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Tumor metabolism and tumor immunity are inextricably linked. Targeting the
metabolism of tumors is a point worth studying in tumor immunotherapy.
Recently, the influence of the metabolism of tumors and immune cells on the
occurrence, proliferation, metastasis, and prognosis of tumors has attracted
more attention. Tumor tissue forms a specific tumor microenvironment (TME).
In addition to tumor cells, there are also immune cells, stromal cells, and other
cells in TME. To adapt to the environment, tumor cells go through the
metabolism reprogramming of various substances. The metabolism
reprogramming of tumor cells may further affect the formation of the tumor
microenvironment and the function of a variety of cells, especially immune cells,
eventually promoting tumor development. Therefore, it is necessary to study the
metabolism of tumor cells and its effects on immune cells to guide tumor
immunotherapy. Inhibiting tumor metabolism may restore immune balance
and promote the immune response in tumors. This article will describe
glucose metabolism, lipid metabolism, amino acid metabolism, and immune
cells in tumors. Besides, the impact of metabolism on the immune cells in TME is
also discussed for analyzing and exploring tumor immunotherapy.

KEYWORDS
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1 Introduction

Tumor metabolism has been universally studied by a lot of researchers all over the
world, and the heterogeneity of cellular metabolism is one of its most worthy hallmarks to
be explored (1). In normal cells, the glycolysis and tricarboxylic acid (TCA) cycle can
provide energy for them, but different from normal cells, tumor cells produce lactic acid via
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glycolysis even if in an environment with sufficient oxygen, which is
termed as “Warburg effect” (2-5) (Figure 1). The “Warburg effect”
reflects the features of tumor cells changing their metabolism
patterns to be suited to the tumor microenvironment (TME),
which is known as “metabolism reprogramming”, and metabolic
reprogramming is significant for the growth of tumor cells (6-8).
The proliferation of tumor cells is accompanied by the collection of
non-tumor cells, forming a specific environment good for tumor
growth and metastasis (9). At the same time, it reshapes the TME
(10). The TME affects the occurrence, progression, and metastasis
of tumors greatly, and is mainly composed of cellular and
noncellular portions (11). The cellular portions consist of
immune cells, endothelial cells, cancer-related fibroblasts, and so
on (12). The non-cellular portions contain largely the extracellular
matrix, which includes glycoproteins and protein polysaccharides,
to support the structure of tissue (12-14). Additionally, the portions
in TME have a non-negligible impact on the immune response.
Immune cells undergo metabolic changes to adapt to the TME, thus
destroying the effectiveness of the immune response (15). One of
the points is that the function of the immune system is affected by
tumor cells, so the immune system cannot identify tumor cells
normally, for example, tumor cells produce specific metabolites to
inhibit the function of antitumor immune cells, and another point is
that tumor cells promote immunosuppressive cells to secrete
immunosuppressive molecules, thus affecting anti-tumor
immunity, which is favorable to immune escape and tumor
metastasis to a certain extent (8).

The mechanism of tumor metabolism affecting immune escape
is being studied in depth (12). It is indicated that the inhibited
immune response is in connection with a variety of factors such as
the metabolic patterns of substances in the TME (16). It is gradually
found that the reprogramming of metabolism in TME has a huge
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impact on immunotherapy for tumors, for instance, glucose
metabolism, amino acid metabolism, and fatty acid metabolism
can regulate immune checkpoint therapy (12). Therefore, targeting
metabolism reprogramming is a tumor treatment method worth
studying. It is worth mentioning that much attention has been paid
to tumor cell metabolism, but little is recognized about the role of
immune cells in the TME. However, the metabolism of immune
cells does not only affect their function but also has an impact on the
occurrence and progression of tumors.

It is indicated that the immune response in the tumor
microenvironment possibly be affected when the metabolism of
immune cells changes, and the metabolism of immune cells is
crucial to the growth of tumors (17). Recently, immunotherapies
have been regarded as a promising tumor treatment by activating
immune cells or through transplantation of engineered cells for
targeting and eliminating tumor cells (14). It makes sense to analyze
the function of immune cells in the TME and the influence of TME
on immune cells, to provide some clues for facilitating the tumor
immunotherapy (17).

2 The metabolism of tumor cells
in TME

The TME, a place for the metabolism of cells, includes
extracellular matrix, tumor cells, immune cells, stromal cells, and
so on (18, 19). Tumor cell metabolism and proliferation require
oxygen, but slow angiogenesis can lead to hypoxia in tumor tissue
(20). Most tumor tissues form an environment that lacks nutrients
and oxygen, so tumor cells are necessary to alter their metabolic
patterns to adapt to such an environment (21-24). For instance, it is
found that hypoxia can facilitate glycolysis in tumor cells, and can

Tumor cells in TME

The tumor cell in the
aerobic or hypoxic
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The differentiation of glucose metabolism in normal cells and tumor cells. In an oxygen-sufficient environment, the glucose metabolism in normal
cells is mainly oxidative phosphorylation, and a small part is glycolysis. In an oxygen-deficient environment, the normal cells mainly obtain energy
through glycolysis. In tumor cells, whether there is hypoxia or not, energy is mainly obtained through glycolysis, which is called the “Warburg effect”.
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also promote lipid metabolism by activating the PI3K/AKT
pathway (20). That is to say, tumor cells undergo metabolic
reprogramming of several substances, including glucose, lipids,
and amino acids, but the most famous one is the “Warburg
effect” (25-27). Metabolism reprogramming is one of the ways for
tumors to avoid the attack of the immune system and inhibit the
immune response, which plays a crucial role in adapting to TME for
tumor cells (28). Tumor cells can inhibit the function of immune
cells by competitively ingesting nutrients such as amino acids, and
can also affect the function of immune cells by producing complex
and variable metabolites (29).

2.1 Glucose metabolism

In TME, whether oxygen is sufficient or not, tumor cells make
use of plenty of glucose for glycolysis to generate lactic acid (30-32).
As we all know, hypoxia-inducible factor-1 (HIF-1) induced by
hypoxia can determine the modes of glucose metabolism, and a
variety of substances in TME increase the amount of HIF-1 protein
and also promote glycolysis (30). Also, it is found that the
enhancement of glycolysis in tumor cells is regulated by many
factors, such as HIF-1, p53, and PI3K/AKT pathways (33, 34). And
the increase of aerobic glycolysis in tumor cells produces more lactic
acid. If lactic acid continues increasing, it will lead to acidity or even
acidosis in the cells (33). According to research, lactic acid can be
excreted into the tumor matrix through monocarboxylate
transporters 4 (MCT4), and it can not only promote the increase
of HIF-1 and vascular endothelial growth factor (VEGF) but also be
regarded as a source providing energy for tumor cells (20). What’s
more, lactic acid is dissociated into lactate and H+ in the body. The
more lactic acid, the more H+ is produced. The increased H+ can
reduce the pH of TME, causing tumor immunosuppression (35).
Although the amount of ATP produced by monomolecular glucose
through oxidative phosphorylation in mitochondria is higher than
that of aerobic glycolysis, aerobic glycolysis produces ATP faster,
which is beneficial for tumor cell growth (36, 37). In addition,
aerobic glycolysis also reduces the demand of tumor cells for oxygen
and mitochondria (20).

2.2 Lipid metabolism

When glucose is deficient in the TME, tumor cells and immune
cells tend to perform lipid metabolism (38). In addition, immune
cells can also make use of the ketone bodies produced by the fatty
acids oxidation to obtain energy (20). Lipids include phospholipids,
cholesterol, triglycerides, fatty acids, and many other types (39-42).
Lipid metabolism includes anabolism and catabolism, and the
catabolism is commonly known as 3-oxidation (43).

