevent apoptosis. This modulation is 
related to lipid metabolism. Moreover, integrin-
associated Lyn kinase can support cell survival 
by inhibiting the activity of acid sphingomyelin-
ase [102]. Additionally, large integrin-associated 
intracellular protein complexes linked to integrin 
signaling serve as anchors for cytoskeleton and 
signaling hotspots and modulate the trafficking 
of cholesterol-enriched membrane microdo-
mains which are known as lipid rafts [103, 104]. 
TAFs- derived IL32 or lumican can activate inte-
grin β3-p38 MAPK or integrin β1-FAK signal-
ing pathway in cancer cells. In addition, 
cytokines and growth factors bind to specific cell 
surface receptors on target cells to show their 
biological activities. The majority of these sur-
face receptors exert a tyrosine kinase activity 
domain that is localized at the cytoplasmic frag-
ment of the molecule [105, 106]. The interaction 
between cytokines/growth factors and receptors 
increases the kinase activities of receptors, and 
further triggers downstream effectors including 
enzyme activation and protein phosphorylation. 
The innate immunity and inflammation respon-
sive to cytokine signaling pathways can induce 
phospholipases, sphingomyelinases, and the 
enzymes that modulate cholesterol metabolism 
[107]. As an important source for cytokines and 
growth factors, the connection of TAFs to the 
lipid metabolism of cancer cells needs further 
investigation.

8.5  The Challenges and 
Perspective of Lipid 
Metabolism Study on TAFs

Metabolic reprogramming of the tumor microen-
vironment is required for tumor initiation and 
progression. In addition, solid tumors can be 
regarded as metabolically heterogeneous dis-
eases where a diversity of cell types and energetic 
pathways coincide and cooperate to guarantee 
cell growth and disease progression. In this bio-
logical scenario, TAFs could symbolize the main 
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cell type modulating the homeostasis and cross-
talk with cancer cells. Recently, increasing evi-
dences have demonstrated that TAFs crosstalk 
with cancer cells by releasing growth factors and 
manufacturing ECM-degrading proteases, sug-
gesting that TAFs metabolic reprogramming is 
critical for tumor progress [9]. Although many 
works have been placed on metabolic communi-
cation between TAFs and tumor cells, most of 
them paid attention to glucose and glutamine 
metabolism, few considered lipid metabolism, 
which needs more studies to clarify the detailed 
mechanism involved. Additionally, the majority 
of findings about TAFs metabolism were obtained 
in vitro, which cannot truly reflect the real-time 
metabolic state in vivo. This is partly due to the 
heterogeneity of fibroblasts cell population lack-
ing specific markers, limiting effective research 
methods to study in vivo. Furthermore, the most 
studies on TAFs were focused on the pro-tumor 
activity of TAFs. However, several studies sug-
gest that specific subset(s) of TAFs exhibit 
cancer- restraining roles, indicating that TAFs are 
functionally and molecularly heterogeneous, 
which is also supported by single-cell transcrip-
tome analyses [108–110]. How to understand the 
metabolism involved in functional heterogeneity 
of TAFs is still a challenge. Collectively, the met-
abolic slavery of TAFs within tumor microenvi-
ronment is a key topic in tumor research field. 
The development of approaches aimed to disarm 
TAFs myofibroblastic capacity and to cut off the 
metabolic crosstalk between TAFs and tumor 
cells could help eliminate pro-tumorigenic abili-
ties of TAFs in cancer network.
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Abstract

Breakthroughs have been made in the cancer 
immunotherapy field focusing on utilizing T 
cells’ antitumor immunity, and the lipid 
metabolism of tumor-associated B cells is not 
well studied compared to T cells. Accumulating 
evidence suggested that B cells also play 
important roles in tumor biology and antitu-
mor immunity, especially the germinal center 
B cells that present in the tumor-related ter-
tiary lymphoid structures. Due to scarce stud-
ies on lipid metabolisms of tumor-associated 
B cells, this chapter mainly summarized find-
ings on B cell lipid metabolism and discussed 
B cell development and major transcription 
factors, tumor-associated B cell populations 
and their potential functions in antitumor 
immunity, fatty acid oxidation in germinal 
center B cells, and tumor microenvironment 
factors that potentially affect B cell lipid 
metabolism, focusing on hypoxia and nutri-
ents competition, as well as lipid metabolites 
that affect B cell function, including choles-
terol, geranylgeranyl pyrophosphate, oxyster-
ols, and short-chain fatty acids.
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9.1  B Cell Development

B cells, derived from bone marrow (BM) hema-
topoietic stem cells, undergo programmed devel-
opment firstly from lymphoid progenitors to 
pre-B cells, which express “B cell receptor 
(BCR)” composed of immunoglobulin (Ig)  
heavy chain and a surrogate light chain after Ig 
gene V(D)J recombination [1]. Then the pre- 
BCR signaling triggers proliferation and results 
in an increased amount of resting pre-B cells, 
among which Ig light-chain gene rearrangement 
is fulfilled and a functional BCR (IgM usually) 
presents, indicating development into immature 
B cells [1]. Accompanied by another kind of 
BCR (IgD) expression, mature B cells migrate to 
the periphery surveying for antigens (Ag). Ags 
and co-stimulatory molecules as toll-like recep-
tor ligands drive the subsequent B cell prolifera-
tion and differentiation into the antibody 
(Ab)-secreting cells. A cohort of B cells further 
differentiates to memory B cells or long- lived 
plasma cells [2, 3]. A summary of B cell develop-
ment is shown in Fig. 9.1.

To fulfill the energy and nutrient demands of 
humoral immunity, B cells adapt both non- 
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cycling resting state and rapid proliferation state. 
The metabolic requirements are high when B 
cells are the early proliferative progenitors in the 
BM and fall in the pre-B and immature B cells. 
For the resting naïve and memory B cells, energy 
demands are relatively low, but raised during 
antigen-stimulated proliferation and differentia-
tion, and remain high in the Ab-secreting plasma 
cells [4].

Glucose, glutamine, and fatty acids are the 
main carbon sources for B cell metabolism, 
among which glucose is the main carbon source 
for both the resting and activated B cells [5]. It is 
reported that resting B cells in murine spleen 
require glycolysis as well as oxidative phosphor-
ylation (OXPHOS) [6]. Meanwhile, for the 

peripheral naïve B cells, there exists a specific 
loss of mature B cells in response to the absence 
of glucose transporter GLUT1, indicating that 
glucose uptake plays an especially important role 
for peripheral resting B cell homeostasis [6]. On 
the other hand, the surface expression of GLUT1 
is raised after BCR engagement, and the subse-
quent upregulated glycolysis is PI3K-Akt- 
dependent [6–8]. BCR engagement also promotes 
OXPHOS, which is a significant difference 
between BCR-stimulated B cells and TCR/
CD28-stimulated T cells that prefer glycolysis 
only [6]. Besides, LPS treatment also promotes 
glycolysis and OXPHOS in naïve B cells, indi-
cated by increased GLUT1 expression and mito-
chondrial mass [6, 7].

Bone marrow development

HSC Pro-B Pre-B Immature B
V(D)J recombination

pre-BCR
BCR

VL→JL

Mature Peripheral cells

Naïve B

Plasma cell
Germinal center

Memory B

Plasmablasts

a

b

Fig. 9.1 B cell development. A schematic of B cell devel-
opment from the bone marrow to the periphery. (a) B cells 
in the bone marrow undergo early stage of differentiation 
from hematopoietic stem cell (HSC) to immature B cells, 
which transit to the periphery to develop to mature circu-
lating cells. (b) The naïve B cells are activated by antigen 

and co-stimulatory molecules and become antibody- 
secreting plasma cells after proliferation and differentia-
tion. A cohort of B cells undergo further differentiation in 
the germinal center to become memory B cells or long- 
lived plasmablasts
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For B cell proliferation and differentiation, 
glycolysis has been considered the primary driv-
ing power [5]. Per the increased energy needs 
after B cell activation, glucose uptake is elevated 
to enter glycolysis [6, 9, 10]. Consistently, 
GLUT1-deficient B cells are defective in Ab pro-
duction [6]. Similarly, 2-deoxyglucose (2-DG) 
treatment inhibits LPS-activated B cell prolifera-
tion as well as Ab production [8]. The resultant 
pyruvate derived from glycolysis then enters 
mitochondria and undergoes Krebs (TCA) cycle 
and OXPHOS not only to enhance energy pro-
duction as the form of ATP but also to provide a 
large pool of citrate for intrinsic lipogenesis cata-
lyzed by ATP citrate lyase (ACLY). The newly 
produced lipids contribute to membrane synthe-
sis during B cell growth and division [11].

Lipid and protein metabolism also fulfills 
energy supply and supports B cell function. Fatty 
acid oxidation also generates pyruvate, which 
enters the TCA cycle to feed OXPHOS and pro-
duce ATP [5]. Proteins can also function as a car-
bon source. The hydrolyzed individual amino 
acids participate in parts of the TCA cycle and 
generate ATP [5]. On the other hand, serine 
metabolism also contributes to lipid synthesis. 
Serine is generated from glucose-derived 
3- phosphoglyceric acid and enters the one- carbon 
metabolism pathway, which means a one-carbon 
unit from serine is processed through methionine 
and folate cycles to contribute to lipid, nucleo-
tide, and protein synthesis. This pathway also 
generates products that are crucial for methyla-
tion reactions as well as redox reactions. How 
serine and serine-derived one-carbon metabolism 
involves the regulation of tumor and immunity is 
investigated [12, 13].

B1 B cells, tissue-resident and innate-like, dis-
play distinct development and metabolic patterns 
from abovementioned B2 B cells [14], which is 
the center of humoral immunity and the main 
source of glycosylated Abs. B1 B cells exist from 
fetal and neonatal stages, and the subsequent 
expansion is mainly through self-renewal [15], 
although there is rare potential that B1 B cells 
originate from BM B1 progenitors [16]. Similar 
to B2 cells, B1 cells have a potent requirement 
for lipogenesis de novo, potentially from glyco-

lytic product citrate by ACLY. However, B1 cells 
exhibit higher levels of glycolysis as well as 
OXPHOS and the subsequent TCA cycle- coupled 
fatty acid synthesis compared to B2 cells [14].

9.1.1  Transcriptional Regulation 
of B Cell Metabolism

The transcriptional regulation for peripheral B 
cell destiny still needs further investigation, 
although for early-stage differentiation, it is rela-
tively well-known.

Among the critical B cell transcription factors, 
c-Myc plays an important role in B cell prolifera-
tion, clonal expansion, and fate determination 
[17, 18], contributing to an expression of effec-
tors involved in nutrient uptake and mTOR acti-
vation [19]. c-Myc is essential for B cell positive 
selection in the germinal center (GC). c-Myc is 
expressed in a small portion of B cells in the light 
zone of the GC [20], where mesenchyme- 
originated follicular dendritic cells capture 
immune-complex and facilitate B cell recogni-
tion of antigen by B cell receptor [21]. The 
c-Myc-expressing cells are characterized by 
upregulated genes critical to glycolysis and nutri-
ent sensing [22]. Also, c-Myc is modestly crucial 
for LPS-triggered glutamine oxidation increase 
while antagonizing LPS-mediated downregula-
tion of fatty acid oxidation and pyruvate oxida-
tion [6]. In addition, c-Myc induces transcription 
factor AP4, which is essential for T-B interaction 
in the light zone of GC through IL-21 signaling 
and for the subsequent GC B cell division in the 
dark zone of the GC [23].

Nuclear factor-κB (NF-κB), the key regulator 
of inflammatory immune response and cytokine 
production, is suggested to be involved in the regu-
lation of B cell metabolism and proliferation via a 
TRAF3-NIK-NF-κB axis [24]. Tumor necrosis 
factor (TNF) receptor-associated factor-3 
(TRAF3) plays a critical role in B cell metabolism. 
TRAF3-deficient B cells present unusually 
increased expression of key genes that are involved 
in the early phase of glycolysis, such as genes 
encoding GLUT1 and hexokinase-2. In addition, 
this kind of B cells increases mitochondrial respi-
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ration, but does not increase reactive oxygen spe-
cies generation [25]. B cell full activation demands 
co-stimulation through CD40-B-cell activating 
factor (BAFF) receptor pathway, which triggers 
the degradation of TRAF3 and the buildup of 
NF-κB-inducing kinase (NIK) [26]. The latter 
leads to translocation of NF-κB into the nucleus, 
where the transcription of target genes is activated. 
Double knockout of TRAF3 and NIK causes a low 
level of GLUT1 expression and reduced mature B 
cell counts [25]. Consistently, when activated by 
LPS, BAFF-exposed naïve B cells display 
increased glucose uptake as well as a relatively 
higher basal mitochondrial activity [6]. The above 
findings indicate that NF-κB is involved in the 
regulation of glucose uptake [25] and that B cell 
co-stimulation plays a role in B cell metabolic 
reprogramming [24].

The transcription factor Bcl6 is highly 
expressed in both GC B cells and follicular helper 
T (Tfh) cells, induced by multiple co-stimulatory 
molecules between B and T cells, including 
IL-21 [27–29]. It has been reported that Bcl6 
suppresses glycolysis in macrophages [30], 
therefore may have to be overcome by c-Myc 
[20, 22, 31] and hypoxia-inducible factor (HIF) 
in the GC.

The light zone of GC provides a hypoxic envi-
ronment, which is also related to B cell metabo-
lism [32]. HIF1 and HIF2 evoke glycolysis 
through aldolase A, M2 isoform of pyruvate 
kinase, and phosphoglycerate kinase 1 [33]. 
Although HIF and c-Myc both actuate glycolysis 
[34], HIF represses c-Myc activity [23, 35]. 
c-Myc promotes mitochondrial biogenesis [36], 
while HIF inhibits Krebs cycle and respiration 
[37]. Given that c-Myc evokes expression of 
effectors related to mTOR activation [19], HIF 
also suppresses mTOR1 activity [23, 35]. HIF-1α 
not only regulates expression of genes associated 
with glycolysis in response to limited oxygen 
environment but also controls B cell development 
and activity in a stage-specific pattern [38, 39]. It 
is reported that lack of HIF-1α results in decreased 
expression of phosphofructokinase (Pfkfb3) and 
glucose transporters, which obstructs the devel-
opment from pro- to pre-B cell stage in the BM 
[40]. Also, HIF-1α sustains the energy require-

ment of the Ag-exposed B cells in the GC [41]. In 
addition, hypoxia potentially promotes plasma 
cell fate determination [32], which may be due to 
the HIF-regulated lrf4 gene [42].

IRF4 is critical to plasma cell differentiation 
and GC response [43]. It is expressed in resting B 
cells at a low level to promote survival, and its 
expression is elevated inconsistent with the 
strength of activation signals stimulated by Ag, 
cytokines, or TLR ligands. The majority of IRF4- 
targeted genes may be co-regulated by c-Myc 
since they bear AP1-IRF4 composite sites [42]. A 
small amount of IRF4+c-Myc+ cells exist in the 
GC and may be the outcome of asymmetric divi-
sion to generate plasmablasts [20, 22, 44].

The c-Rel transcription factor is also expressed 
at a relatively high level upon B cell activation, 
inducing lrf4 expression [45]. It is involved in the 
metabolic regulation that fulfills the energy 
demands of proliferating GC B cells [46]. c-Rel 
translocation is PI3K-dependent and only hap-
pens in a small amount of GC B cells, which may 
be the ones facilitated by T cells [47].

Bach2, Foxo1, and Pax5 act similarly to Bcl6 
and inhibit plasma cell differentiation [48], while 
E2A and E2–2 are committed to GC response 
and plasma cell differentiation [49, 50]. In addi-
tion, Pax5 has been reported that it inhibits 
metabolism in early B cells [51]. The combined 
findings indicate that the transcription factors 
regulating B cell metabolism remain to be 
revealed.

B1 B cells exhibit significantly higher gene 
expression associated with glycolysis and lipid 
metabolism as well as lipid storage, compared to 
B2 B cells [14].

9.2  Tumor-Associated B Cell 
Populations

B cells are commonly found in tumor-draining 
lymph nodes, and less commonly at the invasive 
margin of tumors, or infiltrated into the tumor 
mass. A closer look at tumor-related B cells 
revealed that B cells exist in different forms, from 
nonstructured immune cell aggregates to struc-
tured ones, i.e., tertiary lymphoid structures 
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(TLS). TLS is induced in chronic inflammations 
including cancer, autoimmunity, and organ trans-
plant and resembles follicles of the second lym-
phoid organs. In cancer, TLS localizes at the 
tumor periphery and, less frequently, inside the 
tumor.

9.2.1  B Cells with Antitumor 
Function

The presence of certain B cells in the tumor has 
been associated with a better prognosis. Earlier 
studies found that in some breast or ovarian can-
cer patients, tumor infiltrated B cells were associ-
ated with a good prognosis [52]. Later, TLS that 
contains a GC was found to be correlated with 
improved survival in multiple cancer types. The 
prognostic significance of the tumor-related TLS 
was reviewed in depth by Sautès-Fridman et al. 
[53]. Originally discovered in hepatocellular car-
cinoma, numerous studies found that B cells/
GCs’ presence in the TLS correlated with pro-
longed survival in other types of cancers, includ-

ing non-small cell lung cancer, colorectal cancer, 
pancreatic cancer, oral squamous cell carcinoma, 
invasive breast cancer, etc. Since B cells initiate 
TLS formation, these discoveries highlighted B 
cell roles in patients’ survival. The two scenarios 
of tumor-associated B cells are summarized in 
Fig.  9.2: presence of B cells with mature TLS 
containing GC, or with less organized cell aggre-
gates without GC (immature TLS). It should be 
noted that the broad classification of TLS pre-
sented here is an oversimplified model, as there 
are immune “cold” tumors and more variety of 
tumor-associated B cells.

Very recently, the presence of B cells in the 
TLS has been found to correlate with immuno-
therapy success [54–56], indicating that B cells 
play a critical role in immunotherapy success. In 
searching for predictors for patients’ outcome 
after immune checkpoint blockade (ICB), the B 
lineage signature has been found to be the stron-
gest predictor for survival in a cohort of sarcoma 
patients [56]. Corroborating this finding, in 
another cohort of melanoma patients treated with 
ICB, a TLS associated gene signature predicted 

Peripheral

Peripheral

Tumor

Naïve B celll

Naïve B celll

Breg

Immature TLS

Long-lived
plasma cells

Bone marrow

Mature TLS with GC

Memory B

Plasmablasts

Antibody

HEV

Antigen

T cell

Tumour cell

Fig. 9.2 Mature or immature TLS and tumor-associated 
B cells. A schematic of various tumor-associated B cell 
populations and TLS. The existence of mature B cells in 
tumors featuring germinal centers is associated with better 
prognosis, where B cells are selected and differentiated 

and correlated with better prognosis in multiple cancers. 
Immature TLS are unstructured cell aggregates. B cells 
and TLS signature are more prominent in responders ver-
sus nonresponders of immunotherapy. Memory B cells 
and regulatory B cells are associated with tumor, too
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patients’ survival [54]. Furthermore, the B cells 
and TLS signatures are more prominent than T 
cell signatures for discerning between the 
responders and the nonresponders to neoadjuvant 
ICB for melanoma [55]. These findings confirm 
the critical roles played by B cells/TLS in antitu-
mor immunity and immunotherapy.

