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Abstract

immunotherapeutic and conventional treatments.

Cancer-associated adipocytes (CAAs), as a main component of the tumor-adipose microenvironment (TAME), have
various functions, including remodeling the extracellular matrix and interacting with tumor cells or infiltrated
leukocytes through a variety of mutual signals. Here, we summarize the primary interplay among CAAs, the
immune response and cancer with a focus on the mechanistic aspects of these relationships. Finally, unifying our
understanding of CAAs with the immune cell function may be an effective method to enhance the efficacy of
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Introduction

Obesity is now considered to be the most crucial modifi-
able reason for cancer. Overweight and obesity (body
mass index (BMI) 25.0-29.9, or =30 l(g/mz, respectively)
are correlated to elevated risk of colorectal cancer,
postmenopausal breast cancer, and cancers of the endo-
metrium, gall bladder, pancreas, kidney, and liver [1, 2].
However, not all cancers are related to obesity; higher
BMI is correlated to lower risk of breast cancer instead
of higher risk in premenopausal women [3]. The molecular
mechanisms underlying risk stratification have not been
well demonstrated and have motivated further molecular
and cellular research on the functional associations between
obesity and cancer.

Obesity exhibits excess accumulation of adipose tissue
and results in dysfunctional adipose tissue. Some research
has demonstrated that adipocytes, as the main element of
the stromal microenvironment of multiple cancers, display
tumor-promoting impacts on various tumor cells on a
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molecular level. In particular, cancer-associated adipocytes
(CAAs) are thought to be essential factors in cancer
progression, since they directly or indirectly facilitate cell
growth, angiogenesis, anti-apoptotic effects and migration
[4, 5]. CAAs are responsible mainly for metabolic storage.
Lipids are deposited here as triacylglycerols (TAGs) and
released in the form of free fatty acids (FFAs) when
needed. In addition to energy storage, CAAs contribute to
endocrine actively signaling to tumors by secreting hor-
mones, cytokines, adipokines and growth factors [5-7].
Surprisingly, CAAs may profoundly affect the effector
functions of immune cells. In the obese state, adipocytes
become hypertrophic with increased storage of TAGs, and
the excretion of adipokines and proinflammatory cyto-
kines is also elevated, including IL-6, IL-8, tumor necrosis
factor-a (TNF-a) and PAI-1. Monocytes, macrophages,
and other immune cells are attracted by these molecules,
thus stimulating the formation of chronic low-grade in-
flammation in the adipose tissue. Consequently, lipolysis
starts, and adipocytes release more FFAs, which is not
conducive to the lipid homeostasis of the entire organism
and results in subsequent immune alterations [8]. More-
over, according to the nutrient and growth factors in the
TME, many of these intracellular metabolic pathways are
interchangeable, whereas other pathways are stringently
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necessary for a specific cell lineage, for example, in T
regulatory cells (Tregs). The interaction between the
immune system and adipocytes has been addressed by the
identification of specific immune cell populations residing
in adipose tissue and the metabolic or inflammatory
factors secreted by these immune cells. This communica-
tion affects the local homeostasis profoundly, which sub-
sequently plays a role in the differentiation and function
of various immune cells.

In this review, we summarize the hallmarks of CAAs
thus far. Moreover, we concentrate on the effect of
CAAs on the resident immune cells and illustrate how
the adipocyte-immune cell interplay drives tumor
growth and progression.

CAAs as a complex assembler

Compared to normal adipocytes, CAAs are characterized
by a decrease in size and lipid content and adipocyte
differentiation markers, as well as an increase of adipo-
kines and inflammatory factors, such as leptin, matrix
metalloproteinase (MMP)-11, CCL2, CCL5, IL-6 [9, 10].
CAAs have been traditionally considered the peritumoral
adipocytes that display a modified phenotype and
particular biological characteristics sufficient to support
tumor progression [5, 9]. However, CAAs are now
recognized to be a complex and dynamic process. None-
theless, CAAs display their heterogeneity and plasticity,
which, in aggregate, defines the CAA phenotypes
(Fig. 1). Salient features of CAAs are:
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a) Morphologically, CAAs exhibit small sizes with an
extended interstitial space [9], which may be
associated with extensive extracellular matrix in
adipocytes surrounding tumor cells, such as the
overexpression of collagen VI [11]. In addition, the
size and number of intracellular lipid droplets are
found to decrease observably [12]. More complex
ultra-structures in the CAAs that can be seen with
electron microscopy include significantly abundant
mitochondria, which increases matrix density and
expansion of the cristal spaces [13].