Lipid metabolism is an important energy source, which can
promote the proliferation of cells and enhance the function of cells
(44). Apart from providing the energy needed for cell metabolism,
lipids can also promote cell migration in other ways, for instance,
lipids can form cell membranes, participate in signaling, and so on
(45-48). In normal cells, lipids can be obtained by ingesting lipids
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outside the cell, or by synthesizing lipids in cells, and then
metabolizing lipids (49, 50). The lipid metabolism in tumor cells
is significantly different (51, 52). The activation of oncogenes
induces lipid metabolism to provide energy for tumor cells,
eventually promoting the proliferation and metastasis of tumors
(53). The crazy proliferation of tumor cells needs the support of
several lipids (54). Not only can tumor cells synthesize lipids by
using some enzymes, including fatty acid synthase (FASN), sterol
regulatory element-binding proteins (SREBPs), acetyl-coenzyme A
(Ac CoA), stearoyl-CoA desaturase 1 (SCD1), acetylCoA
carboxylase (ACC), but also they can absorb lipids directly from
the external environment through different ways (45).

For example, low-density lipoprotein (LDL) can enter tumor
cells with the help of LDL receptors. Besides, cholesterol can enter
tumor cells mediated by fatty acid translocase, such as CD36 (20).
In TME, because of the hypoxic environment, HIF promotes the
intake and synthesis of fatty acids in tumor cells, which is beneficial
for lipid accumulation (55). In addition to fatty acids, phospholipids
and cholesterol are also two kinds of lipids that cannot be ignored,
on the one side, cholesterol can not only form a cell membrane but
also be converted into steroid hormones under certain conditions,
on the other side, steroid hormones can spread freely from serum to
cells (20). When steroid hormones bind to receptors in tumor
tissue, tumor cells can proliferate, and this mechanism is probably
related to the development of breast cancer (56). Cholesterol is a
part of the cytomembrane, maintaining the structure of cells, and its
metabolites can regulate the function of immune cells (57).
Phospholipids are divided into glycerophospholipids and
sphingolipids, which can not only form cell membranes but also
participate in some signaling pathways, such as the PI3K signaling
pathway, among them, phospholipids related to arachidonic acid
(AA) have attracted widespread attention (58). In tumor cells, if
lipids are abundant, they are probably stored in lipid droplets (LDs),
and it is reported that the storage forms include triglycerides and
cholesterol esters (45). Therefore, the obvious increase in the
number of LDs has become one of the characteristics of tumors
(20). Lipid metabolism is the basic metabolism and the energy
source of tumor cells, eventually promoting the growth and
development of tumors.

2.3 Amino acid metabolism

Apart from glucose metabolism and lipid metabolism, amino
acid metabolism in TME has gradually attracted attention. Amino
acids, organic compounds, are the basic units that make up
proteins, and it has been shown that amino acids are related to
tumor cell proliferation and metastasis (15). Although amino acids
have a nonnegligible influence on the function of cells, they cannot
directly enter into cells. It is demonstrated that the hydrophilic
nature of amino acids determines that they cannot freely pass
through the cell membrane, in fact, amino acids need to enter
cells with the assistance of various transporters (17).

Besides, amino acid metabolism is reprogrammed in TME, and
it has been confirmed that amino acid metabolism reprogramming
includes changes in the intake rate of amino acids, changes in
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pathways, and abnormality of key enzymes (17). Amino acids are of
significance for tumor cells, such as arginine, methionine,
glutamine, and so on (59). The rapid proliferation of tumor cells
requires the intake of a large number of amino acids, and the uptake
of amino acids requires the assistance of transport proteins, so
amino acid transport proteins can regulate the uptake rate of amino
acids and influence tumor development, for example, glutamine
enters tumor cells with the assistance of alanine-serine-cysteine
transporter 2 (ASCT2) (17). Compared with normal cells, tumor
cells need more glutamine to proliferate, so the expression of
ASCT2 in tumor cells increases. In addition, enzymes and
signaling pathways related to amino acid metabolism can also
affect tumor proliferation, for example, liver kinase B1 (LKBI),
also known as serine-threonine kinase 11 (STK11), is inhibited
when combined with asparagine (17). Therefore, asparagine
metabolism can affect the proliferation and metastasis of tumor
cells by affecting the LKB1-AMPK signaling pathway (15).

For tumor cells, plenty of amino acids can promote their growth
and development. But, as mentioned above, amino acids need
amino acid transport proteins to enter cells, so tumor cells cannot
ingest amino acids indefinitely. Different tumor cells may ingest
different types of amino acids. Nevertheless, amino acid metabolism
is also vital for promoting tumor development, which is also
worth studying.

3 Effect of metabolism on
immune cells

As we all know, a tumor is a kind of disease characterized by
immunodeficiency, and tumor cells can escape the recognition and
removal of multiple immune cells in many pathways (60). The
TME, characterized by nutrient deficiency, lactic acid, lipid
accumulation, and hypoxia, influences the role of the immune
system and hinders the immune response (Figure 2) (33, 44).
Additionally, more and more studies have shown that some
metabolites in TME can restrain immune activities (25). To cope
with the pressure of the TME, immune cells regulate their metabolic

10.3389/fimmu.2023.1307228

patterns to inhibit tumor development (56). Therefore, we need to
study the metabolic modes of immune cells in TME and the effects
of immune cells on tumor growth.

The immune system is composed of many types of cells,
including neutrophils, natural killer cells, macrophages,
monocytes, eosinophils, and basophils, and the immune system
mainly maintains the homeostasis of the internal environment
through immune response (61). Usually, some pathological
conditions, such as tumors and inflammation, may influence the
immune cell metabolism (60). Tumor-infiltrated immune cells are
dual, some of which has the effect of inhibiting tumor proliferation
and metastasis, such as effector CD8+T (Teff) cells, memory CD8+T
(Tmem) cells, natural Kkiller cells (NK cells), B cells, M1
macrophages, dendritic cells (DCs), N1 neutrophils and so on,
while others may be of benefit to the development of tumors,
including Treg cells, M2 macrophages, myeloid-derived
suppressor cells (MDSCs), and N2 neutrophils (62). Among
them, cytotoxic T cells, T effector cells, dendritic cells, and B cells
mainly remove cancer cells by recognizing specific antigens, while
natural killer cells and macrophages block tumor development
through non-specific immune responses (63). Although these
cells can prevent tumor development to a certain extent, tumors
gradually adapt and promote the role of cells suppressing the
immune response, such as tumor-associated macrophages
and regulatory T cells, and this feature of tumors forms
an immunosuppressive microenvironment, which facilitates
ultimately tumor proliferation and metastasis (64).

Generally speaking, immune cells can recognize and inhibit
tumor cell proliferation, and even destroy tumor cells (20).
However, in TME, the metabolism reprogramming of tumor cells
can escape immune surveillance and influence the metabolism of
immune cells to promote tumor development (52, 65).

The glucose metabolism reprogramming is beneficial for
facilitating the proliferation and development of tumors, and it
also has an influence on immune cells in TME (32). The
proliferation of tumor cells and immune cells depends on
glycolysis, tumor cells use glucose competitively, which makes
immune cells lack nutrients and unable to perform their
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seen in tumor cells, which can make the TME characterized by nutrient deficiency, lactic acid accumulation, hypoxia, and immunodeficiency.
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functions (66). In addition, metabolites produced by tumor cells,
such as lactic acid, can also inhibit the role of immune cells,
eventually weakening anti-tumor immunity and promoting tumor
immune escape (67). It is understood that enzymes in the process of
glycolysis may also affect the function of immune cells, among
them, hexokinase 2 (HK2) and phosphofructokinase 1 (PFK1)
respectively participate in the transformation of glucose into
glucose 6phosphate and glucose 6-phosphate into fructose 6-
phosphate (68). Besides, lactate dehydrogenase A (LDHA) and
pyruvate kinase M2 (PKM2) participate in the process from
phosphoenolpyruvate to pyruvate and then to lactic acid (32).
Interestingly, HK2 is inseparable from the degree of infiltration of
immune cells. PFK1 affects the differentiation of macrophages.
PKM2 can promote oxidative phosphorylation and the “Warburg
effect”, in addition, LDHA can facilitate the production of lactic acid
and affect immune cells, eventually leading to
immunosuppression (32).