Circulating plasmablasts, a type of mature B 
cells that circulate back to the BM or reside in the 
chronic inflammation sites, were found increased  
in patients with metastatic but non-progressing 
melanoma, lung adenocarcinoma, or renal cell 
carcinoma. In these non- progressing cancer 
cases, clonal affinity matured B cells exhibited 
progressive class switch, and recombinant anti-
bodies from clonal families were able to bind 
non-autologous tumor tissue/cell lines and caused 
tumor regression in syngeneic mouse tumor 
models [57], indicating that B cells contributed to 
control the disease progression in these patients.

B1a cells, an innate-like B cell population, 
were essential for protection induced by toll-like 
receptor and C-type lectin receptor agonist pair-
ing of monophosphoryl lipid A (MPL) and 
trehalose-6,6′-dicorynomycolate (TDCM) treat-
ment in a mouse model. MPL/TDCM treatment 
effectively inhibited tumor growth and ascites 
development in this mouse model of aggressive 
mammary cancer-induced peritoneal carcinoma-
tosis. B1a cells were enriched in the peritoneal 
cavity and deficient in mice lacking CD19. MPL/
TDCM treatment effects were not observed in 
mice lacking CD19, and adoptive transfer of B1a 
cells restored the protective effects [58].

Atypical B cell populations with protective 
effects are found in breast cancers, too. ICOSL+B 
cells (ICOSL + CR2highIL – 10 – CD20 + CD38 
+ CD27 + IgA – IgD-) emerged after chemother-
apy in breast cancer patients and correlated with 
better therapeutic effect and prognosis [59]. 
CD40 signals in GC B cells upregulated ICOSL 
in these cells, which in turn promoted interaction 
with follicular T cells and the GC selection pro-
cess, forming a feed-forward loop [60].

All the abovementioned pieces of evidence 
point to certain B cell function in antitumor 
immunity. Producing antibodies, secreting anti-

tumor cytokines, and serving as antigen- 
presenting cells are examples of how B cells can 
help to improve antitumor immunity. Moreover, 
B cells can secrete granzyme and directly kill 
tumor cells. The field of B cells’ role in antitumor 
immunity is wide open and booming, and more 
findings on B cells’ function are sure to be 
revealed.

9.2.2  B Cells with Pro-tumor or 
Unknown Function

Regulatory B cells expressing IgA and IL-10 
were discovered in certain mouse cancer mod-
els. Liver-resident cells producing IgA, express-
ing IL-10, and PD-L1 directly suppressed CD8+ 
T cell activity [61]. Plasmocytes accumulation 
in this model depended on PD-L1-PD1 interac-
tion, indicating that follicular T cells were 
involved, probably in TLS GC. B cells express-
ing IgA, IL-10, PD-L1, and FasL have been 
shown to suppress antitumor immunity induced 
by the chemotherapy drug oxaliplatin in mouse 
prostate cancer models with large tumors, and 
removal of these cells restores oxaliplatin’s 
activity [62].

B cells accumulated in tumor-draining lymph 
nodes in a mouse breast cancer model and facili-
tated tumor metastasis to the lymph nodes. In this 
spontaneous metastasis model, these B cells pro-
duced IgG specifically targeting glycosylated 
membrane protein HSPA4. This IgG bound to 
HSPA4 and activated the HSPA4-binding protein 
ITGB5, which in turn evoked downstream Src/
NF-κB pathway in tumor cells, promoting 
CXCR4/SDF1α-axis-mediated metastasis. High 
serum anti-HSPA4 IgG correlated with high 
tumor HSPA4 expression and poor prognosis of 
breast cancer subjects [63].

How B cell populations affected antitumor 
immunity varies in different types of cancers. 
Analysis of the RNA sequencing data from The 
Cancer Genome Atlas database revealed that 
gene expression signatures of B cells correlated 
with good prognosis in melanoma, lung adeno-
carcinoma, pancreatic adenocarcinoma, and head 
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and neck squamous cell carcinoma patients, but 
with poorer survival in renal tumor patients [64]. 
A recent review on B cells, plasma cells, and can-
cer was published by Sharonov et  al. and pro-
vided a comprehensive summary of B cell 
involvement in cancers [65].

In the complex tumor microenvironment 
(TME), B cell populations with unknown func-
tions have been discovered. Mature CD27−IgG+ 
memory B cells were found in human ovarian 
and liver cancer samples, expressing antigen- 
presenting cells surface markers (MHC Class 
II, CD40, CD80, and CD86), and cooperated or 
co-localized with CD8+ T cells [66, 67]). 
Circulating memory B cells significantly 
increased in breast cancer patients [68], with 
unknown prognostic significance. In glioblas-
toma, lymphocytes with both T and B markers 
were detected [69], corroborating that the tumor 
microenvironment promoted aberrant immune 
cell development.

9.3  Fatty Acid Oxidation 
in Germinal Center B Cells

Just as our understanding of B cells’ function in 
tumors is limited, our knowledge of their lipid 
metabolism is even scarce. Lipid metabolism in 
tumor-related B cells is an ongoing research topic 
with few published studies. To provide the read-
ers with some clues in this subject, here we sum-
marized mainly discoveries on normal B cell 
lipid metabolism, focusing on fatty acid oxida-
tion in germinal center B cells. Cautions shall be 
taken when postulates from observations made in 
normal B cells, as tumor microenvironment poses 
unique challenges for B cells, including but not 
limited to hypoxia, possible acidosis, limited 
nutrients, etc. [70].

In healthy people, B cells can be activated in 
the secondary lymphoid organs including the 
spleen, lymph node, Peyer’s patches, mucosal- 
associated lymphoid tissue, etc. In these organs, 
B cells are activated upon antigen binding in the 
primary follicles; start to proliferate, forming a 
secondary follicle; and then become a GC.

Quiescent B cells (Naive B, memory B, and 
long-lived plasma B cells) have a low energy 
demand and mainly adopt OXPHOS. Once acti-
vated, B cells start proliferation and greatly 
increase their energy demand. Glucose uptake is 
increased and mainly used for the synthesis of 
ribonucleotides. Glutamine contributes to the 
TCA cycle and subsequently provides building 
blocks by connecting to the pentose phosphate 
pathway. An earlier study has discovered that in 
the terminal differentiation phase, murine B cells 
express CD36, a fatty acid importer under control 
of the transcription factor Oct2, indicating the 
importing of fatty acids at the final stage of B cell 
differentiation [71].

The GC is a microstructure found in all sec-
ondary lymphoid organs, composed of the light 
zone and dark zone. In the light zone, B cells 
encounter the follicular dendritic cells that cap-
ture immune-complex associated antigen and 
compete for antigen stimulation based on their 
BCR affinity, followed by a competition for a 
limited pool of follicular T cells. B cells success-
fully passing the light zone selection move into 
the dark zone, proliferate, and induce the enzyme 
activation-induced cytosine deaminase (AID), 
and the BCR locus undergoes a high rate of 
somatic mutation (SHM). B cell clones with a 
high affinity for antigens emerge and further 
mature into plasmablasts or memory B cells.

Previously GC B cells have been thought to 
mainly adopt glycolysis pathway to fulfill their 
energy needs; however, a recent discovery identi-
fied fatty acids as the major fuel for GC B cells 
[72]. GC B cells adopted fatty acid oxidation for 
energy and minimally glucose uptake compared 
to activated splenic B cells, GC follicular T cells, 
and activated CD4+ T cells. When palmitate was 
supplied in the culture medium, GC B cells pro-
duced a large amount of acetyl-CoA with little 
lactate. Cancer GC B cells are associated with 
better prognosis and immunotherapy success, 
and whether they rely on fatty acid oxidation 
warrants further investigation.

As introduced in Sect. 10.1, GC can be divided 
into the more hypoxia light zone and the less 
hypoxia dark zone. It’s reported that FOXO1 
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plays a critical role in the formation and/or main-
tenance of the dark zone where B cells proliferate 
and undergo somatic hypermutation [2]. FOXO1 
promotes fatty acid oxidation in cells, and 
whether FOXO1 also exerts similar effects in GC 
B cells warrants further investigation.

9.4  Factors that May Affect 
Tumor-Associated B Cell 
Lipid Metabolism

B cells adapt to the environment by responding to 
various factors, such as direct interaction with 
other immune cells, cytokines, hypoxia, and sig-
naling molecules like oxysterols, just to name a 
few. Tumor microenvironment challenges B cells 
to differentiate and function normally: hypoxia 
and local deprivation of nutrients like glutamine, 
glucose, tryptophan, arginine, etc. could interfere 
with B cell maturation.

9.4.1  Hypoxia

Hypoxic gradients in GC are important for nor-
mal B cell maturation, and accumulating evi-
dence indicate the Goldilocks conditions applied 
to GC B cell requirement of hypoxia: the hypoxia 
gradient in the GC has to be “just right” for suc-
cessful B cell maturation. The main hypoxia sen-
sors in the cell are transcription factors named 
hypoxia-inducible factors (HIFs). HIFs regulate 
multiple cellular pathways including cellular 
metabolisms to adapt to hypoxia stress. It’s 
known that consistent HIF1α stabilization by B 
cell-specific VHL deletion results in B cell prolif-
eration, decreased antigen-specific GC B cells, 
and impaired the generation of high- affinity IgG 
antibodies [73]. Whether/how the “right” GC 
hypoxia gradient is achieved in the tumor micro-
environment is unknown.

HIF1α is known to induce glycolysis; increase 
fatty acid uptake, lipogenesis, and storage; and 
reduce its oxidation in cells. In the hypoxia 
tumor microenvironment, sustained activation of 

HIF1α in cancer cells inhibits fatty acid oxida-
tion [74]. It has been reported that GC B cells 
increase glycolysis and mitochondria biogenesis 
via HIF and GSK3B, respectively [32]. The very 
recent discovery of fatty acid oxidation as the 
major energy fuel in GC B cells indicated that 
other transcription factors regulated the meta-
bolic reprogramming. Both FOXO1 and Bcl6 
could regulate this metabolic reprogramming, 
for FOXO1 is known to activate fatty acid oxida-
tion, while Bcl6 is known to repress glycolysis 
in other cell types [30].

9.4.2  Nutrients Competition

Fatty acids in the tumor microenvironment are 
taken up by cells expressing fatty acid importers, 
for example, B cells and cancer cells with metas-
tasis potential. Metabolic symbiosis exists in 
colon-rectal cancer regarding fatty acids: cancer- 
associated fibroblast stock up fatty acids and 
release them into the extracellular space, which 
are then taken up by cancer cells [75]. For GC B 
cells, a possible source of fatty acids is for the B 
cells, which undergo apoptosis due to insufficient 
receptor affinity. The relatively enclosed GC 
environment might provide some insulation for 
GC B cells against the metabolic competition in 
the tumor microenvironment. In contrast, tumor 
infiltrated T cells could face bigger metabolic 
challenges as activated T cells rely on glycolysis 
and must compete for glucose in the tumor 
microenvironment.

As an integral part of the metabolism network, 
fatty acid oxidation is affected by other metabo-
lism pathways, and one of them is glutamine 
deficiency. Regional glutamine deficiency often 
occurs in tumor core and leads to a lack of 
α- ketoglutarate, which in turn leads to hyper-
methylation of histones in cancer cells, because 
histone demethylase JMJD3 requires 
α- ketoglutarate as a cofactor for removing methyl 
groups on H3k27 [76]. Whether this glutamine 
deficiency impairs the fatty acid oxidation in B 
cells is unknown.
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9.5  Lipid Metabolites that Affect 
B Cell Function

9.5.1  Cholesterol

Cholesterol is synthesized in the liver and trans-
ported to other tissues as low-density lipopro-
tein, taken up by the cells via lipoprotein 
receptors. Cholesterol can be synthesized from 
HMG-CoA derived from acetyl-CoA, via the 
cholesterol biosynthesis pathway. Mevalonate 
is synthesized from HMG-CoA, and then farne-
syl pyrophosphate (FPP) is synthesized and fur-
ther converted into different signaling 
metabolites: (1) FPP is converted into geranyl-
geranyl pyrophosphate (GGPP), which prenyl-
ates important protein targets including small 
GTPase Rac, Rho, Rab, etc. (2) FPP is further 
metabolized to cholesterol and eventually gen-
erates either steroids or oxysterols, both are 
important signaling molecules. A summary of 
cholesterol metabolism and related B cell func-
tions is shown in Fig. 9.3.

9.5.2  Geranylgeranyl 
Pyrophosphate

GGPP regulates cellular processes via posttrans-
lational modification of important protein targets 
in B cells. GGPP drives the IL-10 production of 
regulatory B cells via PI3K-Akt signaling, reveal-
ing the critical roles played by cholesterol metab-
olism in regulatory B cells [77]. On the contrary, 
in autoimmunity-related disease and graft- 
versus- host disease, GGPP is important for 
CD40-mediated B cell activation [78]. How 
GGPP regulates tumor-associated B cells is an 
intriguing question, especially when considering 
potential cancer therapy with mevalonate path-
way inhibition.

Mevalonate pathway is an important cancer 
therapy target as cancer cells rely on it for sur-
vival (reviewed by [79, 80]). Very recently, it’s 
found that PTEN mutates cancer cells and 
t(4;14)-positive multiple myeloma cells generate 

GGPP via the mevalonate pathway, and statin 
kills these cells by decreasing GGPP [81, 82].

While statin starves cancer cells by decreas-
ing GGPP, it also interferes with B cell activa-
tion [83]. Given that B cell expresses increased 
cholesterol biosynthesis enzymes upon activa-
tion by CD40-CD40L, and the important role 
of GGPP in CD40-mediated cell activation, 
statin’s inhibitory effects in B cells might not 
be a direct consequence of reduced cellular 
cholesterol level, but of reduced GGPP. 
Treatment schemes have to be carefully 
designed to avoid statins’ immune-suppressive 
effects when combining statin and immuno-
therapy in cancer treatment.

9.5.3  Oxysterol

Oxysterols are oxygenated derivatives of choles-
terol and can be generated by cholesterol metabo-
lism pathway or ingested from the diet. Oxysterols 
affect many cellular functions by binding to dif-
ferent proteins such as liver X receptors, oxys-
terol-binding proteins, ATP- binding cassette, etc. 
Accumulating evidence suggests that oxysterols 
play roles in cancers, including breast, prostate, 
colon, and bile duct cancers, which is nicely 
reviewed by Kloudova et al. [84].

Two oxysterols, 7α,25-dihydroxycholesterol 
(7a,25-HC) and 7α,27-dihydroxycholesterol 
(7a,27-HC), are ligands for a G protein-coupled 
receptor EBI2, also named as GPR183. Various 
immune cells express EBI2, including B cells. 
Oxysterols direct B cell migration via binding 
to EBI2 [85], and the oxysterol gradient gener-
ated by lymphoid stromal cells guides activated 
B cell migration [86]. EBI2 and 7α,25-HC defi-
ciency both cause defective antibody responses. 
The function of the oxysterol-EBI2 axis in 
immune cells is comprehensively reviewed by 
Cyster et al. [87].

Recently, it’s found that the EBI2-oxysterol 
axis promotes the development of intestinal lym-
phoid structures and colitis [88]. Since TLS 
resemble follicles of secondary lymphoid organs, 
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the control of TLS development in cancer could 
be affected by oxysterols, too.

9.5.4  Short-Chain Fatty Acids

Butyrate and propionate are short-chain fatty 
acids generated by gut microbiota when ferment-
ing dietary fibers, and both serve as histone 
deacetylase inhibitors. Previously it’s reported 
that short-chain fatty acids increase acetyl-CoA 
production, glycolysis, mitochondrial respira-
tion, and the production of lipid droplets in pri-
mary mouse B cells, indicating that these 
metabolic changes may aid in antibody produc-
tion [89]. Recently, it’s reported that by acting as 
HDAC inhibitors, butyrate and propionate can 
enhance or impair B cell antibody responses [90] 
in human and mouse B cells, depending on the 
doses. Low-dosage short-chain fatty acids mod-
erately enhance class-switch DNA recombina-
tion (CSR), while higher doses of SCFAs 
decrease AID and Blimp1 expression, CSR, 
somatic hypermutation, and plasma cell 
differentiation.

9.6  Future Directions

Contrary to T cells, researches on the function 
and metabolisms of tumor-associated B cells 
only now start to gather momentum. Many ques-
tions remain open. What are the regulatory mech-
anisms controlling GC initiation/development in 
the tumor? How does the immune checkpoint 
blockade therapy affect tumor-associated B cells 
in metabolism reprogramming? In the often 
nutrient-depleted tumor microenvironment, how 
does TLS secure enough substrate to sustain its 
energy symbiosis? Do tumor-associated GC B 
cells utilize fatty acid oxidation to fulfill their 
energy needs? If so, how does it maintain redox 
balance and prevent lipid peroxidation/
ferroptosis?

Technology advances have paved the way for 
answering these questions. Single-cell mass 
spectrometry (SCMS) can be applied for detect-

ing lipid metabolites in a minimal amount of tis-
sue/cell samples. For measuring metabolites in 
tumor-associated B cells, it’s crucial to main the 
target cells in its native environment, i.e., tumor- 
associated GC/TLS, and quenching of the fresh 
cancer samples followed by mass imaging is an 
option. For peripheral B cells in cancer patients, 
MS methods established for circulating tumor 
cells shall be easily adopted [91]. Emphasis 
should be put on the metabolic symbiosis of the 
tumor-associated GC/TLS, as these microstruc-
tures determine immunotherapy success.
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Abstract

T cells recognize “foreign” antigens and 
induce durable humoral and cellular immune 
responses, which are indispensable for defend-
ing pathogens, as well as maintaining the 
integrity and homeostasis of tissues and 
organs. T cells are the major immune cell pop-
ulation in the tumor microenvironment which 
play a critical role in the antitumor immune 
response and cancer immune surveillance. 
Defective immune response of tumor- 
infiltrating T cells is the main cause of cancer 
immune evasion. The antitumor response of T 
cells is affected by multiple factors in the 
tumor microenvironment, including immuno-
suppressive cells, immune inhibitory cyto-
kines, tumor-derived suppressive signals like 
PD-L1, immnuogenicity of tumor cells, as 
well as metabolic factors like hypoxia and 
nutrient deprivation. Abundant studies in past 
decades have proved the metabolic regulations 
of the immune response of T cells and the 
tumor-infiltrating T cells. In this chapter, we 
will discuss the regulations of the antitumor 
response of tumor- infiltrating T cells by lipid 

metabolism, which is one of the main compo-
nents of metabolic regulation.