b) CAAs possess senescent features. Recently,
several studies have demonstrated that adipocytes
can be diverted into a dysfunctional,
proinflammatory, senescent-like phenotype in
obese individuals [4, 14, 15]. Phenomenally, the
main feature of CAAs is their cell-cycle arrest,
alongside with the upregulation of genes associ-
ated with arrest cell cycle but the downregulation
of genes known to induce proliferation [16]. Re-
garding the effects of oncogenic pathway activa-
tion on cell-cycle arrest in CAAs [17], it shows a
remarkedly suppressed oncogenic pathways like
cell cycle regulation, Myc transcription, and tyro-
sine receptor kinases signaling, but an increase
expression of tumor-suppressive pathways like
Hippo pathway in CAAs [16]. In addition to
senescence-associated secretory phenotype
(SASP), bone marrow adipose tissue (BMAT) in
myeloma-burdened mice exhibits an increased

Fig. 1 Typical characteristics of cancer-associated adipocytes (CAAs)
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Table 1 Important immune cells involved in CAA regulation
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Immune cells

Mechanism

Alternations

References
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Natural killer cells
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senescent cytokines like IL-6, IL-8, CXCL1, and
CXCL2 [18]. Mechanically, autophagy might have
an essential effect on the malignant conversion
and aging of stromal cells. For example, caveolin-
1 (Cav-1) is the major structural protein for ca-
veolae and functions as a vital factor in mem-
brane transport (endocytosis and transcytosis), as
well as the preservation of membrane lipid com-
position and signal transduction within cells [19].
Interestingly, Cav-1 is thought to be a tumor
suppressor, and tumor growth and metastasis
were facilitated by Cav-1 downregulation in adi-
pocyte surrounded breast cancer cells [12, 20].
Under hypoxic conditions, autophagic response
can degrade Cav-1 through stimulation of NF-xB
and HIF-1a [21]. Likewise, low expression of
Cav-1 is shown to result in the stimulation of
cellular senescence of fibroblasts; the loss of Cav-
1 diminished mitochondrial respiration and pre-
vented silent information regulator 2 homolog 1
(SIRT1) from working, thus facilitating premature
aging [22]. For that reason, autophagy induced
by Cav-1 might be the essential crosstalk be-
tween CAAs and cellular senescence. Addition-
ally, the transformation from normal adipocytes
to CAAs may undergo cellular aging resulting
from the activation of many oncogenes. Evi-
dently, the injection of tumor cells induced

stromal senescence surrounding tumors [23].
Oncogene-induced senescence (OIS) could stimu-
late senescence of CAAs by induction of SASP or
gap junction-mediated cell-cell contact to en-
hance its own effects [24, 25]. For instance, nu-
merous SASP factors such as TGE-f [25], IL-8,
and CXCL1 [26], as well as some SASP path-
ways, including the NF-«B signaling pathway trig-
gered by ROS [27] and ¢cGAS-STING signaling
[28], could intermediate the stimulation of para-
crine senescence.