In TME, the variation of metabolic modes of tumor cells inhibits
the immune response and promotes tumor development by
influencing the composition and function of infiltrated immune
cells (69). When glucose is deficient in TME, tumor-infiltrated
immune cells may change their metabolic patterns, that is, to
maintain their functions by ingesting and metabolizing fatty acids
(22). Tt is found that immune cells that promote the development of
tumors generally obtain energy through lipid metabolism to maintain
their functions (20). However, it has been proved that excessive lipids
may inhibit immune cells and impair the anti-tumor immune
response (70). Accordingly, lipid metabolism in TME may impact
the survival, progression, and function of immune cells (39). And
now, the influence of lipid metabolism on the function of immune
cells has been widely discussed.

Amino acid metabolism in TME can also have an effect on
immune cells, which is characterized by complexity and diversity (5).
For immune cells, amino acids can promote the synthesis of proteins,
which are beneficial for immune cells. Not only can amino acid
metabolism provide energy for immune cells, but the crucial enzymes
in amino acid metabolism can influence immune cells (59).
Nevertheless, as mentioned above, amino acids need transport
proteins to enter into cells, so immune cells cannot ingest amino
acids indefinitely. And different immune cells ingest different types of
amino acids (15). Disappointingly, amino acid metabolism
reprogramming in TME is harmful to immune cells, on the one
hand, the increase of amino acid transporters on tumor cells can
promote the entry of amino acids into tumor cells, while the number
of amino acids entering immune cells decreases, on the other hand,
once the amino acids metabolism products in tumor cells are
released, they can damage immune cells in TME (17). Therefore,
more and more attention has been paid to analyzing the impact of
amino acid metabolism on immune cells.

3.1 Tumor-infiltrating T cells

T cells originate from the thymus and enter the cycle after
completing differentiation, the survival and proliferation of these T
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cells primarily depend on oxidative phosphorylation and the
oxidation of fatty acids (71). T cells have various types, including
CD4+ cell groups and CD8+ cell groups. CD4+ cell groups include
regulatory T cells (Treg), follicular helper T cells (Tth), T helper
cells 1 (Th1), T helper cells 2 (Th2), T helper cells 17 (Th17), while
CD8+ cell groups include naive T cells, memory T cells (Tmem),
effector T cells (Teff), activated cells, chronic activated T cells (56).
Generally speaking, T cells trigger a variety of immune responses by
recognizing antigens to maintain the balance of the immune system.
In different TME, T cells influence tumor proliferation and tumor
development by modulating the anti-tumor immune response (56).
There are also differences in the effects of different T cells on
tumors. Teff cells can damage tumor cells by producing cytokines,
and this activity needs to increase the uptake of glucose and speed
up glucose metabolism, while Tmem cells can exist in tumor tissue
for a relatively long time, so they can help control tumor growth
(20). Although Th17 cells inhibit anti-tumor immune response and
promotes tumor proliferation, it also aggregates immune cells (56).
Although Th2 cells may promote tumor development through
immunosuppression, the subtype closest to immunosuppression
in CD4+T cells is Treg (22). It is shown that Treg cells not only
secrete inhibitory factors such as interleukin-4 (IL-4) and
interleukin-10 (IL-10) but also express inhibitory molecules such
as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) (20). Therefore, in TME,
Treg cells inhibit the function of anti-tumor immune cells and
ultimately inhibit the anti-tumor immune response, which is
beneficial for the progress of tumors (71).

In TME, different types of T cells probably obtain energy in
different metabolic pathways. CD8+ T cells are one of the essential
immune cells in anti-tumor immunity(48). After being activated,
CD8+ T cells are mainly transformed into effector T cells and
memory T cells, and their metabolic pathways are completely
different. The metabolic pathways in Teff mainly include
glycolysis and glutamine metabolism, while in Tmem include
oxidative phosphorylation and fatty acid oxidation (71).
Apparently, effector T cells increase the uptake of glucose and
speed up glucose metabolism (33).

Besides, it is confirmed that T helper cells (Th cells) mainly
depend on glycolysis, while Treg cells primarily depend on fatty
acid oxidation (56). However, it is guessed that the glucose
metabolism of tumor cells affects the metabolism and role of
many T cells. Because of the competitive use of glucose by tumor
cells, the amount of glucose that the glycolysis-dependent cells can
use is significantly reduced (34). Hence, the TME that lacks oxygen
and glucose may inhibit the development and function of the
glycolysis-dependent cells (71). Nevertheless, the function of some
cells that mainly rely on lipid metabolism like Treg cells is not
inhibited by the TME that lacks glucose and is full of lactic acid.
These cells may also inhibit the immune response and facilitate
immune escape (2). Besides, increased lactic acid has been proven to
hinder immunity and facilitate tumor development. The lactic acid
generated by glycolysis in tumor cells is transported outside the
tumor cells through monocarboxylate transporter 1 (MCT1)/
monocarboxylate transporter 1 (MCT4), thus forming an acidic
TME, which may eventually inhibit the metabolism of cytotoxic T
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lymphocytes (72) (Figure 3). Furthermore, as a key factor in
promoting Thl differentiation, interferon-y (IFN-y) changes its
property in an acidic microenvironment, inducing Thl to
differentiate into Th2 and ultimately promoting tumor
development (73). For example, glycolysis-induced infiltration of
Th2 cells affects the treatment and prognosis of lung
adenocarcinoma (73). Additionally, the increase of lactic acid in
the TME can facilitate the intake of more lactic acid by Treg cells.
And it is favorable for the immunosuppressive function of Treg
cells. Hence, reducing the content of lactic acid in the TME or
limiting the intake of lactic acid by Treg cells may do good for
immunotherapy (72).

In addition to glucose metabolism, lipid metabolism can also
influence the survival and function of T cells. In a nutrient-deficient
TME, lipid metabolism provides T cells with the energy they need to
survive. The oxidation of fatty acids affects the differentiation of
Tmem cells (56). Tmem cells store lipids mainly by synthesizing
fatty acids rather than ingesting fatty acids, and Treg cells seem to
be similar to Tmem cells at this point. Besides, Teff cells also
maintain their functions through lipid catabolization. Additionally,
the content of fatty acids also affects the differentiation of Th17 and
Treg cells. It is confirmed that when the content of fatty acids in
TME is low, exogenous fatty acids impact the function of Th17 and
Treg cells. Apart from fatty acids, other lipids, such as cholesterol
and phospholipids, can impact the survival and role of T cells (56).
If the intake and synthesis of cholesterol are insufficient or the
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discharge of cholesterol is increased, the proliferation of T cells is
suppressed (56). Additionally, the cholesterol in TME hinders the
immune response, causing the depletion of CD8+T cells and
eventually promoting the growth of tumor cells (74). In fact, the
increase of cholesterol in TME facilitates the expression of
inhibitory molecules, such as PD-1, affecting the function of CD8
+T cells. However, when the content of cholesterol on the cell
membrane increases, such as by inhibiting recombinant acetyl
coenzyme acetyltransferase 1 (ACAT1), the function of CD8+T
cells is promoted (56).

One of the necessary conditions for the proliferation of T cells is
to ingest amino acids, so amino acid metabolism can influence the
proliferation and role of T cells (15). In TME, the metabolic rate of
tumor cells is many times higher than that of normal cells. Tumor
cells competitively inhibit immune cells from ingesting amino acids,
for example, the increased intake of glutamate by tumor cells
reduces the intake of glutamate by T cells. So the proliferation
and activation of T cells are hindered, especially effector T cells.
Besides, the lack of tryptophan or cysteine inhibits the proliferation
of T cells and affects the role of T cells (75). Moreover, CD8+T cells
lose the expression of the mechanistic target of rapamycin (mTOR)
due to the deficiency of RagD-dependent amino acids in TME. It
has been proven to reduce the growth of T cells and inhibit the anti-
tumor immune response (16). Some studies have proved that
supplementing amino acids can restore the function of T cells to
a certain extent (17).