Keywords
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10.1  Tumor-Infiltrating 
T Lymphocytes

The degree of T cell infiltration varies across 
tumor types. Tumors mainly fall into two catego-
ries, “hot” and “cold”, which is based on the 
presence of immune cells in them. Hot tumors 
have a higher density of tumor-infiltrating lym-
phocytes (TILs), while cold tumors are defined 
by the absence of TILs [1, 2]. Moreover, TILs can 
be further divided into multiple subsets with dis-
tinctive functions. Yost et  al. have collected 
33,106 TILs from the tumor samples of 11 
patients with advanced basal or squamous cell 
carcinoma. By using droplet-based 5′ single-cell 
RNA- sequencing and T cell receptor (TCR)-
sequencing libraries, they successfully identified 
nine distinct T cell clusters in the specimens. The 
CD4+ clusters included regulatory T cells (Treg) 
cells, follicular helper T (Tfh) cells, and T helper 
17 cells (Th17) cells. CD8+ clusters included 
naive T cells, memory T cells (Tmem), effector 
memory T cells, activated cells, chronically acti-
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vated/exhausted cells, and intermediate 
exhausted/activated cells [3]. Here, we will 
review the current understanding of lipid metabo-
lism of the different subsets of tumor-infiltrating 
T cells.

10.2  Roles of Lipid Metabolism 
in Tumor-Infiltrating T Cells

10.2.1  CD8+ T Cell

CD8+ T cells are one of the most important sub-
populations of tumor-infiltrating T cells, includ-
ing cytotoxic effector T cells (Teff) and memory 
T cells, which both have distinct programs of 
lipid metabolism. Hypoxia in the tumor micro-
environment (TME) induces the metabolic 
switch from oxidative phosphorylation to gly-
colysis, which consumes more carbohydrates 
otherwise lipids. In contrast, the differentiation 
and function of memory CD8+ T cells are mainly 
relying on fatty acid oxidation and oxidative 
phosphorylation (OXPHOS) in mitochondria to 
produce energy [4].

10.2.1.1  CD8+ Effector T Cell
Upon tumor antigen engagement, naive T cells 
are activated and differentiate into effector cells. 
Quiescent T cells primarily metabolize pyruvate 
and fatty acids (FAs) via OXPHOS in the mito-
chondria to produce energy (ATP). Antigen rec-
ognition by the TCR and the ligation of 
co-stimulatory receptors like CD28 and ICOS 
activate downstream signal pathways, such as 
phosphatidylinositol- 3-OH kinase (PI3K)-
protein kinase B (Akt) which correlates with 
metabolic regulation [5, 6]. After T cell 
 activation, phosphorylation of Akt increases gly-
colysis and elevates mammalian target of 
rapamycin (mTOR) signaling, which is central 
to protein translation regulation. Therefore, the 
PI3K- mTOR signaling pathway has been sug-
gested to be a regulator of the metabolism of 
effector T cells, which in turn shuttles carbon 
derived from glucose into intermediates for the 
synthesis of lipid and protein [7–9].

As a key metabolism regulator, mTORC1 
upregulates fatty acid synthesis (FAS) by regulat-
ing the activity of sterol regulatory element- 
binding proteins (SREBPs) [10]. SREBP1 and 
SREBP2 are master transcriptional regulators of 
genes involved in de novo lipid and sterol biosyn-
thesis, which are essential for meeting the height-
ened lipid requirements during the transition 
from quiescent to activated state [11]. The inac-
tive precursors of SREBPs reside in the endo-
plasmic reticulum (ER), where they interact with 
the sterol cleavage activating protein (SCAP). 
The SREBP/SCAP complex is processed by pro-
teases in the Golgi to release the N-terminal of 
the SREBP protein. The activated SREBP then 
translocates to the nucleus to regulate the expres-
sion of genes, which encode the key enzymes of 
fatty acid and cholesterol biosynthesis, through 
binding to the promoter that contains sterol regu-
latory elements (SRE) and E box sequences [12]. 
Once released from the Golgi, the active form of 
SREBP1 is susceptible to proteasomal degrada-
tion [13]. A recent study found that overexpres-
sion of an activated version of Akt led to a 
rapamycin-sensitive increase in the processed 
form of SREBP1. Akt induces expression of a 
number of lipogenic genes, including ATP citrate 
lyase (ACLY) and fatty acid synthetase (FASN). 
ACLY converts cytosolic citrate into acetyl-CoA 
and oxaloacetate, supplying the essential metab-
olites for lipid biosynthesis. FASN catalyzes the 
condensation of acetyl-CoA and malonyl-CoA to 
generate long-chain fatty acids [12, 13].

CD8+ Teff cells also adopt lipid catabolism to 
preserve viability in the tumor microenviron-
ment. For instance, CD8+ tumor-infiltrating T 
cells enhance catabolism of FAs through peroxi-
some proliferator-activated receptor-α (PPAR-α) 
signaling. This metabolic switch can partially 
support the effector function of CD8+ TILs in 
tumor microenvironment in mice model. Further 
studies use 13C16–palmitate to study the change in 
metabolic pathways. Isotope labeling shows that 
many amino acids and metabolites in tricarbox-
ylic acid  cycle (TCA cycle) including acetyl-
CoA are synthesized with FA-derived carbons. 
Tumor-infiltrating CD8+ T cells are also charac-
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terized by increased transcription of PPAR-α, 
which leads to subsequent FA uptake, triglycer-
ide turnover, and peroxisomal and mitochondrial 
FA catabolism. The same trend is seen in the 
downstream molecules of PPAR-α, such as ace-
tylcarnitine, palmitoylcarnitine and the ketone 
body 3-hydroxybutyrate [14]. Bezafibrate, an 
agonist of PPAR-gamma coactivator 1α 
(PGC-1α)/PPARs axis, could upregulate the 
expression of PGC-1α and attenuate tumor pro-
gression on hyporesponsive LLC xenograft mod-
els. Bezafibrate treatment could improve the 
survival and functional capacity of tumor- 
infiltrating cytotoxic T lymphocytes (CTLs). 
Also, the transcription of PGC-1α, a gene that 
regulates mitochondrial biogenesis, was found to 
be enhanced in tumor-infiltrating T cells. 
Moreover, the expression of genes related to fatty 
acid oxidation (FAO), like PGC-1α, carnitine pal-
mitoyltransferase 1a (CPT1a) and LCAD, was 
significantly upregulated after treatment with 
bezafibrate within tumors. Taken together, these 
findings suggest that bezafibrate can activate 
PGC-1α/PPAR and regulate FAO of tumor- 
infiltrating CTLs to achieve better antitumor effi-
cacy [15].

However, tumor microenvironment may 
induce the transition of metabolic program of the 
effector CD8+ T cells, mainly the mitochondrial 
metabolism, to induce hyporesponsiveness of 
effector CD8+ T cells to tumor antigens. The 
transferred antigen-specific effector CD8+ T cells 
in the TME showed a progression loss of PGC1α, 
which is induced by chronic Akt signaling by per-
sistent antigen stimulation in TME [16]. As 
PGC1α regulates mitochondrial replication, 
repression of this protein promotes the loss of 
mitochondrial mass and eventually mitochondrial 
function. Metabolic reprogramming of T cells 
through enforced PGC1α expression may rescue 
mitochondrial function and induce superior anti-
tumor responses characterized by increased cyto-
kine production and tumor control [17].

10.2.1.2  CD8+ Memory T Cells
When encountering stimulatory antigens, the 
naïve or quiescent CD8+ T cells are activated and 
undergo clonal expansion to boost the population 

of antigen-specific T cells. However, after patho-
gen or antigen clearance, most of the antigen- 
specific T cells undergo programmed cell death. 
Only a small fraction of them survive and become 
long-lived memory T cells [18]. The memory T 
cells can be divided into two main subtypes: the 
central memory T cells (Tcm) and the effector 
memory T cells (Tem). These cells can be further 
categorized by more distinctive surface markers. 
There are many novel populations of Tmem cells 
that were discovered over the years, like tissue-
resident memory T (Trm) cells and stem memory 
T cells (Tscm) [19, 20]. In a seminal study, van der 
Windt et  al. have demonstrated that memory T 
cells engage in lipid metabolism to support sur-
vival, which correlates with the longevity of Tmem 
cells. In particular, fatty acid oxidation provides a 
protective metabolic advantage for the survival of 
memory T cells so that they can be activated and 
initiate an immune response more quickly [21, 
22]. Unlike CD8+ effector T cells or quiescent 
naive CD8+ T cells, CD8+ memory T cells main-
tained substantial spare respiratory capacity 
(SRC, a measure of mitochondrial reserve in a 
cell to produce energy) in their mitochondria, 
which is important for long- term cellular survival 
and function [23]. Enhanced SRC in CD8+ mem-
ory T cells is associated with mitochondrial bio-
genesis and expression of CPT1a, a protein that is 
involved in the utilization of fatty acids in the 
mitochondria. It is suggested that FAO regulated 
SRC and CD8+ memory T cell development [22, 
24]. Also, it can’t be ignored that at the early 
stage of T cell activation, the co-stimulatory 
receptor CD28 upregulates CPT1a to support the 
generation of Tmem through the remodeling of 
mitochondrial and development of spare respira-
tory capacity [25].

In terms of the source of FA for FAO, rather 
than acquiring extracellular FA directly, memory 
T cells use extracellular glucose to support FAO 
and OXPHOS. This phenomenon indicates that 
lipids need to be synthesized to satisfy the need 
for FAO.  It is found that CD8+ effector T cells 
acquire more long-chain FA (LCFA) from their 
surroundings than CD8+ memory T cells. As 
O’Sullivan et  al. found non-accumulation of 
lipid droplets in Tmem cells, it is speculated that 
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cellular FAs were converted to triacylglycerol 
(TAG) in ER.  Then the TAG would directly 
undergo lysosomal hydrolase lysosome acid 
lipase (LAL)-mediated lipolysis to generate FA 
for FAO [26]. Under optimal conditions, lipoly-
sis is not the necessary metabolic event for T 
cells. However, upon nutrient deprivation, lipol-
ysis could provide a large amount of energy to T 
cells in the tumor microenvironment. Lipolytic 
machinery in Tmem cells differs from those in adi-
pocytes, which involves critical enzymes like 
adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) [27]. More evi-
dences have also displayed that the transcription 
factor forkhead homeobox type protein O1 
(FoxO1) promotes Tmem differentiation by 
increasing lipolysis [26]. Processes of lipolysis 
or autophagy can degrade lipids not only to fuel 
OXPHOS but also for the generation of lipid sig-
naling molecules, such as lipid ligands that acti-
vate the PPAR pathway [28, 29]. This futile 
metabolic cycling of FAS and FAO, which has 
been documented in muscle and adipose tissue, 
confers lymphocytes the advantage of extremely 
rapid activation [27].

The importance of fatty acid metabolism in 
CD8+ memory T cells can also be found in mice 
that lack tumor necrosis factor receptor- associated 
factor 6 (TRAF6), which shows compromised 
CD8 Tmem generation but normal activation and 
expansion of CD8 Teff. TRAF6 mainly stimulates 
AMP-activated protein kinase (AMPK) and inhib-
its mTOR signaling in CD8+ T cells, thereby 
increasing fatty acid oxidation [28]. AMPK is a 
cellular energy sensor and controller of FAO; it 
inhibits acetyl-CoA carboxylase 2 (ACC2) by 
phosphorylation, thus promoting the oxidation of 
long-chain fatty acid. These studies suggested that 
FAO is instrumental in the generation of CD8+ 
memory T cells. Without FAO, the differentiation 
of Tmem cells will be hindered [30]. However, Raud 
et  al. noticed that at high concentration (40–
200  μM), etomoxir, a widely used inhibitor of 
long-chain fatty acid oxidation by CPT1a, may 
have an off-target effect as affecting the abundance 
of TCA cycle intermediates [31]. Thus, it reminds 
us that attention should be paid in the concentra-
tion of chemicals used in metabolic research.

Tmem cells also obtain lipids to sustain FAO in 
the long term, though in a relatively smaller 
amount compared with CD8+ Tmem cells [26]. 
Consistent with recent findings, IL-7 induces the 
expression of aquaporin 9 (AQP9), which trans-
ports glycerol into the cells. Elevated expression 
of AQP9 leads to glycerol uptake and lipogene-
sis, sustaining the level of TAG in memory CD8+ 
T cells. Exogenous glycerol serves as potential 
fuel sources for the synthesis of triacylglycerides 
and ATP and for the activation of mTORC1 and 
expression of c-Myc [32].

The difference of mitochondria between Tmem 
and Teff cells may also be the mechanism underly-
ing the distinct lipid metabolism of Tmem. Teff cells 
have morphologically distinctive mitochondria, 
which are scattered in the cytoplasm, while the 
mitochondria of Tmem cells maintain densely 
packed and transform into fused tubes. Through 
the study of Opa1 floxed mouse model, fusion 
protein Opa1 is found to be instrumental in Tmem 
generation after infection but not to Teff cells [33]. 
Inducing mitochondrial fusion in Teff cells makes 
it more similar to Tmem cells, improving their anti-
tumor function. Also, CD8 Tmem cells have more 
mitochondrial mass. Therefore, when CD8+ Tmem 
cells differentiate into secondary Teff cells, they 
have higher levels of ATP than primary effector T 
cells and develop robust immune response [21]. 
It is also suggested that the difference in cristae 
morphology between Tmem and Teff is linked to 
their metabolism adaption. Fusion of mitochon-
dria in Tmem cells remodels the electron transport 
chain (ETC) complex to favor OXPHOS and 
FAO. In contrast, fission of mitochondria in Teff 
cells leads to ETC inefficiency, increasing aero-
bic glycolysis [33, 34].

The tissue-resident CD8+ memory T cells 
(Trm) are a recently identified subpopulation of 
memory CD8+ T cells that do not circulate in the 
blood and are primarily inhabited in nonlym-
phoid tissues, such as the skin and intestine. The 
infiltration of Trm leads to better clinical outcomes 
in various types of human cancers, including 
lung cancer. Trm cells appear to play a role in 
tumor-specific T cell response [35]. Elevated 
level of lipid in the external environment of Trm 
cells greatly influences their metabolism. Several 
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metabolism-related surface molecules like low- 
density lipoprotein receptor (LDLR), ApoE, 
scavenger receptor CD36, and fatty acid binding 
proteins (FABP) 4 and 5 are highly expressed on 
intestinal Trm cells to transfer lipids from the 
extracellular space to cytosol. FABPs regulate 
fatty acid influx and transfer free fatty acid (FFA) 
to mitochondria, providing the substrate for the 
FAO.  Furthermore, FABP4 reduces cholesterol 
ester accumulation via inhibition of PPARγ path-
ways. Both FABP4 and FABP5 have a critical 
role in the maintenance, longevity and function 
of CD8+ Trm cells [36]. All the evidence suggest 
that Trm have specialized lipid metabolism when 
compared with traditional Tmem [37–39].

10.2.2  CD4+ T Cells

The proper differentiation of CD4+ T cells into 
effector cells and suppressive cells provides a 
balance between protective immune response 
and excessive inflammation. CD4+ T cells differ-
entiate into effector T cells, i.e., Th1, Th2 and 
Th17, or inducible regulatory T cell (Treg), pro-
viding protection against a wide range of patho-
gens and “nonself” cells, including tumor cells 
[40].

The differentiation of CD4+ T cells is finely 
tuned by a complex network including cytokine 
signaling, transcription factors, as well as meta-
bolic programs. The differentiation of CD4+ T 
cells to Teff and Treg cells shows distinct meta-
bolic programs. Th1, Th2 and Th17 cells are 
highly glycolytic, while Treg cells favor 
enhanced lipid oxidation rates [41]. Changes in 
metabolic program as enhanced glycolysis or 
lipid oxidation can affect the differentiation of 
CD4+ T cells. In a recent study, Michalek et al. 
found the cytokine production of Th1, Th2 and 
Th17 is  inhibited by promoting lipid oxidation 
with the addition of exogenous fatty acid dur-
ing initial T cell activation. Instead, Treg cells 
have slightly increased expression of lineage-
specific transcription factors Foxp3. Exogenous 
FA reduced the number of viable Th1, Th2 and 
Th17 cytokine production cells. The compro-
mised function of CD4+ T cells cannot be res-

cued by adding cytokines like IL-12, IL-4, or 
TGF-β, respectively. This might be explained 
by the different metabolic programs in CD4+ T 
cell subsets; Teff cells mainly utilize glucose as 
energy source, while Treg cells more favor lipid 
as energy source [41].

The cellular fatty acid level also controls the 
differentiation of Th17 and Treg cells. Cellular 
fatty acids are mainly from de novo synthesis and 
exogenous uptake. Inhibition of ACC1 not only 
blocks de novo fatty acid synthesis but also inter-
feres with Th17 differentiation. Th17 cells rely 
on ACC1 for the production of phospholipids, a 
critical component of cellular membranes. 
Meanwhile Treg cells use exogenous fatty acids 
for phospholipid supply. Evidence suggests that 
in the tumor tissue, where most of the fatty acids 
are consumed by tumor cells, exogenous fatty 
acid deficiency impedes Treg response and pro-
motes Th17 response [4, 7, 42].

AMPK/mTOR signaling axis have been previ-
ously demonstrated to regulate the metabolism 
and differentiation of CD4+ T cells into Teff or 
Treg cells. T cell activation increases glycolysis 
and reduces FAO with mTOR signaling [41, 43]. 
Inhibition of mTOR signaling results in elevated 
oxidation of fatty acid [44] and promotes Treg 
differentiation. In the presence of TGF-β, 
rapamycin resulted in an elevated level of Treg 
cells. Further study showed that etomoxir, a 
CPT1a inhibitor, reduced rapamycin induction of 
Treg cells. Upon mTOR inhibition, the differen-
tiation of Treg subset requires lipid oxidation to 
support increased energy requirement [41]. As 
illustrated in mTOR-deficient mice, lack of 
mTOR severely impairs the differentiation of 
effector T cell subsets. Both natural and inducible 
Treg cells exhibited elevated levels of AMPK 
phosphorylation and activation compared with 
Teff and naive CD4+ T cells [45, 46]. Metformin is 
the activator of AMPK, the administration of 
which leads to increased FAO and increased Treg 
cells [30]. Together, co-treatment of CD4+ T cells 
with rapamycin and metformin to inhibit mTOR 
and activate AMPK results in increased lipid oxi-
dation [41].