M2-like

Treg cell
TAMN [
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/
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The metabolism targets for immunotherapy. (A) Targeting PD-1 and CTLA-4 to restore the immune function of T cells. (B) The lactic acid generated
by glycolysis in tumor cells is transported outside the tumor cells through monocarboxylate transporter 1 (MCT1). Besides, lactic acid accumulation
may inhibit the function of T effector cells and promote the function of M2-like TAMs, Treg cells, and MDSC. (C) CD36 is a glycoprotein that can
help fatty acids pass through the cell membrane. Increased expression of CD36 enhances the fatty acid oxidation in M2like TAMs, eventually leading
to immunosuppression. Therefore, CD36 inhibitors can hinder the intake of fatty acids by M2-like TAMs and ultimately achieve the purpose of
inhibiting tumor progression. (D) IDO, produced by Tregs, decomposes tryptophan to specific metabolites, inhibiting the function of immune cells,
such as effector T cells. Targeting IDO can inhibit tumor development by restoring tumor immunity. Created with "BioRender.com”.
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3.2 Tumor-associated macrophages

Macrophages, differentiated from monocytes, are widely found
in organisms. It is known that macrophages can not only kill
pathogens and maintain tissue homeostasis but also participate in
immune regulation (45). Macrophages differentiate into M1
macrophages and M2 macrophages in the face of environmental
changes (76). Macrophages can be aggregated by some cytokines
and chemokines in the TME, including C-C motif chemokine
ligand 2 (CCL2), vascular endothelial growth factor (VEGF), and
macrophage colony-stimulating factor (M-CSF) (77). Macrophages
in tumor tissue are referred to as tumor-associated macrophages
(TAMs) (45). It is understood that TAMs are a class of immune cells
that account for a large proportion of TME, and they are connected
with tumor growth and tumor development (22). TAMs, as
antigen-presenting cells, are heterogeneous cell groups in TME,
which can transform from a static state to an activated state through
the process of activation (78, 79). In TME, TAMs gather in hypoxic
areas and quickly undergo glycolysis. In addition, TAMs can also
secrete immunosuppressive cytokines, and vascular endothelial
growth factors to promote tumor development (80). On the one
hand, TAMs can promote tumor replication and invasion through
colony-stimulating factor 1 and epidermal growth factor, on the
other hand, they can express immunosuppressive factors like
interleukin to facilitate the immune escape of tumor cells (81).

TAM:s include M1-like macrophages and M2-like macrophages,
and there are differences in their energy sources and metabolic
patterns (45). Specifically, the energy source of MI-like
macrophages is primarily glycolysis, while the energy of M2-like
macrophages is mainly provided by fatty acid oxidation and
oxidative phosphorylation (80). Interestingly, different types of
macrophages have different metabolic patterns. In glucose
metabolism, the expression of enzymes and factors connected
with glycolysis in M1-like macrophages can be upregulated by
HIF-1. Apart from this, IFN-y can accelerate the consumption of
glucose in M1-like macrophages and increase glycolysis. On the
contrary, the glucose metabolism mode in M2-like macrophages is
no longer glycolysis but is good for mitochondrial respiration and
oxidative phosphorylation (45). In lipid metabolism, while the fatty
acids oxidation is adjusted downward in M1-like macrophages, it
can be upregulated in M2-like macrophages induced by IL-4.
Besides, the metabolic characteristics of arachidonic acid are
different in these two types of macrophages (80). In M2-like
macrophages, the content of cyclooxygenase 2 (COX2) is higher,
and the content of cyclooxygenase 1 (COX1) is lower. And it is in
sharp contrast to M1-like macrophages. In amino acid metabolism,
L-arginine is converted into nitric oxide (NO) and L-citrulline to
promote urea circulation in M1I-like macrophages, while it is
converted into L-ornithine in M2-like macrophages (61).

Additionally, glutamine is related to the function of TAMs. Of
course, the pathways associated with glutamine also participate in
the polarization of TAMs (61). Furthermore, different types of
TAMs play different functions in affecting the development of
tumors (45). M1-like macrophages can produce tumor necrosis
factors, inflammatory cytokines, and reactive oxygen species, which
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can promote inflammatory reactions and eliminate tumor cells,
while M2-like macrophages produce different cytokines from M1-
like macrophages, such as tumor-stimulating cytokines, which can
promote tumor angiogenesis and tumor proliferation, leading to
immunosuppression (82). In addition, M2-like macrophages can
also produce a variety of chemokines to affect other immune
cells (83).

Although TAMs can be found at all periods of tumor
development, some studies have reported that MI-like
macrophages are activated earlier than M2-like macrophages (Y.
45). Besides, the stimulation in TME can change TAMs from the
type of pro-inflammatory to the type of anti-inflammatory, that is,
from M1-like macrophages to M2-like macrophages (78, 79). More
and more studies show that TAMs mostly express M2 phenotypes
in TME. This feature can create an immunosuppressive
microenvironment to affect tumor proliferation and metastasis (84).

Glucose metabolism, lipid metabolism, and amino acid
metabolism in TME affect many aspects of TAMs. Lactic acid is a
product of glycolysis in TME. Tumor cells can activate TAMs by
producing lactic acid to stimulate immune escape (29). Lactic acid
can also promote the glycolysis mode in M2-like macrophages, that
is, oxidative phosphorylation (61). It indicates that key enzymes in
glycolysis affect the polarization of TAMs. And it is suggested that
targeting the activity of hexokinase (HK) can affect tumor
development by affecting the polarization of macrophages (37).
Besides, the reprogramming of glucose metabolism in macrophages
also has an undesirable impact on their polarization. For instance,
in TME, the glucose metabolism of TAMs has changed from
oxidative phosphorylation to aerobic glycolysis, thus promoting
the activation of M1-like TAM (61). Furthermore, lactic acid can
facilitate the polarization of M2-like macrophages through many
kinds of signaling pathways, including MCT1 and HIF-1, eventually
promoting tumor development (80). In lipid metabolism, the
metabolic mode of TAMs depends on the stage of the tumors and
the requirements in the special environment (61). It is confirmed
that some metabolites produced by the lipid metabolism of tumors
affect the polarisation of TAMs (85). When the content of lipids in
TAMs increases, TAMs polarize to M2-like macrophages, which
eventually inhibit anti-tumor immune response and promote tumor
development (76). M2-like macrophages increase the expression of
arginase 1 (Argl) and promote arginine metabolism, finally
inhibiting immunity and promoting tumor development (45).
Moreover, glutamine (Gln) metabolism is also vital for keeping
the M2 phenotype of TAMs. Accordingly, it is demonstrated that
Gln metabolism is a promising target (5). It can be seen that the
function of TAMs and the influence of TME on TAMs are diverse
and complex. In addition to the above, there are many aspects of
TAMs and the impacts of TME on TAMs that deserve more
attention and further research.

3.3 Natural Killer cells

Natural killer cells (NK), a subgroup of inherent lymphocytes,
have strong anti-infection and anti-tumor ability, and can directly
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remove tumor cells by exerting cytotoxic activity (86). NK cells are
elements of the innate immune response, which can aggregate other
kinds of immune cells after being activated in TME (22). The
function of NK cells is mainly regulated by inhibitory receptors,
which hinder NK cells from exerting cytotoxic activity and help
tumor cells escape from immunity (86). Apart from typical
inhibitory receptors, checkpoint inhibitor receptors can also be
expressed on NK cells (86). Additionally, interleukin-like cytokine
stimulation can modulate the metabolism of NK cells through the
mTOR signaling pathway (60). By upregulating the mTOR complex
1 (mTORCI) signaling, NK cells ingest a large amount of glucose
and carry out aerobic glycolysis, which promotes the function of NK
cells (22). It has shown that sterol regulatory element binding
proteins (SREBPs) affect lipid metabolism through the regulation
of mTORCI, but further research is needed to analyze the influence
of SREBPs on lipid metabolism in NK cells (60).