Non-alcoholic fatty liver disease (NAFLD) is 
an important risk factor for predicting hepatocel-
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lular carcinoma (HCC), which is characterized 
by the accumulation of lipid. It is found that 
increased fat deposition in the liver may induce 
selective apoptosis of CD4+ T cells. Lipid-laden 
hepatocytes release linoleic acid (C18:2), which 
is taken up by CD4+ T cells and upregulates 
CPT1a expression [47]. By feeding mice with a 
diet rich in linoleic acid, the same phenomenon 
can be seen in CD4+ T cells inhabited in the liver. 
Additionally, it has been demonstrated that the 
level of PPAR-α mRNA increases in human 
hepatocellular carcinoma. Studies also show 
PPAR-α, together with PGC-1, directly upregu-
late the transcription of CPT1a. There is no dif-
ference in the uptake of linoleic acid between 
CD4+ and CD8+ T cells. Nevertheless, the upreg-
ulation of CPT1a increases the transportation of 
linoleic acid into mitochondria, disrupting elec-
tron transport chain. Leakage of electron 
increased reactive oxygen species (ROS) led to 
cell death of CD4+ T cells. Taken together, release 
of linoleic acid leads to the loss of CD4+ T cells 
that facilitate tumorigenesis. Therefore, inhibit-
ing PPAR-α may reduce the expression of CPT1a 
and subsequent CD4+ T cell apoptosis to prevent 
HCC induced by NAFLD [48, 49].

10.2.2.1  CD4+ Regulatory T Cells
Accumulating evidence has revealed that regula-
tory T cell is an important part of TME in various 
types of cancers, such as skin, pancreas, breast 
and ovarian tumors in both humans and mice 
[50]. In contrast to the activated CD4+ effector T 
cells, nutrient-restrictive TME does not seem to 
impair the functions of Treg cells. As previously 
reported, regulatory T cell favors FAO and has a 
heightened level of AMPK [24]. Consistent with 
previous findings, inhibition of fatty acid trans-
port and oxidation, using sulfo-N-succinimidyl 
oleate (SSO) and etomoxir, results in a significant 
loss of Treg cells. Apart from the decrease of 
number, treatment with etomoxir and SSO also 
significantly suppresses the expression of mark-
ers of Treg cells, like Granzyme B, CD39 and 
NRP1 [51]. These results suggest that free FA 
may suppress immune response within tumors.

The increase in the production of FA by cancer 
cells and cancer-associated adipocytes makes lip-

ids the available fuel for Treg cells in the TME. The 
differentiation and survival of Treg cells are sup-
ported by FA uptake and catabolism [7]. In a 
mouse tumor model, Pacella et al. stained tumor-
infiltrating Treg cells with BODIPY, a fluorescent 
dye that enables the detection of lipids and other 
lipophilic compounds. It showed that increased 
intracellular lipid content accumulated in tumor-
infiltrating Treg cells. It seems like the Treg cells 
rely on FAS, rather than uptake of fatty acid, to 
build up the lipid storage, which is similar to Tmem. 
Recent studies found that tumor- infiltrating Treg 
cells prefer to use glycolysis to fuel fatty acid syn-
thesis. Gene set enrichment analysis showed that 
genes associated with glycolysis and lipid biosyn-
thesis have heightened expression in tumor-infil-
trating Treg cells extracted from liver cancer [52].

Other bioactive lipids, such as steroids, 
sphingolipids and fat-soluble vitamins, can also 
affect the function of Treg cells [50, 53–55]. 
Sphingosine 1-phosphate (S1P) is an important 
regulator of many biological processes. Both the 
number of tumor-infiltrating Treg cells and the 
expression of sphingosine 1-phosphate receptor 
1 (S1P1, one of the five G protein-coupled 
receptors of S1P) were substantially enhanced 
in bladder cancer tissues. There is a strong and 
positive correlation between the expression of 
S1P1 and the number of tumor-infiltrating Treg 
cells. S1p1 induced the secretion of TGF-β and 
IL-10 and promoted the generation of cancer-
associated inducible Treg (iTreg) and recruit-
ment of natural regulatory T cells (nTreg). 
Survival analysis showed that increased levels 
of both S1P1 and Treg cells are linked to shorter 
overall survival and poor prognosis in bladder 
cancer patients [56, 57].

10.2.2.2  CD4+ Th17 Cells
CD4+ T helper 17 cells are a subset of the pro- 
inflammatory T cells which are characterized by 
RAR-related orphan receptor gamma (RORγ). 
RORγ is the master transcriptional regulator of 
Th17 cells. Th17 cells exhibit great diversity in 
the roles they play in the immune system, most 
prominently serving as a controversial double- 
edged sword in cancer. For one thing, Th17 cells 
are responsible for impairing tumor surveillance, 
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and inducing immunosuppression and tumor 
growth. For another, they can also mediate pro-
tective antitumor immunity through recruiting 
immune cells into tumors, which shows great 
advantage for cancer immunotherapy like adop-
tive cell transfer (ACT) [58].

As a regulator of lipid metabolism, CD5L is 
found to be the switch that controls the transition 
between pathogenic and nonpathogenic Th17 
cells [59]. Pathogenic Th17 cells express more 
pro-inflammatory genes, while nonpathogenic 
Th17 cells mainly express immunosuppressive 
genes [60]. CD5L is primarily expressed in non-
pathogenic Th17 cells. And the knockdown of 
CD5L skewed Th17 cells phenotype toward 
disease- inducing Th17 cells by regulating the 
lipidome of Th17 cells. As a result of CD5L dele-
tion, the lipid profile of Th17 cells changes 
remarkably, increasing the level of cholesterol 
ester and the ratio of saturated fatty acid (SFA). 
CD5L restricts the synthesis of cholesterol, 
which has been linked to the production of 
endogenous RORγt ligand. Moreover, CD5L 
manipulated the binding of RORγ to the pro-
moter of different genes by altering the composi-
tion of lipids in the cell. SFA increased RORγ 
binding to Il17 and Il10 gene locus, while poly-
unsaturated fatty acid promoted RORγ binding to  
Il10 CNS-9 locus. Therefore, CD5L regulated the 
expression of IL-17, IL-23, and IL-10. Also, 
CD5L controlled the cholesterol and long-chain 
fatty acid biosynthetic pathways, subsequently 
affecting the transcriptional activity of RORγ and 
pathogenicity of Th17 cells [61].

In mice fed with a high-fat diet (HFD), Th17 
cells showed significant upregulation of genes in 
the lipid metabolic pathways in gene ontology 
analysis. HFD induces the expression of genes 
related to FAS, including Acaca. ACC1 is 
encoded by Acaca, which is found to control the 
differentiation of Th17 cells. The differentiation 
of Th17 cells was significantly declined when 
ACC1 was inhibited by 5-(tetradecyloxy)-2- 
furoic acid. It was found that ACC1 modulated 
the specific binding of RORγt to control the func-
tions of RORγt in Th17 cells [62].

Interestingly, liver X receptors (LXR) sup-
press Th17 differentiation. LXR ligands nega-

tively regulate mouse [44] and human [46] Th17 
differentiation. This is in part due to the LXR 
promoting the expression of sterol regulatory ele-
ment binding protein 1 (SREBP1). SREBP1 is 
subsequently recruited to the E-box element of 
the Il17 promoter. Aryl hydrocarbon receptor 
(AHR) also binds to the promoter of Il17, enhanc-
ing Th17 polarization [46]. SREBP1 interferes 
with the binding of AHR and Il17. It appears that 
LXR mediates the suppression of Th17 cells 
through the interference with AHR [63, 64].

The crosstalk between the gut microbiome 
and bile acid (BA) has emerged as a critical regu-
lator of T cell function in the digestive tract. 
Primary bile acids are derivatives of cholesterol 
synthesized by the hepatocyte, and secondary 
bile acids are converted by microbes from pri-
mary bile acids. According to recent studies, gut 
microbiota has high prognostic value in predict-
ing the risk and progression of gastrointestinal 
cancers [65, 66]. MDR1 (ABCB1) is widely rec-
ognized to be responsible for the drug resistance 
to chemotherapy. MDR1 is also widely expressed 
in intestinal Teff cells. Bile acid could be toxic to 
T cells at high concentrations. In order to adapt to 
the environment of the intestine, Teff cells inhabit-
ing in the ileum upregulate Mdr1 to maintain 
homeostasis in the face of conjugated bile acids. 
Teff cells lacking Mdr1 display mucosal dysfunc-
tion in the ileum and displayed increased TNF 
and IFN-γ expression [66].

Lithocholic acid (LCA) is a secondary bile 
acid formed in the intestine. In a screening of 
more than 30 kinds of bile acid metabolites, two 
types of lithocholic acid were found to affect the 
differentiation of Th17 and Treg cells. 3-OxoLCA 
inhibited the differentiation of Th17 cells, reduc-
ing the expression of IL-17a by interacting with 
RORγt ligand-binding domain. Additional isoal-
loLCA led to increased production of mitoROS 
to enhance the differentiation of Treg cells, 
through increasing Foxp3 expression [67].

10.2.2.3  CD4+ Effector Memory T Cells
Compared with the central memory T cells men-
tioned above, CD4+ effector memory T cells have 
limited ability to conduct FAS and FAO. In order 
to simulate the tumor microenvironment, research-
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ers have created a special medium, which is chem-
ically defined as serum-free. The activated CD4+ T 
cells grown in optimal glucose have a large num-
ber of lipid droplets. When subsequently placed in 
low-glucose conditions, lipid droplets are con-
sumed as fuel for CD4+ T cells. However, things 
are a little different for Tem cells, which do not 
upregulate FAS in optimal glucose concentration 
and possess much fewer lipid droplets. Also, inhi-
bition of fatty acid synthesis and uptake produced 
little or no change in Tem expansion [26]. It sug-
gests that the expansion and function of Tem are 
largely independent of fatty acid metabolism. In 
low glucose, Tem cells could convert some of the 
glutamine imported from the medium into fatty 
acids. Using citrate labeled with four heavy carbon 
isotopes to examine how glutamine is utilized, it is 
discovered that a very low level of glutamine is 
routed to FAS in effector memory T cells [68].

Apart from the ability to expand, Ecker et al. 
noticed a strong correlation between the effector 
activity of Tem cells and fatty acid metabolism. 
Upon glucose deprivation, naive T cells and Tcm 
cells increased FAS, which resulted in a drop of 
IFN-γ secretion. If the FAS of naive T cells was 
inhibited, naive T cells dramatically upregulated 
IFN-γ. As mentioned above, the lipid metabolism 
of Tem cells remained largely unchanged when 
they were facing glucose starvation. At the same 
time, Tem cells maintained a relatively high level 
of IFN-γ, which further illustrated the limited 
ability of Tem cells to metabolize fatty acid [68].

10.2.3  Exhausted T Cells

T cells usually drift into exhausted status in the 
tumor, which is represented by a group of T 
cells with impaired function and sustained 
expression of inhibitory receptors [69, 70]. For 
instance, the expansion ability of CD8+ T cells 
was severely impaired because of chronic infec-
tion [70]. The dysfunction of exhausted T cells 
is related to the co-expression of multiple inhib-
itory receptors, including cytotoxic T lympho-
cyte antigen 4 (CTLA-4), lymphocyte activation 
gene 3 (LAG- 3), T cell immunoglobulin and 

mucin-containing gene 3 (Tim-3) and pro-
grammed death-1 (PD-1). A good example is 
that the CD8+ TILs isolated from diet-induced 
obese (DIO) mice express more PD-1, Tim-3, 
and Lag3 [71]. The upregulation of these mole-
cules also regulates the lipid metabolism of 
exhausted T cells (Tex) in the tumor [72, 73].

PD-1 expression is one of the characteristics 
of T cell exhaustion; its signaling favored the oxi-
dation of fatty acid for T cells while inhibiting the 
transport and utilization of amino acid and glu-
cose in vivo. Similar to the long-lived CD8+ Tmem, 
T cells with PD-1 ligation had a substantial mito-
chondrial reserve to produce more energy, as 
shown by higher level of spare respiratory capac-
ity. To be more specific, PD-1 inhibited PI3K 
activity, thereby inducing the expression of 
CPT1a [74]. Moreover, the level of FASN was 
greatly increased since the stimulation of PD-1. 
Therefore, T cells have altered lipid metabolism 
after incubation with PD-1, which is character-
ized by elevated lipolysis and FAO [75].

Meanwhile, PD-1 can promote the differen-
tiation of Treg cells, which suppress Teff func-
tions [5, 72, 76]. PGC-1α expression is repressed 
by PD-1 through PI3K-Akt and mTOR path-
ways on the initial stage of the infection of the 
lymphocytic choriomeningitis virus (LCMV), 
leading to the mitochondrial depolarization. 
PGC-1α expression was enhanced in the absence 
of PD-1, and retroviral expression of PGC-1 
could partly rescue the mitochondrial function 
of Teff [29].

Tnfrsf9 (4-1BB or CD137) is expressed after T 
cell activation, which stimulates cell differentia-
tion and survival [77]. LAG-3 functions as an 
inhibitory receptor. In humans, tumor-infiltrating 
CD8+ T cells separated from melanoma co-
expressed 4-1BB and LAG-3 [78]. Activating 
4-1BB with agonistic anti-4-1BB antibody dem-
onstrated potent antitumor effects in murine tumor 
models [79]. The stimulation of 4-1BB increased 
the metabolism of glucose and fatty acids, which 
were important for cell proliferation. The signal-
ing pathway liver kinase B1 (LKB1)-AMPK-ACC 
was activated by anti-4-1BB treatment, which sup-
ported the energy need of T cells [80].
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10.2.4  γδ T Cells

γδ T cells are a unique subset of T cells, which 
are usually regarded as innate immune cells. γδ T 
cells have been reported to play a controversial 
role in different types of cancer [81]. In humans, 
the majority of γδ T cells express the Vγ9Vδ2+ 
TCR [82]. γδ T cells can recognize and respond 
to the presentation of lipid antigens [83], cancer 
cell-derived antigens [84] and mevalonate metab-
olites in tumor cells [85, 86]. Non-peptide anti-
gens like phosphoantigens (such as isopentenyl 
pyrophosphate, IPP), which are derivatives of the 
metabolites of bacterial isoprenoid biosynthesis 
or the mevalonate pathway, can selectively acti-
vate Vγ9Vδ2+ T cells [87]. Vγ9Vδ2+ T cells are 
also activated by accumulated phosphorylated 
mevalonate metabolites due to dysregulated mev-
alonate pathway in tumor cells [86].

LDL cholesterol has been identified as a risk 
factor for breast cancer proliferation and invasion 
[88]. Rodrigues et  al. showed that upon activa-
tion, up to 30% of Vγ9Vδ2+ T cells expressed 
LDLR to internalize LDL cholesterol. Although 
about 30% Vγ9Vδ2+ T cells express LDLR upon 
activation in tumor microenvironment, the accu-
mulation of cholesterol inhibits activation and 
antitumor function of Vγ9Vδ2+ T cells, including 
the expression of IFN-γ. As shown in a tumor- 
bearing mouse model, LDL-cholesterol 
compromised the capacity of Vγ9Vδ2+ T cells to 
control the growth of breast cancer [89].

27-hydroxycholesterol (27HC) is oxysterol, 
which serves as an endogenous estrogen recep-
tor. 27HC has been found to be a predictive 
marker of breast cancer progression [90]. 27HC 
could promote metastasis in several models of 
mammary cancer. Inhibition of CYP27A1, a 
rate-limiting enzyme in 27-hydroxycholesterol 
biosynthesis, led to less metastasis by decreas-
ing 27HC.  In the presence of polymorphonu-
clear neutrophils (PMNs), 27HC stimulated the 
proliferation of γδ T cells. Therefore, more 
PMN and γδ T cells infiltrated in tumors, facili-
tating further recruitment and creating positive 
feedback. Also, PMN and γδ T cells suppressed 
the tumor-infiltrating CD8+ T cells within 
tumors and metastatic lesions [85].

10.3  Cholesterol Metabolism 
of Tumor-Infiltrating T Cells

Cholesterol is a key component of the cell mem-
brane and a precursor for steroid hormone [91, 
92]. Cholesterol metabolism is mainly regulated 
by two transcription factors: one is SREBPs, 
which induce the expression of proteins that pro-
mote cholesterol uptake and synthesis, such as 
LDLR and hydroxymethylglutaryl coenzyme A 
reductase (HMGCR), and the other one is LXRs, 
which control the efflux of cholesterol. LXRs 
regulate the synthesis of ATP-binding cassette 
transporter ABCA1, ABCG1, and inducible 
degrader of LDLR (Idol). LXRs inhibit the 
LDLR pathway through transcriptional induction 
of Idol, which triggers the ubiquitination and 
subsequent degradation of LDLR [93].

It is widely known that the activation and 
expansion of T cells require increased uptake and 
de novo synthesis of cholesterol for membrane 
formation. Therefore, cholesterol efflux path-
ways can limit cell expansion [94]. Bensinger 
et al. reported that the activation of T cell induced 
the expression of oxysterol-metabolizing enzyme 
sulfotransferase family 2b member 1 (Sult2b1) to 
suppress LXR pathway [95]. Oxidized choles-
terol derivatives (oxysterols) can activate LXRs 
[96], and Sult2b1 promoted the sulfation of oxy-
sterols, thus reducing the available ligand of 
LXR. For further study, they used radioactive iso-
tope to label the substrate to detect cell division. 
T cells with LXRβ knockdown displayed higher 
division speed compared with wild-type T cells. 
A similar phenomenon can be found in lympho-
cytes lacking LXRβ expression that showed 
increased homeostatic proliferation [64]. As dis-
cussed above, LXR depended on ABCG1 to reg-
ulate sterol trafficking. In order to suppress cell 
proliferation, LXRβ stimulated ABCG1 and sub-
sequently reduced cholesterol level in T cells. 
Therefore, Sult2b1-LXR-ABCG1 axis plays an 
important role in the proliferation of T cells by 
manipulating cellular cholesterol metabolism.

As mentioned above, LDLR mediates choles-
terol uptake of tumor-infiltrating T cells [97]. In 
the tumor microenvironment, T cells increased 
the capacity of cholesterol uptake. Surprisingly, 
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an elevated level of cholesterol in tumor- 
infiltrating CD8+ T cells was linked to the expres-
sion of inhibitory receptors, such as PD-1, 2B4, 
TIM-3, and LAG-3 [98]. Ma et al. treated CD8+ T 
cells with different concentrations of cholesterol 
and supernatant of tumor culture. Consistent with 
previous findings, cholesterol induced immune 
checkpoint expression in a dose-dependent man-
ner. Addition of cholesterol increased ER stress 
and disrupted lipid metabolism in T cells. In 
response to that, T cells upregulated the tran-
scription of XBP1, an ER stress sensor, and that 
of PD-1 and 2B4. XBP1 was also a transcription 
factor, binding to the promoter of pdcd1 and 
CD244. Overexpression of XBP1 led to a higher 
level of PD-1, 2B4, TIM-3, and LAG-3. So rea-
sonably, inhibiting XBP1 restored the antitumor 
activity of CD8+ T cells, so was reducing choles-
terol [99].