The metabolism of various substances in TME affects the
survival, proliferation, and role of NK cells. When the content of
glucose in TME is low because of the increased glucose metabolism
in tumor cells, the glycolysis induced by the mTORCI signal is
inhibited, thus inhibiting the anti-tumor function of NK cells (20).
Besides, lactic acid can limit the function of NK cells by inhibiting
the nuclear factor of activating T cells (NFAT) in NK cells, thus
promoting immune escape (72). It is confirmed that if the content
of lipids in NK cells increases, the function of NK cells will be
inhibited, eventually leading to immune escape (39). For example,
in the TME with a large number of fatty acids, NK cells absorb
exogenous fatty acids, causing the suppression of glycolysis and
weakening the function of NK cells (22). Apart from fatty acids,
other lipids or regulatory factors may also affect NK cells.
Prostaglandin E2 (PGE2) can affect the survival and growth of
NK cells, and can inhibit the function of NK cells. In addition,
adiponectin secreted by adipose tissue may also hinder NK cells by
affecting fatty acid metabolism (60). What's more, the signaling
pathways cannot be ignored. Signaling pathways connected with
lipid metabolism in NK cells include mTOR and SREBPs (85).
Some studies found that when NK cells are constantly exposed to
IL-15, IL-15 may restrain the metabolism and function of NK cells
through the mTOR signaling pathway (60). Therefore, it is
speculated that the inhibitor of mTOR, rapamycin, may restore
the function of NK cells under certain conditions (60). At present,
although some studies have explored the relationship between NK
cells and substance metabolism, there are not enough pieces of
evidence. Apparently, it is necessary to carefully analyze the
influence of substance metabolism on NK cells in TME to obtain
more useful information.

3.4 Dendritic cells

Dendritic cells include the classical DC1 (cDC1), the
heterogeneous group the classical DC1 (cDC2), the plasmacytoid
DC (pDC), and other subgroups, which are indispensable in TME
(87). Dendritic cells, responsible for presenting antigens, strengthen
the anti-tumor effect by activating T cells. The classical DC1 can
ingest and submit antigens to T cells, for instance, submitting
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antigens to MHC class I molecules on CD8+ T cells. The classical
DC2 is believed to come from monocytes, which are divided into
DC2 and DC3. They can submit the tumor antigen to CD4+ T cells.
The plasmacytoid DC can be found frequently in tumors, which is
connected with adverse outcomes and low survival rates (88). Some
findings suggest that pDCs can promote Treg cells to secrete IL-10
to inhibit the immune response (86). The TME has a certain
influence on dendritic cells. In addition to reducing the number
of ¢DCI, tumor immune escape can also be achieved by directly
inhibiting the function of cDC1 (86). Surprisingly, when the content
of lipids in DC increases, the function of DC to present tumor-
related antigens is weakened, causing the suppression of anti-tumor
immunity (39). However, because the theory of how lipids inhibit
the function of DCs has not been thoroughly studied, the way to
restore the ability of DCs to present antigens may be found after in-
depth research to restore anti-tumor immunity (22). At this stage,
there is not much research on DCs. The function of DCs in TME
and the mechanism of TME affecting DCs are not comprehensive.
As a consequence, more research is needed to provide

more information.

3.5 Other types of immune cells

Neutrophils, the main components of immune cells in the body,
mainly obtain energy through glycolysis (22). They seem to
promote the development of tumors in some cases. For example,
when the content of glucose in TME is low, neutrophils obtain
energy through fatty acid oxidation, thus inhibiting the immune
response and promoting tumor growth (22). Neutrophils include
N1 neutrophils and N2 neutrophils. N1 neutrophils mainly obtain
energy through glycolysis to achieve anti-tumor function, while N2
neutrophils continue to ingest lipids, allowing lipids to accumulate
in them and eventually prolonging their survival time (22). Besides,
N2 neutrophils also inhibit the proliferation of some immune cells,
such as NK cells, by secreting many kinds of enzymes, and
ultimately facilitating the growth of tumors (22). MDSCs are also
an important class of immune cells, which primarily depend
on fatty acid oxidation to obtain energy to perform their
immunosuppressive function (20). It is shown that TME has a
large amount of lipids, which can promote MDSCs to ingest lipids.
Therefore, MDSCs can play an antitumor function in TME, but
when there is too much lipid, the function of MDSCs may be
inhibited (89). There are also a variety of immune cells or other
kinds of cells, playing various roles in the TME, which are affected
by different factors in TME, too. For example, cancerassociated
fibroblasts (CAFs) are vital stromal cells in TME, which are believed
to induce epithelial-mesenchymal transition (EMT) and secrete
immunosuppressive factors (40). CAFs can produce lactic acid
through aerobic glycolysis, and then tumor cells ingest and use
lactic acid, this is defined as the reverse “Warburg effect” (20). It is
proved that CAFs may help lipids be transported to tumor cells to
facilitate tumor proliferation and metastasis (22). The current
research has a limited understanding of cells in TME, and some
cells have not even been found. Therefore, more time is needed to
understand and analyze the cells in the TME.
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4 Targeting metabolism to explore
and promote tumor immunotherapy

The methods for treating tumors include radiotherapy,
chemotherapy, and targeted treatment. Regarding exploring how
to treat tumors, people are committed to developing effective
strategies without significantly damaging surrounding tissues and
cells (22). In recent years, immunotherapy has been gradually
studied and has become one of the most promising treatment
methods today, and it is possible to obtain better therapeutic
effects and lead to fewer side effects (20).

4.1 Some well-known immunotherapies
related to immune cells

With the discovery that the immune system inhibits tumor
proliferation, the immunotherapy of tumors has been gradually
paid attention to and studied deeply (34). It is confirmed that
tumors can inhibit anti-tumor immunity by establishing immune
checkpoints, which is in favor of tumor immune escape (89).
Immune checkpoint molecule CD28, cytotoxic T lymphocyte-
associated protein-4 can lead to the depletion of immune cells,
eventually promoting immunosuppression (34). At present,
Immune checkpoint blockers (ICB) and adoptive-cell transfer
(ACT) are important ways for immunotherapy that are related to
immune cells (57). It has proved that targeting PD-1 and CTLA-4
may restore the immune function of T cells (Figure 3) (34). Notably,
NK cells can also express PD-1, while the expression of PD-1 ligand
(PD-L1) limits the delivery of antigens to CD8+T cells by DCs, so
the anti-tumor immune response can be promoted by hindering the
PD-1/PDL1 axis (34). Besides, blocking CTLA-4 can increase the
infiltration of NK cells in the TME and indirectly enhance the
antitumor effect of NK cells by depleting Treg cells. Moreover, it is
found that lymphocyte activation gene 3 (LAG-3) is a promising
method to treat tumors by blocking checkpoints (86). Strategies for
T cell immune receptor with immunoglobulin and ITIIM domain
(TIGIT) pathways and its associated receptors and ligands can
provide new ideas for tumor treatment (86). Hopefully, it may be a
promising strategy to combine metabolic regulators and ICB to
promote the function of immune cells and augment
immunotherapy (32). Additionally, ACT, such as using T cells
amplified in vitro, enhances the ability of anti-tumor immunity by
modifying immune cells, and one of the advantages of ACT is that
the process of modifying immune cells does not affect other
surrounding cells (34). However, ICB activates immune cells in
tumors by modifying inhibitory signals, so it is limited by the
TME (34).