CD8+ T cells that are skewed toward the phe-
notype of producing IL-9 (Tc9) have been recog-
nized as a target for adoptive cancer 
immunotherapy [100]. The mechanism underly-
ing the antitumor function of Tc9 cells may be 
the low concentration of cholesterol in Tc9 com-
pared with Tc1. As already noted, Tc9 cells had 
considerably lower expression of genes involved 
in cholesterol synthesis, such as Hmgcr. 
However, Tc9 cells had an active expression of 
cholesterol efflux genes like Abca1 and Abcg1. 
The expression of IL-9 was important for Tc9 
cells to maintain the antitumor activity. 
Cholesterol in Tc9 cells significantly affected 
IL-9 expression and the antitumor function. 
Further studies revealed that all oxysterols, 
except for 22(S)-hydroxycholesterol, inhibited 
IL-9 expression by activation and sumoylation 
of LXR. LXR sumoylation inhibited the binding 
of p65, a transcriptional factor, to Il9 promoter. 
In summary, cholesterol adversely affected the 
antitumor function of Tc9 cells through modu-
lating IL-9 [101].

However, increasing the membrane choles-
terol level could augment the antitumor function 
of CD8+ tumor-infiltrating T cells. ACAT1 and 
ACAT2 are key enzymes of cholesterol esterifi-
cation. Inhibition of ACAT1 and ACAT2 or 
ACAT1 alone in T cells resulted in enhanced 

effector function, characterized by increased 
cytotoxicity. Further studies conducted in geneti-
cally engineered mice showed similar results in 
CD8+ but not CD4+ T cells, which may be owing 
to different metabolic programs. In the mela-
noma model, ACAT1-deficient CD8+ tumor- 
infiltrating T cells generated potent antitumor 
activity. This was due to the increase of the 
plasma membrane cholesterol level of CD8+ T 
cells, which causes enhanced TCR clustering and 
signaling as well as a more efficient formation of 
the immunological synapse [102, 103]. Therefore, 
the inhibition of ACAT1 strengthened the antitu-
mor function of CD8+ T cells through elevated 
membrane cholesterol content [104].

10.4  Oxygen Deprivation 
in Tumor Affects Lipid 
Metabolism in Tumor- 
Infiltrating T Cells

Recent studies suggested that the nutrient- 
restrictive TME dampens lymphocyte’s viability 
and regulates their differentiation. Hypoxic areas 
are common within solid tumors, as angiogenesis 
often lags behind the rapid expansion of tumors. 
The average oxygen level in tumors ranges from 
0.5 to 5%, which is lower than that in most 
healthy organs. Worse still, lack of O2 prevents T 
cells from producing energy through OXPHOS 
[8]. As a consequence, some T cells like Treg 
cells increase lipid metabolism.

Hypoxia-inducible factors (HIF-1 and HIF-2) 
are key transcriptional factors induced by hypoxic 
pressure. The expression of HIF-1 increased 
exponentially at low oxygen levels [105, 106]. 
HIF-1 and HIF-2 have been reported to mediate 
hypoxic responses, driving angiogenesis, glycol-
ysis and tumor invasion [72].

Recently, some studies have demonstrated 
that HIF-1α served as a metabolic checkpoint to 
regulate the differentiation of CD4+ T cells. 
Although differentiated from the same precursor, 
naive CD4+ T cells, Th17 and Treg cells expressed 
distinct transcriptional regulators (RORγt versus 
Foxp3, respectively), leading to their opposing 
functions (pro-inflammatory versus anti-inflam-
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matory). The precursor of these T cells co-
expresses RORγt and Foxp3. Upon activation, 
molecular cues such as HIF transform these cells 
until one of them becomes the dominant tran-
scriptional regulator. Foxp3 activates a large bank 
of genes that mediate the suppressive phenotype 
of Treg [51, 107]. RORγt regulates the develop-
ment of Th17 cells, which is linked to many auto-
immune disorders [108].

In a HIF-1α knockout mouse model, it is 
found that the transcription and translation of 
RORγt were upregulated in T cells to promote 
Th17 differentiation. In addition, HIF-1α inhib-
ited the differentiation of Treg through degrading 
Foxp3 protein rather than Foxp3 mRNA [109]. 
Other studies have also proved that HIF-1α pro-
moted the differentiation of Th17 cell through 
affecting their metabolism. Shi et al. found that 
deficiency in HIF-1α resulted in the diminished 
glycolytic activity. It was indicated that HIF-1α 
mediated the increase in glycolytic activity, pro-
moting Th17 differentiation [110]. On the other 
hand, some studies suggest that HIF-1α may pro-
tect Treg cells from glucose deprivation in tumor, 
as HIF-1α promotes tumor-infiltrating Treg cells 
to utilize free fatty acid [24]. Treg cells will uti-
lize lipid metabolism to thrive in glucose depriva-
tion environments, suggesting the metabolic shift 
may be responsible for their survival within 
tumors. For example, under a hypoxic situation, 
the transcription of Foxp3 in naive CD4+ T cells 
upregulated more than tenfold [111]. Miska et al. 
reveal that the suppressive function of Treg cells 
is maintained by the lipid uptake and oxidation 
program under hypoxia. Hif1a−/− Treg cells have 
a higher basal oxygen consumption rate (OCR), 
maximal OCR, and ATP-linked respiration than 
wild-type Treg cells after incubation in 1% oxy-
gen. However, there were no significant differ-
ences in the composition of the metabolite of 
freshly sorted Treg cells from both types of mice. 
It suggested that the metabolic change in Hif1a−/− 
Treg cells was due to the hypoxic environment. 
Further studies showed that tumor-infiltrating 
Treg cells dramatically increased the uptake of 
fatty acid compared with glucose within the gli-
oma environment. HIF-1α is known to transport 
intracellular free fatty acid into lipid droplets. 

Inhibition of lipid metabolism using etomoxir 
abolished immunosuppression in Hif1a−/− Treg 
cells. After the injection of Hif1a−/− and wild-
type Treg cells in tumor-bearing mice, the authors 
found that the ability of Hif1a−/− Treg cells to 
infiltrate the tumor was ablated. And Hif1a−/− 
tumor-bearing mice had prolonged survival. In 
conclusion, this suggested that HIF-1α promotes 
lipid metabolism in Treg cells, which is signifi-
cant for its suppressive capability in the tumor 
[51]. However, there are conflicting views on the 
impact of HIF on Treg cells. Dang et al. showed 
that HIF-1α induced the degradation of Foxp3 
protein, inhibiting Treg differentiation, while  
knockout of HIF-1α restored the Foxp3 stability 
[109]. It has been well established that HIF-1α 
degrades in an ubiquitin-dependent manner via 
proline hydroxylation at amino acid positions 
402 and 564 by prolyl hydroxylases (PHDs). 
Researchers co-transfected 293T cells with 
Foxp3 and a HIF-1α mutant in which prolines 
402 (p402A) and 564 (p564A) were mutated to 
alanines. In this way, 293T cells expressed 
HIF-1α protein that was resistant to posttransla-
tional modification and subsequent degradation. 
The expression of mutant HIF-1α was incompe-
tent to induce Foxp3 degradation in 293T cells 
[107]. Therefore, the normal expression of 
HIF-1α in T cells mediated the suppression of the 
development of Treg through the degradation of 
Foxp3. Inhibition of protease increased Foxp3 
protein stability, suggesting that HIF-1α medi-
ates the proteasomal degradation of Foxp3 [112].

10.5  Tumor Cell-Derived Lipids

Tumor cells constantly interact with the sur-
rounding environment in order to sustain their 
survival and growth. Some types of tumors can 
release large quantities of prostaglandin and 
other kinds of lipids into TME [113, 114]. These 
metabolites can greatly influence TME and 
induce the loss of function in TILs. For example, 
in a study including 22 breast cancer patients, 
high levels of unbound free fatty acids (FFAu) 
are found in cancer tissue. To be more precise, 
the concentration of FFAu increased to at least 
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25  nM in most of the samples and exceeded 
100 nM in 11 patients. The rise of free fatty acids 
in plasma membrane decreases membrane fluid-
ity, and disrupts lipid raft and immune synapse 
formation [114]. The IC50 for unbound oleate is 
125  ±  30  nM, 200-fold greater than normal 
plasma levels, which is lower than that in some 
of the samples. In vitro studies showed that ele-
vated levels of FFA are released from tumor cells 
within minutes of CTL attack [115, 116]. 
Another study showed that with the treatment of 
oleic acid or linoleic acid, proliferation of lym-
phocytes was enhanced at 25 mM, and inhibited 
at higher concentrations (75 and 100 mM). Both 
fatty acids promoted cell death at 200 mM con-
centration [117].

What’s more, cancer cell is not the only 
source of the FFAu in tumor tissue. In order to 
promote their own growth, tumor cells function 
as metabolic parasites to extract energy from 
tumor stromal cells, such as fibroblasts and adi-
pocytes [118, 119]. Cancer-associated adipo-
cytes exhibited a constant loss of lipid content 
following the initial crosstalk with tumor cells. 
FFAs could be released from these adipocytes 
through lipolysis. Then FFAs were transferred to 
cancer cells and stored in the lipid droplets as a 
source of energy. The transfer of lipids from host 
cells can be seen in both prostate [120] and ovar-
ian cancer [121, 122].

Considering all the negative effects of FFAu, it 
comes as no surprise that obesity also impairs the 
function of TILs. To investigate the effect of obe-
sity, mice were divided into two groups. In the 
control group, mice were fed with a diet contain-
ing 10% fat, in contrast to a 60% fat diet in diet-
induced obese (DIO) group. Tumor- infiltrating T 
cells in DIO mice had higher expression of PD-1, 
causing T cell dysfunction. Consistent with that, 
the expression of CPT1a was also upregulated in 
the CD8+ T cells of DIO mice. CPT1a was upreg-
ulated in early exhausted T cells after infection, 
regulating fatty acid oxidation [29]. Similar 
results were observed with 4T1 breast carcinoma 
cells in DIO mice, demonstrating that the correla-
tion between obesity and T cell dysfunction exists 
across strains and tumor types [71].

10.5.1  Prostaglandins (PG)

Tumor cell-derived lipid mediators such as pros-
taglandin also serve to build an immunosuppres-
sive TME.  Arachidonic acid, the precursor of 
prostaglandin (PG), is converted by cyclooxy-
genase (Cox) enzymes Cox-1 and Cox-2 to pros-
taglandins, prostacyclins, and thromboxanes. 
COX-2/PGE2 can affect tumor progression 
through interaction with tumor-infiltrating Treg 
and Th17 cells.

There is a metabolic crosstalk between tumor 
cells and Treg through tumor-derived prostaglan-
dins. High level of Cox-2 expression is correlated 
with tumorigenesis and tumor neovascularization 
in human prostate cancer [123, 124]. Cox-2 
expression is enhanced in diverse tumor entities, 
such as bone, stomach, pancreatic, lung, breast, 
and colorectal cancers and ductal pancreatic ade-
nocarcinomas (PDAC) [125–128]. Overexpression 
of Cox-2 in the tumor results in increased produc-
tion of PGE2, which in turn increased the sup-
pressive ability of Treg [129]. Furthermore, 
tumor-derived COX-2/PGE2 promoted tumor-
infiltrating Treg cell activity by inducing the 
expression of Foxp3 [130]. The accumulation of 
Foxp3-positive Treg cells led to immune suppres-
sion in gastric tumors. Moreover, elevated Foxp3 
expression in Treg cells was linked to the advanced 
stage of gastric cancer [131].

These tumor-infiltrating Treg also suppressed 
the antitumor function of CD8 αβ T cells, as 
shown by the decrease of viability in CD8+ T 
cells [128]. Moreover, in response to the cyto-
toxic activity of γδ T cells, PDAC cells released 
PGE2, which bounds to prostaglandin E2 and E4 
receptors on the γδ T cells. PGE2 inhibited γδ T 
cells by cyclic adenosine monophosphate 
(cAMP)-mediated protein kinase [132–135]. 
Through the PGE2-cAMP pathway, PGE2 also 
induced the expression of Tim-3, which is an 
inhibitory receptor of exhausted T cells [136]. 
Also, PGE2 has been found to stimulate the dif-
ferentiation of Treg from naive CD4+ T cells 
[130]. Therefore, inhibiting the production of 
PGE2 abrogated the suppression of tumor-infil-
trating Treg and decreased the size of tumor.
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Additionally, Treg cells are found to be effec-
tive producers of PGE2 themselves [137, 138]. 
iTreg cells generated in PGE2-secreting tumor 
also released PGE2. These iTreg cells were 
strongly immunosuppressive and produced 
higher levels of PGE2 and adenosine [139].

Th17 cells have been recognized to cause 
chronic inflammation in the tumor microenviron-
ment. Qian et  al. found that Th17 cells were 
increased in the tumor tissues of mammary gland 
tumor-bearing mice. IL-23 has two subunits, p19 
and p40, which are important for the formation 
and maintenance of Th17 cells. Data indicated 
that tumor-secreted PGE2 enhanced the expres-
sion of IL-23. PGE2 is bound to the cAMP- 
response element in the p19 gene promoter, 
promoting p19 gene transcription and therefore 
the increase of Th17 cells [140].

10.5.2  Polyunsaturated Fatty Acids

Apart from prostaglandin, lipid-containing food 
like fish oil can also affect the lipid metabolism 
of TILs. Intake of fish oil, which is rich in marine 
ω-3 polyunsaturated fatty acids (PUFAs), includ-
ing eicosapentaenoic acid (EPA), docosahexae-
noic acid (DHA), and docosapentaenoic acid 
(DPA), modulates T cell activity in the 
TME.  PUFAs can alter the immune system 
through multiple ways, for example, by changing 
membrane lipid composition and signaling pro-
tein posttranslational lipidation like palmi-
toylation, myristoylation and prenylation. In 
addition, dietary DHA blunted the production of 
intracellular second messengers, like diacylglyc-
erol and ceramide [141].

Omega-3 polyunsaturated fatty acid supple-
mentation can modify the immune response and 
mammary carcinogenesis in murine models. In 
the control group, mice were fed on a diet with 
11% of corn oil (CO) compared with the experi-
mental diet containing 10% of menhaden fish oil 
(FO) and 1% of corn oil. FO significantly reduced 
the incidence and multiplicity of tumors in 
HER-2/neu mice. In comparison, FO-fed PyMT 
mice did not show any significant difference in 
the incidence and multiplicity of tumors. 

Similarly, lymphocytes in FO-fed HER-2/neu 
mice had greater ability to infiltrate the tumor, 
but not in FO-fed PyMT mice. The antitumor 
effect that fish oil possessed in HER-2/neu mice 
can be attributed by the increase in lymphocytes 
and tumor-infiltrating lymphocytes in FO-fed 
HER2/neu mice [142].

The positive effect of PUFA on immunity is 
further supported by human data. Two prospec-
tive cohort studies among 121,700 participants in 
the Nurses’ Health Study (NHS) (1984–2010) 
and 51,529 participants in the Health Professionals 
Follow-Up Study (1986–2010) showed that a 
high dose of marine ω-3 polyunsaturated fatty 
acids was associated with a lower risk of CRC 
accompanied with high-level Foxp3+ T cell infil-
tration. Intake of marine ω-3 polyunsaturated 
fatty acids downregulated the suppressive activ-
ity of tumor-infiltrating Treg cells [143].

Although EPA and DHA can reduce inflam-
mation associated with obesity and diabetes, high 
dose of EPA and DHA can be deleterious possi-
bly by generating a hyporesponsive host environ-
ment. Treatment of DHA and EPA at high 
concentration (100 μM) suppressed the prolifera-
tion and cytokine secretion of Th1 cells in a 
PPAR-dependent pattern. Pre-treatment of 
PPAR-gamma antagonist restored the function of 
Th1 cells [144].

10.6  Conclusion

The tumor microenvironment imposes meta-
bolic hurdles, such as hypoxia and glucose 
deprivation, to the survival and development of 
tumor- infiltrating lymphocytes, causing meta-
bolic reprogramming in them. In response to 
these challenges, T cells fine-tune their metabo-
lism to restrict tumor progression. Lipid metab-
olism is of great importance to regulate the 
function and cell fate decisions of T cells 
(Table 10.1).

Quiescent cells like naive T cells utilize fatty 
acids and amino acids interchangeably for 
energy. Notably, upon antigen recognition and 
co- stimulation, naive T cells are activated and 
differentiate into effector T cells. It is clear that 
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each T cell subset utilizes a metabolic program 
that is adapted to its function. Within the TME, 
CD8+ effector T cells significantly upregulate de 
novo fatty acid synthesis and uptake. With the 
contraction of the primary immune response, 
decreased glycolysis and increased lipid oxida-
tion can drive the enrichment of long-lived CD8+ 
memory cells [41].

CD4+ Th1, Th2 and Th17 cells expressed high 
surface levels of the glucose transporter Glut1 
and were highly glycolytic. The addition of lipids 

strongly inhibited the production of Th1, Th2 and 
Th17 cytokines. In comparison, Treg cells have 
activated AMPK signaling and rely on lipid oxi-
dation as a main energy source [41].

In order to escape immunosurveillance, tumor 
cells and cancer-associated adipocytes can gener-
ate an immunosuppressive environment through 
hypoxia and lipid secretion. High levels of FFA, 
prostaglandin and oxygen deprivation in the 
TME will dampen the antitumor activity of  
T cells.