4.2 Therapies worthy of further research
The influence of tumor cell metabolism on immune cells is

gradually regarded as a crucial mechanism for tumor immune
escape. It includes the competition between tumor cells and
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immune cells for substances in the TME, and the accumulation of
metabolites produced by tumor cells in the microenvironment
(2). Therefore, the characteristics of tumor cell metabolism
provide a basis for finding therapeutic targets (34). Besides, the
regulation of cell metabolism may be an important idea for tumor
immunotherapy (2). Furthermore, it is confirmed that metabolism
reprogramming of tumor cells forms an immunosuppressive TME,
resulting in less effective tumor immunotherapy than expected (34).
Therefore, analyzing the metabolism of tumor cells and the
factors that inhibit the function of immune cells may enhance
immunotherapy (20, 34). Since the 20th century, it has begun
to study the connection between tumor cells and immune
cells to discover more treatments and improve the effect of
immunotherapy (39).

4.2.1 Therapies related to glucose metabolism

It has shown that the transporters, enzymes, and metabolites
associated with glycolysis are not negligible to the drug resistance of
tumors (72). Targeting the transport proteins and enzymes needed
in the process of glycolysis in tumor cells may be a new idea for
immunotherapy (80). The glycolysis inhibitors can prevent the
growth of tumor cells and augment the therapeutic effect, which
is a promising treatment method (30). Glucose transporters
(GLUTS), with increased expression in a variety of tumors, are a
crucial part of metabolism in tumor cells (90). The combination of
glucose transporters inhibitors and other tumor treatment methods
can promote tumor treatment and improve prognosis (34).

Key enzymes in glycolysis can be used as targets for tumor
immunotherapy, for example, the inhibitor of PKM2, Shikonin, can
inhibit glycolysis and block tumor cells from obtaining energy
through glycolysis (32). The combination of PD-1 and PD-L1 on
tumor cells inhibits the function of T cells in TME and promotes
immune escape. It is demonstrated that both HK2 and PKM2 are
connected with the expression of PD-L1, and the treatment
targeting PKM2 combined with anti-PD-1 antibodies may be a
hopeful treatment for tumors (32). Phosphoglycerate kinase 1
(PGK1), one of the enzymes in the glycolysis process, can
promote the progress of breast cancer and have an impact on the
prognosis of breast cancer patients (62). Therefore, PGK1 may also
be worth an in-depth study of the therapeutic target.

The mammalian target of rapamycin (mTOR) is a serine/
threonine protein kinase that turns into complexes with other
molecules in tumor cells, including mTOR complex 1 (mTORC1)
and mTOR complex 2 (mMTORC2), and both of them can affect the
function of immune cells and promote the growth of tumor cells
(17). The activation of mTORCI1 can promote the expression of
some glucose transporters and glycolytic enzymes, ultimately
promoting tumor cells to ingest glucose and stimulating the
proliferation of tumors (72). Therefore, inhibiting the mTORC1
may be regarded as one of the targets of tumor treatment (56).
However, it has been confirmed that mTOR inhibitors affect the
metabolism of T cells, such as Teff cells, leading to inhibit immune
response (34). It is necessary to explore how to better inhibit the
PI3K/AKT/mTOR signaling pathway to maximize the efficacy
of immunotherapy.
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CD147 is highly expressed on the surface of tumor cells. It is
proved that CD147 can promote the release of vascular endothelial
growth factor and extracellular matrix metalloproteinase, which is
closely related to the poor prognosis of tumors (2). Besides, it is
shown that CD147 can promote glycolysis in tumor cells by
assisting the transport of monocarboxylates (2). What’s more, its
monoclonal antibody (Licartin) can prevent the recrudesce and
metastasis of liver cancer to a certain extent. Moreover, compared
with the use of antiCD147 antibodies alone, the combination of
multiple immunotherapy methods may achieve better anti-tumor
effect (2). It is said that long noncoding RNA (IncRNA) can
promote glycolysis in tumor cells and regulate some oncogenic
signaling pathways, for example, TAMs enhance glycolysis of tumor
cells by producing extracellular vesicles (EVs) to transfer IncRNA
(91). It has been proved that targeting IncRNA in TAMs can inhibit
glycolysis of tumor cells (30). Therefore, IncRNA can be used as one
of the targets of tumor treatment providing a new idea (30).

4.2.2 Therapies related to lipid metabolism

The lipids in TME affect the proliferation and metastasis of
tumors, targeting lipid production and ingestion in tumor cells can
be regarded as an anti-tumor strategy (85). Lipids are related to the
metabolism of tumor cells and the function of various immune cells.
Therefore, studying the characteristics of lipids metabolism in the
TME and various cells helps explore new ways to treat tumors.

The increase of free fatty acids in tumor cells promotes tumor
metastasis (92). However, the metastasis of tumor cells is limited by
saturated fatty acids and unsaturated fatty acids, if the content of
unsaturated fatty acids in cell membrane phospholipids is low, the
fluidity of the cell membrane will be reduced, eventually leading to a
slowdown in the invasion of tumor cells (22). Therefore,
maintaining the balance of saturated fatty acids and unsaturated
fatty acids is of great importance for tumor metastasis. In
cholesterol metabolism, low-density lipoprotein receptor (LDLR)
is connected with tumor immune response, and inhibiting LDLR
can promote anti-tumor immunity. Moreover, statins can inhibit
tumor metastasis by reducing the cholesterol content in the tumor
cell membrane, but its curative effect needs to be further confirmed
(20). Apolipoprotein E (Apo E) can mediate cholesterol metabolism
and may enhance or inhibit the immune response under different
circumstances, so targeting Apo E can be regarded as a direction of
tumor immunotherapy (39). Besides, the metastasis of some types
of tumors can be blocked by inhibiting cholesterol esterification.
Extracellular fatty acids (FAs) can promote the polarization of
tumor TAMs, so targeting FAs affects the development of tumors.
What’s more, it is pointed out that inhibiting cholesterol efflux in
TAM:s can also be used as a way to treat tumors (39). However, the
metabolism mechanism of cholesterol in TAMs is very complex and
needs to be further explored (45).

In addition, phospholipids, a class of lipids containing
phosphoric acid, have a certain influence on the TME and
ultimately affect tumor proliferation and metastasis (19, 39). AA
produces prostaglandin E2 (PGE2) with the help of cyclooxygenase-
2 (COX2) (47). PGE2 is a tumor-related medium that can hinder
the immune response and promote tumor proliferation in various
ways (Y 60). TAMs can promote angiogenesis by secreting PGE2,
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promoting tumor development (93). Besides, PGE2 can facilitate
the expression of PD-L1 in TAMs, contributing to immune escape
(45). Therefore, targeting PGE2 and COX2 can hinder the
expression of PD-L1 in TAMs, ultimately inhibiting immune
escape. However, it is reported that the lipid metabolism
regulated by different COXs in TAMs may have the opposite
effects on the progression of tumors (43). It is said that cDCl
cells can enter the TME through the chemokine CCL5 secreted by
NK cells, but prostaglandin E2 inhibits this process (Y. 45).
Therefore, inhibiting the production of PGE2 can augment the
number of ¢DC1 cells in TME and can cooperate with anti-PD-L1
to complete anti-tumor treatment. Suppressing the expression of
COXI1 or COX2 can inhibit the generation of PGE2 (86). As can be
seen from the above, the COX2/PGE2 axis can be studied as a
hopeful treatment (45).

CD36 is a glycoprotein that can help lipids pass through
the cell membrane (19, 22). Increased expression of CD36
enhances the fatty acids oxidation in TAMs and Tregs, leading to
immunosuppression (94) (Figure 3). Therefore, preventing these
immunosuppressive cells from ingesting and metabolizing fatty
acids may be a strategy worth studying to treat tumors (39).
Moreover, increased expression of CD36 can also promote TAMs
to ingest fatty acids and promote tumor development, so CD36
inhibitors can hinder the intake of fatty acids by TAMs and inhibit
the negative impact of TAMs on immune response, ultimately
achieving the purpose of inhibiting tumor progression (43).
Furthermore, the high expression of CD36 can promote tumor
growth and tumor metastasis by regulating the Src/PI3K/AKT
signal pathway or activating the Wnt/TGF- signal pathway (20).
In addition, CD36 inhibitors can promote the submission of tumor-
related antigens by DCs, decrease the amount of Treg cells, and
promote the development of CD8+T cells. Using both CD36
inhibitors and anti-PD-1 could enhance the anti-tumor effects (20).

Fatty acid binding proteins (FABPs) are adipokines found in the
cell membrane or cytoplasm, which can participate in the
transportation of fatty acids and regulate fatty acid metabolism
(95). Some studies have shown that fatty acid binding protein 4
(FABP4) can promote tumor growth, so inhibiting FABP4 can be
used as a way to treat tumors (20). However, the impact of different
phenotypes of FABP on tumor proliferation and development may
be opposite, so it is necessary to specifically study the role of FABP
to provide a basis for tumor treatment (43).

The activity of enzymes in TME connected with lipid
metabolism also changes (39). ATP citric acid lyase (ACLY), fatty
acid synthase (FASN), acetyl-CoA carboxylase (ACC), and acetyl-
CoA (Ac CoA) are indispensable enzymes in lipid metabolism,
which influence the metabolism of immune cells and tumor cells
(85). ACLY decomposes cytosolic citrate in the cytoplasm into Ac
CoA and oxaloacetic acid (56). ACLY inhibitors are still in their
infancy, and further research is needed to provide a basis for tumor
treatment (70). Ac CoA can be generated not only through ACLY
but also through acetyl-CoA synthesis enzymes (ACSS). Therefore,
ACSS2 inhibitors can be used to hinder the proliferation of tumors
and seem to help ACLY inhibitors play a better anti-tumor role
(56). ACC inhibitors combined with other treatment methods can
inhibit tumor proliferation. What’s more, AMPK has been proven
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to be an inhibitor of ACC, and metformin can activate AMPK, so
metformin is clinically used to promote anti-tumor immune
response and inhibit tumor development (85). FASN is a key
enzyme that regulates the de novo synthesis of fatty acids (20).
And it catalyzes Ac CoA and malonyl-CoA to produce fatty acids
(56). Inhibiting FASN can reduce the energy source of tumor cells
and inhibit the role of M2 macrophages and Treg cells, eventually
hindering the growth of tumors (20). But we also need to explore
more deeply to obtain FASN inhibitors with better efficacy and
fewer side effects to guide the clinical treatment of tumors. In
addition to enzymes involved in fatty acid synthesis, enzymes
related to fatty acid decomposition are also worth paying
attention to (20). Carnitine palmitoyl transferase 1 (CPT1) is an
enzyme involved in the beta-oxidation of fatty acids (89). It is found
that inhibiting CPT1 can inhibit the role of immunosuppressive
cells, such as TAMs and MDSCs, so inhibiting CPT1 can restore the
immune response (20).

In addition, analyzing the signaling pathways connected with
lipid metabolism reprogramming can also be used as a starting
point for finding treatment methods (45). It is well-known that the
AMPK/mTOR signaling pathway is related to lipid metabolism.
The mTORCI can promote the synthesis of fatty acids by regulating
the activity of SREBPs, which are a class of transcription factors
related to enzymes and other related molecules needed for lipid
metabolism (96). As mentioned above, activating AMPK can
achieve the purpose of inhibiting tumors, but it shows that
AMPK may also promote the development of tumors. Therefore,
AMPK agonists need to be further explored to inhibit tumor
proliferation as much as possible (20). The mTOR signaling
pathway is crucial for the growth of tumors, so inhibiting mTOR
can play an anti-tumor role. However, it has been found that the
influence of mTOR on the survival and development of immune
cells is also worth paying attention to. Inhibiting mTOR may affect
the role of immunosuppressive cells, such as Treg cells, hindering
anti-tumor immune response (20). What’s more, it is demonstrated
that the AMPK/mTOR signaling pathway influences the
metabolism of CD4+T cells. Inhibiting mTOR leads to increased
lipid metabolism, which is in favor of the formation and survival of
Treg cells (56). Nevertheless, mTOR inhibitors also seem to inhibit
the function of Treg cells, so more research is needed to find mTOR
inhibitors that maximize the anti-tumor effect.

The peroxisome proliferator-activated receptor (PPAR)
signaling pathway cannot be ignored (20, 97). The PPAR has
been found to include peroxisome proliferator-activated receptor
o (PPARQ), peroxisome proliferator-activated receptor y (PPARY),
and peroxisome proliferator-activated receptor /8 (PPARp/J)
(40). Among them, PPARo mainly regulates oxidative
phosphorylation in glucose metabolism, while PPARY mainly
affects lipid metabolism (92). PPARy-mediated lipid metabolism
may hinder immune response and facilitate tumor growth (43).
Increased expression of PPAR-y may promote lipid synthesis and
increase the activity of immune cells, ultimately enhancing
immunotherapy (60). Besides, PPAR-y agonists can inhibit tumor
growth by hindering angiogenesis and facilitating the function of
CD8+T cells. Furthermore, the combined use of PPAR-y agonists
and anti-PD-1 can enhance the efficacy of tumor treatment (20).
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Unexpectedly, PPAR-y inhibitors can also be used to treat some
tumors by inhibiting M2-like macrophages from secreting tumor-
promoting cytokines (43). Therefore, it is necessary to analyze the
effect of specific PPAR-y inhibitors or agonists. Some signaling
pathways also need to be studied, such as SREBP and liver X
receptor (LXR) signaling pathways (20). The intake and discharge
of cholesterol are regulated by SREBPs and LXRs respectively (56).
It has been proved that SREBP inhibitors and LXR agonists can
promote anti-tumor immune response by regulating the role of
immune cells (56). Interestingly, using both LXR agonists and
PPAR inhibitors seems to enhance the anti-tumor effect (20).

There are many points worth paying attention to in normal
lipid metabolism and lipid metabolism reprogramming. Analyzing
them as deeply as possible may provide some basis for tumor
treatment. In tumor tissue, the anabolic and catabolism of lipids are
unbalanced, leading to lipid accumulation, which eventually affects
the therapeutic effect and prognosis (98). It is not difficult to find
that targeting transport proteins connected with fatty acid transport
can inhibit the growth of tumors, but there are many ways to
transport fatty acids. The treatment methods to block these routes
need to be further studied as much as possible (22). It is worth
noting that specific studies should be carried out on different stages
of lipid metabolism to obtain treatment methods that can help
improve the effect of immunotherapy (20). What’s more, in
different TMEs, the mechanism of lipid metabolism may be
different, so different tumors may require specific treatments (45).

Obesity is one of the manifestations of lipid metabolism
disorders. It has been found that excessive lipids may hinder the
role of NK cells (60). And if the role of NK cells is impaired, the risk
of tumors in obese people may increase. Besides, diverse degrees of
obesity may have disparate effects on lipid metabolism (60). As the
number of obese people increases year by year, it is particularly vital
to analyze the features of lipid metabolism in immune cells and
tumor cells. Whether obesity can lead to a bad prognosis of tumors
is also worth an in-depth study (58).

4.2.3 Therapies related to amino acid metabolism

Of Note, tumor cells need more amino acids than normal cells
and have stronger amino acid metabolism. Therefore, targeting
amino acid metabolism can hinder the function of tumor cells
without excessive damage to normal cells (17). Amino acid
metabolism can affect the role of immune cells and the
production of immune factors, which has a significant effect on
tumor immunity (17). Targeting amino acid metabolism can restore
tumor immune response, so it is worth studying deeply as a tumor
treatment strategy. Immune checkpoint receptors, including PD-1
and CTLA4, limit the role of T cells by hindering T cells from
ingesting and catabolizing amino acids (17). Hence, blocking
immune checkpoints can promote amino acid metabolism in T
cells (17).