Table 10.1 Impact of lipids in T cells

Lipid Cell type Impact Molecular mechanism References
Fatty acid CD4+ T cells Inhibit Th1, Th2, Th17 

cell differentiation
Decrease expression of 
lineage-specific 
transcription factors

[41]

Linoleic acid CD4+ T cells Induce selective apoptosis 
of CD4+ T cells

Increase CPT1a expression, 
resulting in increased 
leakage of electron and 
reactive oxygen species

[47–49]

Conjugated bile acid CD4+ T cells Maintain T cell 
homeostasis in the ileum

MDR1 alleviates oxidative 
stress

[66]

Cholesterol CD8+ T cells Increase ER stress, induce 
T cell exhaustion

Increase XBP1 to 
upregulate expression of 
the inhibitory receptors 
PD-1 and 2B4

[99]

27-Hydroxycholesterol 
(27-HC)

CD8+ T cells Decrease the number of 
cytotoxic CD8+ T cells in 
the tumor

Not fully illustrated [85]

Fatty acid Treg cells Promote Treg 
differentiation

Increase expression of 
FoxP3

[41]

Sphingosine 1-phosphate Treg cells Promoted generation of 
cancer-associated 
inducible Treg and 
recruitment of natural Treg 
cells

Induce secretion of TGF-β 
and IL-10

[57]

5-(tetradecyloxy)-2-Furoic 
acid

Th17 cells Inhibit Th17 cell 
differentiation

Impair the functions of 
RORγt through inhibiting 
ACC1

[62, 63]

3-OxoLCA Th17 cells Inhibit Th17 cell 
differentiation

Reduce IL-17a expression 
by interference with RORγt 
ligand-binding domain

[67]

IsoalloLCA Th17 cells Promote Th17 cell 
differentiation

Increase Foxp3 expression [67]

27-Dihydroxycholesterol 
(27-OHC)

Th17 cells Promote Th17 T cell 
differentiation

Increase IL-17 production 
dependent on RORγt

[63]

27-Hydroxycholesterol 
(27-HC)

γδ T cells Promote γδ T cell 
proliferation in the 
presence of PMNs to 
enhance tumor metastasis

Not fully illustrated [85]

22(R)-Hydroxycholesterol Tc9 cells Inhibit IL-9 production Increase activation and 
sumoylation of LXR to 
repress IL-9 expression

[101]
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Considering the fact that hypoglycemia and 
hypoxia are common in the TME, lipid metabo-
lism will play a more significant role in TILs. 
Extensive researches prove a synergistic antitu-
mor effect by combination of targeting lipid 
metabolism with traditional immunotherapy. 
Inhibitors of lipid metabolism, like statin and 
avasimibe, show great potential to reboost the 
antitumor ability of TILs in animal models. 
However, further research and clinical trials are 
needed to clarify the precise mechanism of these 
drugs. In summary, we believe that targeting lipid 
metabolic pathways will be a promising therapy 
with the prospect for further application.
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Lipid Metabolism and Tumor 
Antigen Presentation

Hong Qin and Yaxi Chen

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.

Keywords
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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).

MHC-I presentation MHC-II presentation
MHC-II/peptide

MHC-I/peptide

Peptide

Proteasome

Endogeneous
antigen

MHC-II/li

TAPER

Golgi

ER

Nucleus

Endosom

e

CIITA

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]. 
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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.
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Abstract

Immune checkpoints are essential for the reg-
ulation of immune cell functions. Although 
the abrogation of immunosurveillance of 
tumor cells is known, the regulators of immune 
checkpoints are not clear. Lipid metabolism is 
one of the important metabolic activities in 
organisms. In lipid metabolism, a large num-
ber of metabolites produced can regulate the 
gene expression and activation of immune 
checkpoints through various pathways. In 
addition, increasing evidence has shown that 
lipid metabolism leads to transient generation 
or accumulation of toxic lipids that result in 
endoplasmic reticulum (ER) stress and then 
regulate the transcriptional and posttranscrip-
tional modifications of immune checkpoints, 
including transcription, protein folding, phos-
phorylation, palmitoylation, etc. More impor-
tantly, the lipid metabolism can also affect 
exosome transportation of checkpoints and 

the degradation of checkpoints by affecting 
ubiquitination and lysosomal trafficking. In 
this chapter, we mainly empathize on the roles 
of lipid metabolism in the regulation of 
immune checkpoints, such as gene expres-
sion, activation, and degradation.

Keywords

Lipid metabolism · Immune checkpoints  
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protein response

12.1  Introduction

The cellular metabolism is the basis of various 
physiological activities of cells. The increase in 
cellular metabolism allows rapid production of 
ATP and metabolic intermediates to meet the 
metabolic needs of proliferating cells [1]. 
Immune cells also show an increase in biosyn-
thetic pathways, leading to the elevated produc-
tion of macromolecules required for growth and 
proliferation [2]. Lipid accumulation and altera-
tions resulted from lipid metabolism have been 
identified as the regulators of immune cell polar-
ization [3, 4]. For instance, defective or aber-
rantly enhanced lipid metabolism in macrophages 
can result in several pathologies in the lung. More 
importantly, the metabolic patterns of some 
tissue- resident macrophages are lipid metabo-
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lism, including KCs (Kupffer cells) and AMs 
(Alveolar macrophages) [5, 6]. The correlation 
has led to much interest in understanding how the 
lipid impacts on immune polarization and how 
the immune polarization impacts on lipid 
metabolism.

The immune system shields the human body 
from pathogens and the development of malig-
nancies. However, the immune system poses a 
severe and potentially lethal threat to the human 
body when overactive and/or abnormal silence. 
In terms of T lymphocytes, recognition by T cell 
receptor (TCR) of the specific antigen presented 
by the major histocompatibility complex (MHC) 
molecules provides the first signal for T cell acti-
vation [7]. The signal could stimulate the lym-
phocytes only briefly and requires co-stimulation 
to introduce T cells into full activation via CD28 
molecule that recognizes its ligands (CD80 or 
CD86) on antigen-presenting cells (APCs) [8]. 
The process is additionally regulated by different 
cytokines acting on the T lymphocytes, as well as 
by the immune checkpoints. Intriguingly, several 
recent researches have shown that the aberrant 
expression of immune checkpoint proteins is 
closely correlated with tumor cell metabolic 
reprogramming. In this chapter, we mainly dis-
cuss that the crosstalk between these immune 
checkpoints and lipid metabolism may have a 
profound influence on the immune system.

12.2  Lipid Metabolism

Lipid metabolism is a range of important and 
complex biochemical reactions in the body. It 
refers to the process of digestion, absorption, 
synthesis and decomposition of lipids in the body 
with the help of various related enzymes to pro-
cess the substances needed by the body to ensure 
various physiological functions and life activi-
ties. The primary function of lipid metabolism is 
to deliver lipids to peripheral tissues for use or to 
return lipids to the liver for recycling or clearance 
[3]. It is well known that there are three 
approaches of lipid metabolism, including exog-
enous, endogenous, and reverse transport [9]. 
Among three pathways, the exogenous pathway 
is used to process dietary lipids. The endogenous 

pathway refers to the processing of lipids synthe-
sized in the liver, however, the process of remov-
ing lipids from tissues and returning to the liver is 
termed reverse transport [10].

In addition, lipid metabolism causes the gen-
eration of free fatty acids, which are subsequently 
absorbed by different cells. These fatty acids 
could be converted into numerous products in 
mitochondria that the cell can use to generate 
energy via fatty acid oxidation (FAO) [11]. 
However, different fatty acids enter the mito-
chondria in different ways. The short-chain fatty 
acids enter the mitochondria either via passive 
diffusion or via the carnitine shuttle, where 
medium/long-chain fatty acids are conjugated to 
carnitine via carnitine palmitoyl transferase 1A 
(CPT1A) and then transported into the mitochon-
dria [12]. Of course, if the free intracellular lipids 
are not sufficient, the fatty acid synthesis (FAS) 
pathway can be activated in the cytoplasm to 
allow cells to generate fatty acids from precur-
sors derived from other cell-intrinsic metabolic 
pathways, including the TCA cycle, glycolysis, 
and the pentose phosphate pathway [13].

In recent years, studies on the relationship 
between immune and lipid metabolism have 
shown that apolipoprotein A-I (apolipoprotein 
A-I, APOA-I), the main component protein of 
high-density lipoprotein (HDL), reduces the 
number of lymph node T cells and affects the 
metabolism of cholesterol in the cell, thereby 
promoting the inflammatory reaction of skin and 
lymph nodes [14]. Actually, recent studies have 
found that lipids play an important role in the 
development and differentiation of various 
immune cells and their typing functions.

12.3  Classification and Functions 
of Immune Checkpoints

12.3.1  The Classification of Immune 
Checkpoints

Immune checkpoints are co-inhibitory and co- 
stimulatory receptor molecules, mainly occurring 
on the surface of T lymphocytes and NK cells 
(Tables 12.1 and 12.2), but not exclusively, which 
can play a negative (inhibitory) or positive (stim-
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Table 12.1 Classifications and function of stimulatory 
immune checkpoints

Immune 
checkpoint 
receptor Ligand Function
CTLA4 CD80 or 

CD86
Inhibiting T cell 
activation;
Inducing Treg cell 
differentiation

PD-1 PD-L1 
(CD274) or 
PD-L2
(CD273)

Inhibiting T cell 
proliferation and 
function;
Enhancing IL-10 and 
TGF-β
Secretion;
Inhibiting IFN-γ 
production

LAG3 MHC class 
II/Lectins

Inducing the 
proliferation of Treg 
cell;
Inhibiting the 
secretion of IFN-γ, 
IL-2, and TNF

TIGIT CD155/
CD112

Inhibiting NK cell 
function;
Inhibiting the 
co-stimulatory ability 
of dendritic cells;
Enhancing IL-10 
secretion

TIM3 Galectin 9/
PtdSer
/HMGB1

Inhibiting M1 
macrophage 
differentiation;
Inhibiting Th1 and 
Th17 cell;
Promoting Tregs cell 
and MDSCs cell 
proliferation

VISTA VSIG-3 Inhibiting T cell 
functions;
Decreasing the 
production of IFN-γ, 
TNF-α, and IL-17A

CEACAM1 CEACAM1 Inhibiting T cell and 
NK cell activity;
Decreasing the 
secretion of IFN-γ, 
IL-2, and IL-4

BTLA HVEM Attenuating B cell 
function;
Inhibiting the 
secretion of IL-12, 
TNF-α, and IFN-γ;
Decreasing the 
proliferation of 
activated CD4+ and 
CD8+ T cell

Table 12.2 Classifications and function of co- 
stimulatory immune checkpoints

Immune 
checkpoint 
receptor Ligand Function
CD28 B7 

molecules: 
CD80 or
CD86

Promoting the survival 
and proliferation of 
activated T cell;
Decreasing the function 
and motility of Tregs cell

OX40 OX40L Increasing the survival 
and expansion of effector 
and memory T cells;
Increasing IL-2, IL-4, 
IL-5, IFN-γ secretion;
Decreasing the 
immunosuppressive 
activity of Tregs cell

CD137 
(4-1BB)

CD137L Inducing the activation 
and survival of CD8+ T 
cell;
Increasing the secretion 
of IL-6 and IL-12 in DC 
cells;
Enhancing the cytotoxic 
function of NK cell

GITR GITRL Promoting the 
proliferation and killing 
activity of activated T 
cells;
Inhibiting Treg cell 
activity

ICOS ICOSLG Promoting B cell 
maturation and survival;
Increasing IL-2, IL-4, 
IL-5, IFN-γ, and TNF-α 
secretion;
Inhibiting the survival 
and proliferation of Treg 
cell

CD27 CD70 Promoting the 
proliferation of T cell;
Promote B cell 
differentiation;
Inducing the secretion of 
IL-2 and IFN-γ

HVEM LIGHT Inducing the secretion of 
IFN-γ in NK cell;
Stimulating T cell 
proliferation and 
activation

12 Lipid Metabolism and Immune Checkpoints



194

ulatory) role in the process of the lymphocyte 
activation after recognizing appropriate ligands 
on the antigen-presenting cells (APC) or the tar-
get cells (Fig. 12.1). We briefly introduce some 
typical immune checkpoints in the following 
sections.

12.3.2  Inhibitory Immune 
Checkpoints

12.3.2.1  PD-1
PD-1 (programmed death receptor 1), an impor-
tant immunosuppressive molecule, belongs to the 

immunoglobulin superfamily. It is a membrane 
protein of 268 amino acid (aa) residues contain-
ing an immunoreceptor tyrosine-based inhibitory 
motif (ITIM) and an immunoreceptor tyrosine- 
based switch motif (ITSM) [15]. It was originally 
cloned from the apoptotic mouse T cell hybrid-
oma 2B4.11. Immunomodulation with PD-1 as a 
target has important significance in tumors, 
infections, autoimmune diseases, and organ 
transplantation survival [16]. Actually, certain 
special types of malignant tumors express 
PD-1  in large amounts on the cell surface and 
evade the attack of immune cells by strongly sup-
pressing the activation of immune cells. 
Intriguingly, PD-1 is expressed on the surface of 
activated T cells, B cells, and macrophages, indi-
cating that PD-1 negatively regulates the immune 
response [17].

12.3.2.2  PD-L1
Programmed cell death 1 ligand 1 (PD-L1), also 
known as cluster of differentiation 274 (CD274) 
or B7 homolog (B7 homolog 1, B7-H1), is a pro-
tein encoded by the CD274 gene in humans [18]. 
PD-L1 is a type of transmembrane protein of 
40 kDa, which is involved in the suppression of 
the immune system under certain special circum-
stances (such as pregnancy, tissue transplanta-
tion, autoimmune diseases, and certain diseases, 
e.g., hepatitis) [19]. PD-L1 is mainly expressed 
in T cells, natural killer cells, macrophages, 
myeloid dendritic cells, and B cells. In addition, 
PD-L1 expression on tumors cell is one of the 
mechanisms of immune evasion as it inhibits the 
functional activity of cytotoxic lymphocytes 
which will then not attack tumor cells. At present, 
more and more studies indicate that PD-L1 is 
important to maintain the tumor-associated bio-
logical features [20].

12.3.2.3  CTLA-4
Cytotoxic T lymphocyte-associated antigen-4 
(CTLA-4), also known as CD152, is a leukocyte 
differentiation antigen and a transmembrane 
receptor on T cells and shares the B7 molecular 
ligand with CD28 [21]. While CTLA-4 is com-
bined with B7 molecule, it induces T cell anergy 
and participates in the negative regulation of 

PD-L1/2 PD-1

LAG-3

B7-1/2

Gal-9

CD47

BLAT

TIGIT

CD70

CD40

CD137L

B7-H2

HVEM

CD27

CD137

CD40L

ICOS

LIGHT

APC cells or
tumor cells

T cells or
Macrophage

MAC-II
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TIM-3

SIRPa

HVEM

CD55/CD122

Fig. 12.1 Classification of inhibitory and stimulatory 
immune checkpoints in APCs, tumor cells, T cells, and 
macrophages. Red indicates inhibitory immune check-
points; blue denotes stimulatory immune checkpoints
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immune response [22]. In the cellular level, 
CTLA-4 is expressed on non-lymphoid cells 
including placental fibroblasts, cultured muscle 
cells, monocytes, and a variety of leukemia cells 
[22]. Previous studies showed that CTLA-4 
expression varied remarkably among various 
cancer cells [23]. Also, CTLA-4 is a prognostic 
factor for survival in different cancers, but cur-
rent data remain incomplete and inconclusive 
[24]. However, Donnem, T. and colleagues have 
reported that the CTLA-4 expression level of 
tumor cells in lymph nodes but not primary 
tumors was a negative predictor in NSCLC 
patients [25].

12.3.2.4  Tim-3
T cell immunoglobulin and mucin domain 3 
(TIM-3) belongs to the TIM family, which mainly 
contains three members TIM-1, TIM-3, TIM-4 in 
humans and TIM-1 ~ TIM-8 in mice [26]. TIM-3 
mainly expresses on CD4+ T helper cells 1 (Th1) 
and CD8+ T cytotoxicity 1 (Tc1) T cells that pro-
duce IFN-γ [27]. In addition to the expression on 
T cells, TIM-3 has been found on Treg cells and 
innate immune cells (DC cells, NK cells, and 
monocytes) [28]. Studies have shown that TIM-3 
signaling is necessary to induce antigen-specific 
tolerance, and silencing TIM-3 promotes the pro-
gression of spontaneous autoimmunity. C-type 
lectin galectin-9 is a TIM-3 ligand [27]. This dis-
covery consolidated TIM-3 inhibitory function. 
Recently, ceacam-1 in cell surface was identified 
as a novel ligand of TIM-3 [29]. Importantly, the 
negative regulatory function of TIM-3 is defec-
tive in the absence of ceacam-1, which indicates 
that the interaction between ceacam-1 and TIM-3 
is required to obtain proper TIM-3 function [30].

12.3.3  Stimulatory Immune 
Checkpoints

12.3.3.1  4-1BB (CD137)
4-1BB (also called CD137 and OX40) is a mem-
ber of the tumor necrosis factor (TNF) receptor 
family and is encoded by the tumor necrosis fac-
tor receptor superfamily member 9 (TNFRSF9) 
genes. Human 4-1BB is located on chromosome 

1p36, with the full length of 255aa that contains a 
17aa signal peptide, 169aa extracellular region, 
27aa transmembrane region (pp.  187–213), and 
42aa intracellular region. 4-1BB is an inducible 
co-stimulatory receptor expressed on activated 
CD4+ and CD8+ T cells, NKT, NK cells, DC 
cells, macrophages, eosinophils, neutrophils, 
cells, and Treg cells [31]. In addition to the con-
stitutive expression of 4-1BB on APCs and 
Foxp3+ Tregs, the expression of 4-1BB is induced 
on the surface after cell activation in most cases 
[32]. Due to its wide expression and the ability of 
4-1BB to enhance strong and lasting immune 
effects, 4-1BB has become a clinical target for 
cancer immunotherapy [33].

12.3.3.2  CD28
CD28 is a co-stimulatory molecule expressed on 
the surface of T lymphocytes and plays an 
important role in the activation of T cells. It 
binds to B7 molecules on APC (antigen-present-
ing cells), mediates T cell co-stimulation, and 
promotes survival, proliferation, and production 
of cytokines [34]. Although CD28 and CTLA-4 
bind to the common ligands CD80 and CD86 
expressed differently on T cells, their expression 
distribution is different: CD28 is expressed on 
the surface of inactivated and activated T cells 
while CTLA-4 is only expressed on activated T 
cells. It t indicates that CD28 enhances T cell 
response while CTLA-4 negatively regulates the 
activation process. Additionally, CD28 can up-
regulate lymphokine gene transcription, mRNA 
stability, and the longevity of the T cell response 
via binding CD80/CD86 on presenting cells and 
preventing non-responsiveness anergy to anti-
genic challenges.

12.3.3.3  GITR
Glucocorticoid-induced tumor necrosis factor 
receptor-related protein (GITR), the 18th mem-
ber of the tumor necrosis factor receptor super-
family (TNFRSF), was originally cloned by 
differential display following treatment of 
hybridoma cell line with dexamethasone in 1997. 
GITRL (also referred to as TNFSF18, AITRL), a 
type II transmembrane protein, is the specific 
activating ligand of GITR [35]. GITR is a co- 
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stimulatory checkpoint molecule that is involved 
in suppressing the inhibitory effect of Treg cells 
and promoting effector T cell survival. GITR is 
mainly enriched on Tregs and could be expressed 
quickly when Treg is stimulated. The expression 
of GITR is maintained at a relatively low level on 
the resting effector CD4+ and CD8+ T cells, but 
rapidly up-regulated when they are activated 
[36]. Moreover, it has also been reported that 
human GITR is expressed on DC, macrophages, 
and NK cells. Interestingly, GITR is also regu-
lated by the CD28 signaling pathway in both con-
ventional and regulatory T cells [37].

12.3.3.4  ICOS
ICOS, a type I transmembrane protein with a 
molecular weight of 55–60 kDa, is a homodimer 
composed of two subunits and is part of the 
immunoglobulin superfamily [38]. The binding 
of ICOS to ligand ICOSL can provoke a series of 
effects related to immune response. Similarly, 
ICOSL secreted by B cells can mediate the atypi-
cal NF-κB signaling pathway, thus regulating the 
differentiation of T cells [39]. In addition, ICOS/
ICOSL signaling pathway can promote the 
expression of CD40L on T cells, and then, CD40 
and CD40L can further prolong the survival of B 
cells [40]. ICOS/ICOSL signaling pathway can 
also promote the secretion of Th1 and Th2 related 
cytokines IFN-γ, TNF-α, IL-4, IL-5, and IL-10. 
ICOS also plays an important regulatory role in 
maintaining Treg balance. Some studies showed 
that ICOS/ICOSL signaling pathway can pro-
mote the proliferation and survival of Treg cells, 
and Treg cells cannot proliferate and survive 
when the ICOS/ICOSL signaling pathway is 
silenced.

12.4  The Functions of Immune 
Checkpoints

The activating process of T cells requires two sig-
nals: one is an antigen-specific signal to the T cell 
receptor (TCR) by specific antigens on major his-
tocompatibility (MHC) molecules that are 
expressed on antigen-presenting cells (APCs) or 
target cells (Fig.  12.2a). The other signal is a 

stimulatory signal provided by B7 and other 
stimulatory molecules to assist in T cell activa-
tion and inhibitory molecules to hinder T cell sig-
nal transduction process, thus restraining T cell 
functions. The physiological function of immune 
checkpoints is to prevent harmful immune attacks 
against self-antigens by negatively regulating the 
effector immune cells. Blockade of inhibitory 
checkpoints or up-regulation of stimulatory 
checkpoints has been intensively studied in 
recent years as a strategy to enhance T cell infil-
tration and effector functions in cancer 
(Fig.  12.2b). Therefore, it is suggested that the 
immune checkpoints are the promising treatment 
targets in many diseases, including cancer, severe 
inflammation, etc.

At present, more and more immune check-
points have been discovered, such as PD-1, 
PD-L1, LAG3, B7-H3 (CD276), and TIM-3 [8, 
41, 42]. Both inhibitory immune checkpoints and 
stimulatory immune checkpoints have become 
prime targets of targeted drugs. Immune check-
point proteins are abnormally expressed in differ-
ent cancers, which are called cancer-associated 
immune checkpoint molecules, and play an 
essential role in the biological function of tumor 
cells [43–45]. Particularly, induction of epithelial- 
mesenchymal transition (EMT), acquisition of 
tumor initiation potential, unique metabolism 
network for the capacity to metastasize, anti- 
apoptotic and anti-tumor drugs, and higher pro-
liferation requirements to promote tumor survival 
are closely related to abnormal expression of 
immune checkpoints [43, 46, 47]. Silencing 
inhibitory immune checkpoints can positively 
reverse T cell activation and prevent immune 
from escaping in the tumor microenvironment. 
For example, the binding of TIM-3 and Gal-9 
constitute an autocrine loop to stimulate the acti-
vation of NF-κB and β-catenin signaling path-
ways to facilitate self-renewal and progression of 
human acute myelocytic leukemia (AML) [48]. 
Interestingly, the previous study pointed out that 
PD-L1 could induce EMT occurrence and 
enhance the stemness of renal cell carcinoma 
(RCC) through induction of sterol regulatory 
element-binding protein 1 (SREBP-1c), which is 
an important transcription factor in lipogenesis 
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[49]. Subsequently, successive studies have 
found that PD-L1 was closely correlated with the 
tumor-initiating activities and participated in 
tumor cell resistance and anti-apoptotic response 
via regulating the PI3K/AKT signaling pathway 
[46, 50, 51].

In addition, activating stimulatory immune 
checkpoints can strengthen the effect of the 

immune response. The co-stimulatory receptor 
of T cells surface is a protein called CD70. 
Actually, CD70, an important member of the 
TNF superfamily, is found on activated den-
dritic cells, B cells, and NK cells and also a 
type II transmembrane receptor of stimulatory 
CD27/CD70 signaling pathway which play an 
important role in providing co-stimulation sig-

a

b

Fig. 12.2 (a) The 
functions of inhibitory 
and stimulatory immune 
checkpoints in APC 
cells and tumor cells. 
The stimulatory immune 
checkpoints in APC 
cells and tumor cells 
could induce the 
activation of T cells, 
whereas the inhibitory 
immune checkpoints 
suppress the process. 
(b) The differential 
expression of immune 
checkpoints in cancer 
cells. The tumor cells 
with high inhibitory and 
low stimulatory immune 
checkpoints will lead to 
immunosuppressive 
immune cell 
proliferation to inhibit 
the anti-tumor response
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naling during the activation of functional lym-
phocytes [7]. In vitro and in vivo experiments 
indicated that monomeric CD70 expression 
inhibited the migration, invasion, and pulmo-
nary metastasis of melanoma cells. However, 
silencing CD70 in primary glioblastoma multi-
forme (GBM) could inhibit monocyte- derived 
M2 macrophages migration, growth, and che-
moattraction abilities and attenuate the expres-
sion of CD44 and sex-determining region 
Y-box2 (SOX2) [52]. However, the stimulation 
of CD137 induced by its ligand could prolong 
the survival of chronic lymphocytic leukemia 
(CLL), which was mediated by the nuclear 
translocation and activation of p52 (a non-
canonical NF-κB factor) [53]. Similarly, the 
enhanced CD137/CD137L signaling opposed 
the cytotoxic effects of anticancer drugs, 
reduced the apoptotic DNA fragmentation, and 
stimulated doxorubicin-escaped leukemia cell 
proliferation [54]. Up to date, significant 
advances have been made in immunotherapy 
while the recent knowledge about the biologi-
cal consequences of tumor- associated immune 
checkpoints becomes increasingly comprehen-
sive. Therefore, targeting those checkpoint 
molecules on the basis of their roles in main-
taining malignant traits in tumor cells may pro-
vide us with novel therapeutic approaches.

12.5  The Effect of Lipid 
Metabolism on Immune 
Checkpoints

Lipid metabolism has been implicated in 
immune response regulation. At present, Yang, 
et  al. showed that cholesterol metabolism can 
modulate the anti-tumor activity of CD8+ T 
cells. Inhibition of ACAT1 (acetyl-CoA acetyl-
transferase 1), a cholesterol esterification 
enzyme that converts free cholesterol to choles-
teryl esters for storage, could increase mem-
brane cholesterol levels in plasma, enhancing 
the effector function and proliferation of CD8+ 
T cells [55]. In addition, induction of de novo 
fatty acid synthesis is essential for effector T 
cell proliferation and differentiation. Based on 

the fact that the immune checkpoints are essen-
tial for immune cell activation, we summarize 
the ways in which lipid metabolism regulates 
immune checkpoints in the following aspects.

12.5.1  Affecting the Chromosomal 
and Microsatellite Stability

Chromosomal instability (CIN) and microsatel-
lite instability (MSI) are the most common form 
of genomic instability, which can enhance tumor 
heterogeneity, drug resistance, and immunity 
escape [56]. The most common characteristic of 
CIN is the aberrant chromosomal architecture, 
ranging from small insertions or deletions to 
large chromosomal alterations. Indeed, malig-
nant tumors with CIN rapidly acquire somatic 
copy-number alterations (SCNAs) during prolif-
eration, creating intratumor genetic heterogene-
ity within the population. The previous study has 
indicated that lipid metabolism is associated 
with genetic regulation and chromosomal stabil-
ity [57]. For instance, the spindlin 1 (SPIN1) is 
involved in the process of spindle organization 
and chromosomal stability serving as an impor-
tant player in carcinogenesis. Meanwhile, SPIN1 
triggers lipid metabolism disorders and enhances 
the growth of liver cancer through SREBP1c- 
triggered FASN signaling pathway [58]. Fatty 
acid synthase (FASN), a key metabolic enzyme 
involved in de novo lipogenesis, could increase 
the formation of fatty acids and lipid droplets, 
and a previous study indicated that FASN knock-
down diminished DNA damage [59]. The MSI- 
high tumors showed a consistently high 
frequency of FASN overexpression than MSI-
low tumors [60].
In fact, CIN is mainly caused by impaired mitotic 
fidelity and leads to aneuploidy. CIN and aneu-
ploidy are hallmarks of various cancers. The CIN 
tissues up-regulate different signaling pathways 
known to be activated in colon cancer, including 
lipid metabolism, notch signaling, insulin signal-
ing, and PPAR pathways [61]. As inhibitory 
immune checkpoint expression becomes increas-
ingly studied in the clinical settings, CIN and 
MSI tumors would be predicted to correlate with 
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immune checkpoint inhibition. Researchers have 
shown that MSI tumors have at least 20 times 
higher mutational burden or neoantigens that 
lead to enhanced immunotherapy responsiveness 
in these “hypermutator” phenotypes compared to 
microsatellite stable tumors (MST) [60]. The 
studies indicated that MSI tumors have 32% 
PD-L1 expression compared with 13% in MSS 
tumors. In addition, the CIN is associated with 
depressed tumor immunity via targeting CTLA-
4, PD1, or PD-L1 [62]. More importantly, SCNAs 
status exhibits association with immune check-
points inhibitor (ICI) response independent of 
tumor mutational burden (TMB), and combina-
tion of SCNAs and TMB has much higher predic-
tion efficiency for ICI treatment according to 
independent clinical trials for metastatic mela-
noma treated with anti- PD1 and anti-CTLA4 
[63].

12.5.2  Affecting the Transcriptional 
Activity of Immune 
Checkpoints

It is well known that transcription factors can 
bind to defined DNA sequences and/or protein 
chaperones shared with the gene, including 
immune checkpoints. Although more and more 
studies report that transcriptional regulation 
depends on oxidized forms of cholesterol, 
 desmosterol, and elevated concentrations of 
D-glucose, the links between lipid metabolism 
and immune response are not very clear. A recent 
study indicated that the LXRs (liver X receptors), 
is the connection between lipid metabolism and 
immune regulation. LXRs are important tran-
scription factors in macrophages that act as cru-
cial mediators in cholesterol metabolism and 
modulate several anti-inflammatory pathways 
and are now recognized as “cholesterol sensors,” 
as they induce a transcriptional program that reg-
ulates reverse cholesterol transport. Evident links 
between lipid metabolism and immunity are reg-
ulated through LXR transcriptional activity [64].
Therefore, the unique transcription factors can 
coordinate the gene expression of immune 
checkpoints, and thus a gene expression pro-

gram. The transcription factors, such as STAT3, 
HIF-1α, and members of the AP-1 family, con-
trol the transcriptional activity of PD-L1 [65]. 
Actually, STAT3 not only promotes the breast 
stem cancer cells and cancer chemoresistance 
via regulating lipid metabolism [66], but also 
binds to the promoter region of PD-L1 to acti-
vate its transcription, and then inhibit the 
immune response [67]. As an important meta-
bolic switch, HIF-1α could translocate to the 
nucleus where it binds specific hypoxia response 
element sequences under hypoxic conditions 
(low oxygen levels). It was recently discovered 
that the HIF-1α could directly bind to the pro-
moter of PD-L1 to enhance the transcriptional 
activity [68]. A hypoxic environment leading to 
the accumulation of lactate and aberrant lipid 
metabolites may prevent cancer cells from cyto-
toxic T cells, and hence induce immunosuppres-
sion [69, 70]. Interestingly, as a key modulator 
of hepatic lipid metabolism, the activator pro-
tein 1 (AP-1) could be induced by CD28 and is 
involved in the transcriptional regulation of 
CD40L in T cells [71]. Additionally, AP-1 also 
binds to the promoter region of PD-L1 [72], 
indicating that AP-1 may orchestrate a regula-
tory transcription network that controls multiple 
immune checkpoints.

12.5.3  Affecting the Gene Expression 
of Immune Checkpoints

Multiple intercellular signaling pathways driven 
by lipid mediators (for example, leukotrienes and 
prostaglandins) are associated with the expres-
sion of cytokines, chemokines, growth factors, 
the extracellular matrix, and immune checkpoints 
[73–75]. For example, raptor-mTORC1 signals 
in Tregs cells augment lipid and cholesterol 
metabolism to allow cell proliferation and sur-
face expression of important molecules mediat-
ing immune suppression, such as CTLA-4 and 
ICOS [76]. Lipids regulate Treg cell development 
and function via affecting the expression of the 
immune checkpoint. Prostaglandin E2 (PGE2) as 
a type of unsaturated fatty acids with physiologi-
cal activity originated from lipid metabolism, can 
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directly or indirectly participate in the develop-
ment of an immunosuppressive tumor milieu, 
promoting tumor growth, angiogenesis, and 
metastasis [77]. It has been reported that PGE2 
acts as an inducer of co-inhibitory marker expres-
sion, including TIM-3, PD-1, CTLA-4, and 
LAG-3 [78, 79]. This new study had reported that 
PGE2 promoted the up-regulation of TIM-3 and 
PD-1 and consequent co-expression of TIM-3 
and PD-1 on T cells [80]. Meanwhile, they also 
observed that PGE2 decreased the expression of 
HLA-DR (MHC-II molecules) in CD8+ T cells, 
but not significantly in CD4+ T cells and the 
CD28 expression [81]. In addition, increased 
cholesterol concentration derived from lipid 
metabolism by tumor-infiltrating CD8+ T cells 
was positively and progressively associated with 
up-regulated T cell expression of PD-1, 2B4, 
TIM-3, and LAG-3 [8].
The expression of immune checkpoints is not 
only regulated by lipid metabolites, but also by 
lipid chaperone proteins. Lipid chaperones are a 
group of molecules that coordinate the intracel-
lular lipid response and are also closely related 
to metabolic, immune, and inflammatory path-
ways [82–84]. Like the metabolism of choles-
terol and phospholipids, lipid chaperones have 
potential effects on the storage and transfer of 
fatty acids [85]. These lipid chaperones play an 
important role in lipid-mediated metabolic and 
immune response [86], and the alterations of 
lipid chaperone protein expression will cause 
changes in lipid metabolism, ultimately leading 
to the differential expression of the immune 
checkpoints. For example, fatty acid-binding 
proteins (FABPs) are a family of lipid chaper-
ones required to facilitate uptake and intracel-
lular lipid trafficking [87, 88]. Since FABP7 
knockdown in the breast cancer cells leads to 
the alteration of PI (phosphatidylinositol) com-
position and the gene expressions of PD-1-
related immune checkpoint pathway, targeting 
PUFA (polyunsaturated fatty acids) trafficking 
mediated by FABP7 is likely to enhance the 
effect of immune checkpoint inhibition [89, 90]. 
However, some scholars pointed out that it 
remains unclear whether FABP7 positively or 
negatively regulates the immune checkpoint 

pathways in the tumor microenvironment as 
PD-L1 was up-regulated in cancer cells upon 
FABP7 knockdown [89].

12.5.4  Affecting the Protein Folding 
of Immune Checkpoints

As well known, most proteins are glycoproteins, 
which are precisely modified in the endoplasmic 
reticulum (ER) with the help of a series of 
ER-resident chaperones and folding enzymes 
[91]. Dysfunctional lipid homeostasis could 
cause the transient generation or accumulation 
of toxic lipids that result in ER stress with 
inflammation, hepatocellular damage, and apop-
tosis. It is no doubt that ER stress activates the 
unfolded protein response (UPR), which is clas-
sically viewed as an adaptive pathway to main-
tain protein folding homeostasis [92, 93]. UPR is 
a series of signal transmission processes in 
which cells respond to protein folding errors. As 
a result, protein production slows down, unfolded 
proteins are degraded, and protein folding func-
tion is enhanced. However, recent studies have 
demonstrated that the UPR sensors reversely 
play a role in the regulation of lipid metabolism, 
and lipotoxicity can activate an ER stress 
response [92]. Therefore, evidence has indicated 
that lipid metabolism may play a role in the pro-
tein folding of immune checkpoints via regulat-
ing the UPR.

IRE1α, a key regulator of hepatic lipid 
homeostasis that represses hepatic lipid accu-
mulation and maintains lipoprotein secretion, is 
the most conserved arm of the UPR [94]. In 
addition, experimental manipulation of XBP1 
(X-box binding protein 1), a downstream tran-
scription factor of IRE1α, highlighted a critical 
role of IRE1α in lipid metabolism [95]. 
Constitutive activation of the IRE1α/XBP1 
pathway could promote the folding of immune 
checkpoints, such as PD-1 and CALT-4, through 
enhancing the UPR [96]. In addition, the PERK-
eIF2α pathway also regulates hepatic lipid 
metabolism [97]. Among the downstream effec-
tors of the PERK- eIF2α pathway, ATF4 is 
closely involved in lipid metabolism [92]. The 
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previous study has confirmed that the PERK-
eIF2α-ATF4 signaling pathway activates the 
transcription of specific UPR target genes, such 
as CCAAT-enhancer- binding protein homolo-
gous protein (CHOP) and the growth arrest and 
DNA damage-inducible protein (GADD34) 
[98]. Interestingly, the FK506-binding protein 
51 (FKBP51), a member of the FKBP family 
encoded by the FKBP5 gene, is closely associ-
ated with lipid metabolism [99]. More impor-
tantly, FKBP51 could promote the protein 
folding of PD-L1and thus results in the up-regu-
lation of it [100].
A large number of molecular chaperones in the 
ER play an active role to promote proper folding 
and protect proteins from aggregation [101–
103]. E.g., Immunoglobulin binding protein 
(BiP, also known as glucose regulatory protein 
78, GRP78), belongs to the heat shock protein 70 
(Hsp70) family and is the most popular chaper-
ones among ER residents [104]. BiP can directly 
interact with immature polypeptides by recog-
nizing unexposed hydrophobic fragments. Once 
the unfolded, aggregate-prone substrate binds to 
BiP, it becomes soluble, triggering processes 
such as translocation, maturation, and ERAD 
(ER-related degradation) pathways, etc. 
Additionally, these studies extend the role of ER 
chaperone GRP78, controlling the unfolded pro-
tein response and thereby regulating the impor-
tant function of lipid metabolism [105, 106]. 
Blockade of GRP78 causes the accumulation of 
cellular essential fatty acids, prompting that 
GRP78 regulates their uptake and/or catabolism. 
At the same time, GRP78 could bind to the 
SREBP (sterol regulatory element-binding tran-
scription factor) complex preventing SCAP 
(SREBP cleavage-activating protein) transloca-
tion to the Golgi complex and activation. 
However, researchers also found that silencing 
GRP78 reduced the cellular SCAP protein lev-
els, thereby inhibiting SREBP translocation to 
the Golgi complex and activation [107]. 
Therefore, the modification process of immune 
checkpoints and research related to the regula-
tion of immune checkpoint proteins in ER seem 
to provide a promising prospect for exploring 
effective immunotherapy, which is worthy of 
further study.