Amino acid transporters are of significance in tumor
proliferation and metastasis. It is reported that one of the ways
that amino acid transporters affect tumor growth is to regulate the
activity of mTORCI, for example, recombinant large neutral amino
acid transporter 1 (LAT1) can increase the activity of mTORCI to
facilitate tumor growth and metastasis (17). It has shown that LAT1
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can activate mTORCI through the Ragulator-Rag complex and help
to transmit VEGF-A signals through mTORCI1 and promote
angiogenesis (17). When the amount of LAT1 becomes less, the
activity of mTORCI1 decreases, and this is not good for tumor
development (17). Hence, amino acid transporters can be used as
targets for tumor treatment. However, there is a great deal of amino
acid transport proteins in TME, thus inhibiting one amino acid
transport protein may have an impact on other amino acid
transport proteins (17).

Indoleamine 2,3-dioxygenase 1 (IDO1), indoleamine 2,3-
dioxygenase 2 (IDO2) and Tryptophan-2,3-dioxygenase (TDO)
are three enzymes in the tryptophan metabolism, and IDO1 is
highly expressed (15). IDO1 promotes tumor development through
immunosuppression, while TDO is connected with tumor
proliferation and metastasis (98). Therefore, it is necessary to
deeply analyze the role of IDO and its relevance to TDO. IDO,
produced by tumor cells, TAMs and Tregs in the TME,
decomposes tryptophan and generates specific metabolites (5)
(Figure 3). IDO can inhibit the role of immune cells, such as
effector T cells, and promote the formation of an
immunosuppressive microenvironment (5). It has proved that
dendritic cells expressing IDO can facilitate the production and
proliferation of Treg cells, ultimately hindering tumor immunity
(Xiao-han 99). And it can be seen that targeting IDO1, which is
considered one of the meaningful strategies for treating tumors, can
inhibit tumor development by restoring tumor immunity (83).
There are also difficulties in the study of IDO/TDO inhibitors.
Tumor cells may produce kynurenine (KYN), one of the
metabolites of tryptophan, by using IDO or TDO alone, or by
using IDO and TDO at the same time. Therefore, it is very
important to identify the enzymes that produce KYN and select
specific inhibitors for tumor treatment. For example, Epacadostat
can inhibit the secretion of KYN by tumor cells that mainly express
IDOI, but it hardly affects the tumor cells that mainly express TDO
(83). Of course, the dose of inhibitors is also a factor that cannot be
ignored (99). However, in addition to using IDO1 inhibitors alone,
using both IDOI inhibitors and ICB is also worth studying
carefully. Furthermore, whether the use of both IDO inhibitors
and PD-1/PD-L1 inhibitors is better than that of a certain inhibitor
alone is worth further study (99). For instance, the IDO1 inhibitor,
LY3381916, combined with the PD-L1 inhibitor, can minimize the
activity of IDOI, eventually increasing the number of T cells and
promoting anti-tumor immunity (15).

Glutamine can activate mTORCI to promote tumor cell
proliferation (5). Glutamine antagonists, such as JHU083, can
inhibit glutamine metabolism in tumor cells and promote the
formation of the TME beneficial for the survival of immune cells,
ultimately achieving the purpose of treating tumors (5). Moreover,
the simultaneous use of glutamine antagonists and anti-PD-1
antibodies can enhance the function of T cells, and its therapeutic
effect is better than the use of antiPD-1 antibodies alone (5).
Glutaminase (GLS), highly expressed in tumor cells, is an enzyme
that breaks down glutamine into glutamate. Therefore, inhibiting
glutamine enzymes may be used as a way to treat tumors (17).
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Besides, it is found that GLS antagonists, such as CB-839, can
increase the content of Gln in TME by inhibiting the utilization of
Gln by tumor cells. When Gln in TME increases, some signaling
pathways can be activated to strengthen the anti-tumor activity of
NK cells (17).

The growth of multiple T cells is connected with the amount of
amino acids. Promoting the inflow of amino acids is conducive to
the growth of T cells and eventually affects the anti-tumor
immune response (75). Besides, it is indicated that the function of
effector T cells can be improved by supplementing amino acids, and
anti-tumor immunity can be enhanced when anti-PD-L1 antibody
therapy is performed at the same time (5). Supplementing arginine
or targeting enzymes related to the arginine metabolism probably
enhances the role of T cells and reduces immunosuppression (15).
Inhibiting the catabolism pathways of tryptophan and arginine
hinders the function of Tregs in anti-tumor immunity, so these
pathways could be taken as targets for tumor immunotherapy (89).

To sum up, targeting the amino acid transporters and metabolic
enzymes related to amino acid metabolism reprogramming in TME
is a hopeful strategy for tumor treatment, which can enhance anti-
tumor immunity and inhibit the proliferation and metastasis of
tumors with immune checkpoint inhibitors (17). Apparently,
amino acid metabolism is important for tumor proliferation and
metastasis. Of course, the connection between amino acid
metabolism and other cells, such as vascular endothelial cells, in
TME, is also worth continuing to study to have a deeper
understanding of tumors and develop new promising treatment
strategies (5). Although the current understanding of amino
acid metabolism reprogramming in TME is limited, targeting
amino acid metabolism is still a strategy worth studying to
enhance anti-tumor immunity. Hence, more efforts are needed to
study the significance of amino acid metabolism for tumor
immunotherapy (15).

5 Discussion

Tumor cells and immune cells are two types of cells that cannot
be ignored in TME, and their metabolism can affect the progression
of tumors. Tumor cells change their metabolic patterns, namely
metabolism reprogramming, to adapt to the TME and escape
immune surveillance, ultimately facilitating the rapid proliferation
and metastasis of tumors. The immune system includes anti-tumor
immune cells, such as effector T (Teff) cells and M1 macrophages, as
well as immunosuppressive cells that promote tumor development,
such as Treg cells and M2 macrophages. In theory, anti-tumor
immune cells can inhibit the proliferation of tumors by recognizing
and destroying tumor cells to maintain the homeostasis of the body.
However, tumor cells in TME can hinder the function of anti-tumor
immune cells and promote the function of immunosuppressive cells
through metabolism reprogramming, eventually forming an
immunosuppressive microenvironment and promoting tumor
development. Therefore, analyzing the metabolism reprogramming
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in TME and the impact of metabolism reprogramming on immune
cells may be an important approach for immunotherapy.

Tumor cells in different TMEs have diverse metabolic
characteristics. The metabolism of tumor cells could be
compensated, so the effect of antitumor treatment through a
single target may be short-lived. For enhancing the efficacy of
anti-tumor treatment, implementing multiple therapies at the
same time may be a more comprehensive treatment. Future
research should distinguish more clearly the same and different
points between the metabolism of tumor cells and immune cells to
analyze targeted treatment strategies so that targeting metabolism
can better play an anti-tumor role together with immunotherapy.

Immunotherapy mainly includes specific immunotherapy and
nonspecific immunotherapy (17). Tumor immunotherapy, such as
blocking immune checkpoints, has been widely used in clinics.
However, there are still some diseases that cannot be solved with
existing immunotherapy (100). Furthermore, at diverse stages, the
metabolic modes of tumor cells and immune cells may be disparate
(60). However, the types and quantities of immune cells contained
in different TME are different. Immunotherapy is more effective in
tumors with more immune cells. It is demonstrated that autophagy,
as the self-protection mechanism of cells, has a non-negligible effect
on tumor cells and immune cells. Inhibiting autophagy probably be
beneficial for anti-tumor immune response, so it may be a new
immunotherapy method (20). Genes connected with metabolism
possibly become targets for immunotherapy (101).

Although TME and tumor immunotherapy are still being
explored, we can predict that immunotherapy can continue being
expanded and developed with the development of science and
technology to promote the treatment and prognosis of tumors.
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