12.5.5  Affecting the Activation 
of Immune Checkpoints

The activation of immune checkpoints is an 
extremely complex process. Lipid metabolism not 
only provides energy for the activation of immune 
checkpoints, but also affects the degree of activa-
tion of checkpoints through the activation of spe-
cific pathways by its products. For example, 
high-density lipoproteins (HDL) are important in 
cholesterol metabolism that carries cholesterol 
from surrounding tissues to the liver, which is then 
converted to bile acids or excreted directly through 
bile. The previous study has confirmed that HDL 
modulated TCR/CD28 activation by inducing sus-
tained signaling through p-Lck, pERK, and p-Akt 
[108]. Additionally, cellular lipid accumulation 
could activate the expression of ATP binary cas-
sette transporter A1 (ABCA1) to promote the lipid 
outflow via inhibiting the activation and expres-
sion of TIM-3 [109]. More importantly, research-
ers have confirmed that elevated cholesterol could 
inhibit the proliferation of breast cancer cells and 
promotes their invasion through the TIM-3 inde-
pendent pathway [82, 110].
Fatty acids are a type of important metabolic 
intermediates of lipid metabolism because they 
can be used for lipid synthesis and protein modi-
fications, and can also be degraded by mitochon-
drial β-oxidation to generate energy [111]. 
Additionally, fatty acid oxidation (FAO) allows 
fatty acids to enter the mitochondria and then 
convert into various products that the cell can 
use, such as acetyl-CoA, NADH, and FADH2 
[9]. Endogenous fatty acid generation is essen-
tial to maintain energy level after PD-1 activa-
tion [112]. In addition, short-chain fatty acids 
(SCFAs) are products of fat metabolism in the 
body [113]. Valproic acid (VPA), a short-chain 
fatty acid, could induce the activation of the 
interleukin-4 receptor-α (IL-4Rα)/PD-L1 and 
toll-like receptor 4 (TLR4) signaling pathways 
and inhibits the expression of retinoblastoma 1 
(Rb1) in myeloid- derived suppressor cells 
(MDSCs) [114]. However, up to date, there are 
not many studies on the influence of lipid metab-
olism on the activation of immune checkpoints, 
and it is currently impossible to clearly explain 
the specific mechanisms.
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12.5.6  Affecting the Phosphorylation 
of Immune Checkpoints

Phosphorylation is a well-studied post-transla-
tional modification (PTM) that can coordinate 
various cell activities, including cell growth, dif-
ferentiation, and apoptosis. The process of pro-
tein phosphorylation often occurs on certain 
amino acids, namely, threonine, serine, and tyro-
sine. During the regulating process of immune 
checkpoints, phosphorylation plays a critical 
role. These immune checkpoints are transmem-
brane glycoproteins with inhibitory motifs based 
on intracellular tyrosine, which can be phosphor-
ylated and transduce negative signals to inhibit 
the activation of receptors. For example, the 
binding of PD-L1 on cancer cells with PD-1 on T 
cells leads to phosphorylation of the immunore-
ceptor tyrosine-based switch motif, which then 
inhibits T cell receptor signaling, leading to T 
cell proliferation, cytokine production, and lysis. 
Cell function is inhibited [115]. In fact, PD-L1 is 
a typical membrane protein that transduces extra-
cellular signals through its tyrosine kinase 
 phosphorylation. Recent studies have shown that 
phosphorylation plays an important role in regu-
lating the stability of PD-L1 protein. In addition, 
the TIM-3, CD137, LAG-3, CTLA-4, PD-1, and 
PD-L2 have the potential phosphorylation sites.

The study points out that lipid metabolism is 
under the control of hormones, transcription fac-
tors, secondary messengers, and posttranscrip-
tional modifications [116]. Actually, protein 
phosphorylation is central to lipid metabolism 
and multiple phosphorylases are involved in 
lipid accumulation or hydrolysis. Similarly, the 
metabolites of lipid metabolism also affect the 
process of protein phosphorylation. For exam-
ple, docosahexaenoic acid (DHA), an n  −  3 
polyunsaturated fatty acid, could curtail ERK1/2 
and Akt phosphorylation and down-regulate the 
Smad7 levels to up-regulate the expression of 
Foxp3, CTLA-4, TGF-beta, and IL-10. More 
importantly, the DHA also increases the expres-
sion of p27 (KIP1) mRNA, known to be involved 
in Treg cell unresponsiveness [117]. The previ-
ous study indicated a direct interaction of 

CTLA-4 with the phosphorylated form of T cell 
receptor (TCR)-zeta within the glycolipid-
enriched micro-domains associated with the T 
cell signaling complex. In this research, the 
authors pointed out that CTLA-4 regulated the 
accumulation/retention of TCR- zeta in the sig-
naling complex, as the lipid raft fractions from 
CTLA-4 KO T cells contained significantly 
higher amounts of the TCR components when 
compared to wild-type littermates [118].
Additionally, accumulation of lipid droplets 
accompanied by continuous activation of the per-
oxisome proliferator activates receptor alpha 
(PPARα) pathway and phosphorylated glycogen 
synthase kinase 3 beta (GSK-3β) [119]. 
Interestingly, GSK-3β can interact with PD-L1 
and cause phosphorylation-dependent protea-
somal degradation through the E3 ligase beta- 
TrCP. Subsequent studies showed that PD-L1 is 
phosphorylated by GSK3β at two sites of T180 
and S184, which leads to ubiquitination and deg-
radation of PD-L1 in the cytoplasm. It has been 
found that many types of immune checkpoint 
molecules can transduce extracellular signals 
into cells through phosphorylation of the cyto-
plasmic tail, thereby recruiting kinases and sub-
sequent factors. Due to the effects of lipid 
metabolism on immune checkpoints, phosphory-
lation changes greatly, increasing the difficulty 
and complexity of researches. On the other hand, 
it also increases the value of developing effective 
and unique therapies.

12.5.7  Affecting the Palmitoylation 
of Immune Checkpoints

As one of the most important PTMs, protein lipi-
dation, especially protein fatty acylation, is not 
only PTM, but also a co-translational modifica-
tion. By linking different fatty acyl groups to a 
subset of proteins, the positioning, activation, 
interaction, and stability of a group of important 
proteins are greatly affected, leading to a series of 
cellular activities. There are two recognized 
forms of fat acylation: palmitoylation and myris-
toylation [120]. Due to the nature of the thioester 
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bond, palmitoylation is usually reversible. Protein 
palmitoylation is catalyzed by a class of palmi-
toyl acyltransferases containing Asp-His-His- 
Cys (DHHC) in the active center. Indeed, 
palmitoylation is usually essential for the deliv-
ery and localization of certain membrane pro-
teins and the interaction with other proteins. 
More importantly, the process of depalmi-
toylation, that is, the separation of the palmitoyl 
group from the protein, may affect the transport, 
stability, and function of this protein in the oppo-
site way to palmitoylation.

It is recognized that palmitoylation plays a 
key role in the regulation of immune checkpoints. 
According to the literature reports, the ligands 
and receptors of immune checkpoints are usually 
transmembrane proteins, which can be regulated 
by palmitoylation as a reversible lipid modifica-
tion. Therefore, lipid metabolism may play an 
important role in regulating the palmitoylation of 
immune checkpoints. However, up to date, 
researches on palmitoylation of immune check-
points are still at an early stage, but the research-
ers still revealed that PD-L1 has a palmitoyl 
modification in breast cancer cells [121]. PD-L1 
is palmitoylated by covalently binding a palmitic 
acid (a 16 C saturate fatty acid) to the cysteine 
residue at 272 to maintain stability and accelerate 
the development of breast cancer. The recent 
study showed that high-fat diet (HFD) has been 
shown to increase the level of free fatty acids and 
is related to the activation of STAT3 and inflam-
mation in animals via inducing the STAT3 palmi-
toylation. At the same time, they further found 
that HFD promoted the palmitoylation of STAT3 
by up-regulating ZDHHC19, a palmitoyl acyl-
transferase. Interestingly, ZDHHC9 is associated 
with palmitoylation of PD-L1. Silencing of 
ZDHHC9 can eliminate the palmitoylation of 
PD-L1, and then reduces the cell surface distribu-
tion after INF-γ treatment, thereby making can-
cer cells sensitive to T cell killing and inhibiting 
tumor growth in mice [121].
In addition, PD-L1 is palmitoylated in its cyto-
plasmic domain, which stabilizes PD-L1 by 
blocking its ubiquitination, consequently sup-
pressing PD-L1 degradation by lysosomes. 

Palmitoyl transferase ZDHHC3 (DHHC3) is also 
identified as the main acetyltransferase responsi-
ble for the palmitoylation of PD-L1. PD-L1 can 
be modified by palmitoylation catalyzed by 
DHHC3 enzyme, thereby inhibiting the ubiquiti-
nation modification of PD-L1 and enhancing the 
expression and function of PD-L1 [122]. In vivo 
and in  vitro research models have consistently 
shown that targeting PD-L1 palmitoylation can 
inhibit the expression and function of PD-L1, 
thereby enhancing the killing effect of T cells on 
tumor cells. Therefore, the design of PD-L1 pal-
mitoylation inhibitors can reduce the level of 
PD-L1 and enhance the immune clearance of 
tumor cells, which provides a new strategy for 
immunotherapy. Although more and more stud-
ies have shown that PD-L1 palmitoylation has a 
promising potential, researches on other immune 
checkpoints are still in progress.

12.5.8  Affecting the Exosomes 
Transport of Immune 
Checkpoints

Mammalian cells synthesize and release hetero-
geneous EVs. These heterogeneous EVs can usu-
ally be subdivided into exosomes (30–150 nm in 
diameter), microvesicles (MVs, or ectosomes or 
microparticles, 0.1–1.0 μm) and apoptotic bodies 
(0.8–5.0  μm), whose biogenesis, composition, 
and biological function are different from others 
[123]. Exosomes play a crucial role in distant 
cell–cell communication and transfer active 
forms of various biomolecules; the molecular 
composition of the exosomal cargo is a result of 
targeted selection and depends on the type of pro-
ducer cells. Exosomes are spherical bodies sur-
rounded by the lipid bilayer membrane, 
suggesting the important role of lipid metabolism 
in exosomes biogenesis. The exosome biogenesis 
is associated with changes in the endosomal 
membrane lipid composition, accompanied by 
lipid clustering into subdomains called lipid rafts, 
which mediate membrane invagination and vesi-
cle formation. Importantly, recent study indicated 
that adipocytes do not only release the fatty acid 
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components of triglycerides, but also release tri-
glycerides packaged in small particles. These 
lipid-filled particles called adipocyte exosomes 
(AdExo) are taken up by macrophages in adipose 
tissue [124]. It is suggested that cellular lipid 
metabolism could affect the function of immune 
cells via regulating the exosomes.

Actually, exosomes can carry a large number 
of active molecules, including lipid mediators or 
metabolites (such as eicosanoids), proteins, and 
nucleic acids that can regulate the phenotypes of 
cells. For instance, exosomes derived from tumor 
cells actively promote tumor progression and 
metastasis. Tumor cells evade immune surveil-
lance by increasing the surface expression of 
PD-L1. PD-L1 interacts with PD-1 on T cells and 
promotes the dephosphorylation of T cell recep-
tors and its co-receptor CD28 through SHP2 
phosphatase, inhibiting antigen-driven T cell 
activation. However, not all cell membrane sur-
faces express PD-L1, but those cells that do not 
express PD-L1 can still evade surveillance by the 
immune system. Interestingly, PD-L1 exists on 
the surface of exosomes, and the level of exo-
somes PD-L1 is related to cancer progression and 
response to immunotherapy [125]. A study 
pointed out that inhibition of exosomal PD-L1 
induces systemic anti-tumor immunity, even in a 
model of anti-PD-L1 antibody resistance. In 
addition to PD-L1 protein, PD-L1 mRNA can 
also be detected in exosomes. Researchers found 
that patients with periodontitis were enriched in 
PD-L1 mRNA exosomes than the control group. 
The exosomal PD-L1 mRNA in saliva correlates 
with the severity/stage of periodontitis and can be 
potentially distinguished from healthy periodon-
titis [126].
Importantly, tumor-derived exosomes (TEX) 
and their effects on immune cells in cancer are 
likely to be translatable, in part, to other patho-
logical conditions. TEXs carrying and deliver-
ing various inhibitory ligands to immune cells 
in the tumor microenvironment and in the 
periphery represent one of many mechanisms 
that tumors use to engineer their escape from 
the host immune system. Besides the PD-L1, 
exosomes from plasma of human head and neck 
cancer are reported to carry various immune-

inhibitory proteins, including PD-1, CTLA-4, 
CD39, TGF-β, CD73, and TRAIL [127]. The 
previous study found a high level of circulating 
exosomal Galectin-9  in the plasma of NSCLC 
patients compared to the healthy controls [128]. 
Meanwhile, the TIM-3 is highly expressed and 
associated with aggressive clinicopathological 
parameters such as larger tumor size, more 
metastasis, and advanced stages. Therefore, the 
combination of inhibition of exosome biogene-
sis and secretion with anti-immune checkpoint 
antibody therapy achieves a stronger tumor sup-
pression effect.

12.5.9  Affecting the Degradation 
of Immune Checkpoints

Recent studies have revealed the importance of 
post-translational modifications in regulating 
the expression of immune checkpoints [70]. 
Glycosylation is a ubiquitous and highly con-
servative post-translational modification in 
eukaryotic cells. Canonical protein 
N-glycosylation includes two stages: [1] syn-
thesis of lipid-linked oligosaccharide (LLO) 
donors and [2] transfer of carbohydrates to 
nascent polypeptides [129, 130]. It means that 
lipid metabolism is associated with protein 
glycosylation. It has been reported that glyco-
sylation is closely correlated with immune 
activation, including antigen modification, pre-
sentation, and T cell priming [131]. A recent 
study showed that the N-glycosylation of 
PD-L1 has a significant impact on its stability 
and immune function [132]. In this study, the 
researchers found that the extensive unglyco-
sylated N192, N200, and N219 domain of 
PD-L1 is targeted by glycogen synthase kinase 
3β (GSK3β), then facilitating the proteasome-
related degradation of PD-L1 via β-transducin 
repeats- containing proteins (β-TrCP) [132].

Molecules involved in ubiquitination and 
lysosomal transport control the immune sys-
tem. In fact, ubiquitination is closely related to 
immune checkpoint degradation [97, 133]. A 
recent study showed that PD-1 on the surface 
of activated T cells undergoes internalization, 
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followed by ubiquitination and proteasomal 
degradation, and the Lys48-linked polyubiqui-
tinated E3 ligase that mediates PD-1 is FBXO38 
[134]. In addition, poly-ubiquitination of 
PD-L1 by the E3 ligases cullin-3 [133] and 
β-TrCP20 [132] promotes degradation of 
PD-L1, while COP9 signalosome 5 (CSN5) 
antagonizes this process [135], although the 
exact sites and types of ubiquitination remain to 
be further clarified. The previous studies have 
reported that CKLF-like MARVEL transmem-
brane domain-containing proteins CMTM6 and 
CMTM4 have been found to stabilize PD-L1 
and their effects seem to involve not only ubiq-
uitination-dependent degradation but also lyso-
some-dependent proteolysis [136].

Meanwhile, lysosomes are tightly associated 
with cell proliferation, cancer cell death, cancer 
therapy, drug resistance, and immune check-
points [137]. At present, the lysosomal degrada-
tion of PD-L1 and PD1 is getting increasing 
attention. For instance, CMTM6 could reduce 
PD-L1 ubiquitination and increases its stability 
and function in protecting PD-L1 from lysosome- 
mediated degradation via regulating the LDL- 
uptake [135, 138]. It is suggested that cholesterol 
metabolism was closely associated with the deg-
radation of PD-1 and PD-L1. Previous studies 
found that palmitoylation plays a crucial role in 
regulating the stability of the PD-L1 protein, 
which involves molecular masking of an intrinsic 
lysosomal sorting signal of PD-L1 [139]. In this 
study, they also found palmitoylation of proteins 
was positively correlated with the attachment of 
the 16-carbon fatty acid palmitate. Although it is 
evident that the transportation between ubiquiti-
nation and lysosome may control the fate of 
PD-L1 protein [140], the exact effects underlying 
degradation of other immune checkpoints remain 
unclear.
At present, more and more researches have 
pointed out that targeting these checkpoints 
reversely increased or decreased metabolism 
[112, 141–143], including glycolysis, oxidative 
phosphorylation, and lipid metabolism, etc. 
However, studies on lipid metabolism affecting 
the expression of immune checkpoints still have 
a long way to go, and further study is warranted.

12.6  Conclusion

Lipid metabolism is essential for the synthesis of 
some transcription factors [144, 145]. Surprisingly, 
the transcriptional control of immune checkpoint 
genes has not yet been fully studied. The tran-
scriptional regulation of gene expression pro-
grams, including immune checkpoint genes, has 
been known in detail, but little is known about the 
post-transcription and activation processing of 
immune checkpoint genes. Lipid metabolism is 
involved in the energy supply of immune cells, 
which is the beginning of the immune response 
(Fig.  12.3). Aberrant lipid metabolism can acti-
vate multiple signaling pathways (e.g., PI3K/
AKT and ERK/MAPK pathways) to induce 
immune repression through its metabolites or 
metabolic intermediates. Up to date, researchers 
have gathered and adduced pieces of evidence 
that the aberrant lipid metabolism creates the 
favorable immunosuppressive environment for 
diseases via regulating the immune checkpoints in 
the following aspects: (1) increases the expression 
of inhibitory immune checkpoints or decreases 
the expression of stimulatory immune check-
points, (2) affects the corrected folding of immune 
checkpoints, (3) provides energy for activation of 
immune checkpoints, (4) affects the degradation 
of immune checkpoints. All these special attri-
butes of lipid metabolism have to be considered in 
the context of immune physiology and the fragile 
balance between pro- and anti-immune activities 
of the components.

In this chapter, we summarized the role of 
lipid metabolism in many aspects of immune 
checkpoints. As a model of cell metabolism, lipid 
metabolism is deeply involved in gene expression 
and protein regulation during immune activities. 
However, it is clear that we have not yet fully 
understood. There are many unanswered ques-
tions in this field, and we still have a lot to learn 
about the fascinating role of lipid metabolism, 
especially in the transcriptional expression and 
post-translational modifications of immune 
checkpoints. Therefore, further study is neces-
sary, so as to provide the evidence for testifying 
the role of lipid metabolism in the regulation of 
immune checkpoints.
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