CAAs are found to occur with brown/beige
differentiation and have fibroblastic characteristics.
Initially, a phenotypic switch from white adipose
tissue to brown fat was discovered to exist in
cachectic mice via overexpression of uncoupling
protein-1 (UCP1) [29]. Then, UCP1 that is exclu-
sively expressed in beige/brown adipocytes,
PRDM16 that is a master regulator of brown adipo-
cyte differentiation, gene expression for classical
brown (MYF5, EVA1L, and OPLAH) as well as beige
(CD137/TNFRSF9 and TBX1) adipocyte markers is
enriched in the samples of human and mouse breast
cancer. Further, enrichment of beige/brown adipo-
cytes in mouse models significantly promoted
tumor development [13]. For the mechanisms, the
exosomal contents and parathyroid Hormone-
Related Protein (PTHrP) derived from tumor cells
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and IL-6 are found to promote WAT browning [12,
29-31]. Finally, the expressions of the fibroblastic
biomarkers containing a-SMA and fibronectin are
elevated in tumor-surrounding adipose tissues [13].
CAAs prominently enhance multiple catabolic
progresses and release multifarious high-energy me-
tabolites including adenosine triphosphate (ATP),
pyruvate, lactate, free fatty acids (FFAs) and glutam-
ine [5, 31, 32]. An additional way for stromal adipo-
cytes to interact with cancer cells is through the
interchange of metabolites and amino acids between
tumor cells and CAAs. Autophagy in stromal adipo-
cytes could mediate lipolysis and release FFAs, a
process that is subsequently utilized to fuel fatty
acid oxidation (FAO) in breast cancer cells [12, 33].
In addition, the metabolic disorder of CAAs might
be associated with changed immunoregulation, pos-
sibly by the generation of FFAs [34] or the con-
sumption of immunomodulatory amino acids [35].
Moreover, ATP release increased in stromal cells
that overexpressed UCP1 [36]; with respect to the
mechanism, ATP release in adipocytes is dependent
on Pannexin 1 and autophagy to induce lipolysis in
adipocytes and promote macrophage migration [37,
38]. Finally, extracellular vesicles (EVs) are novel
communicator between adipocytes and cancer cells
[7, 12, 39, 40]. Adipocytes-derived EVs carry both
proteins and substrates implicated in FAO to tumor
cells, subsequently enhancing FAO and energy sup-
ply in melanoma cells to increase migration and in-
vasion [7, 39]. Emphatically in obesity, EVs can
incrementally transport fatty acids not fatty acid
oxidation-related enzymes, subsequently store
within lipid droplets in cancer cells.

CAAs are also an important source of adipokines,
chemokines, cytokines and exosomes, which could
facilitate tumor growth and regulate treatment
responses [5—-7, 9]. CAAs secrete more chemokine
(C-C motif) ligand 2 (CCL2), CCL5, interleukin-1
(IL-1pP), IL-6, TNEF-a, vascular endothelial growth
factor (VEGF) and leptin, etc., which could facilitate
the invasion of the tumor and immune escape [41].
For example, CCL2 and CCL5 can recruit macro-
phages and polarize them to M2-like subtype to
form a specific structure called the crown-like
structures (CLS). And the process is associated with
malignant progression of breast cancer [42]. Add-
itionally, IL-6 binds to its receptor IL-6R to regulat-
ing Janus kinase (JAK)/STAT3 signaling pathways,
then stimulating the proliferation of tumor cells and
the stemness of breast cancer stem cells (CSCs)
[10]. Moreover, leptin is a multifunctional adipokine
that has a regulatory effect in the immune system,
as reviewed by Caitlin and et al. [43].
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f) PD-L1 expression is markedly elevated in CAAs to
exert a tumor immunosuppression. First, there is a
strong and specific expression of PD-L1 in the
brown adipose tissue [44], suggesting that CAAs
containing browning characteristics may overex-
press PD-L1. Likewise, recent evidence indicates
that the PD-L1 level is found to increase in mature
adipocytes surrounding breast cancer. The activa-
tion of the antitumor function of CD8+ T cells by
anti-PD-L1 antibody can be inhibited by adipocyte
PD-L1 in vitro. In homologous breast tumor
models, pharmacologic inhibition of adipogenesis
selectively decreased the generation of PD-L1 in
mouse adipose tissue and improved the anti-tumor
efficacy of anti-PD-L1 or anti-PD-1 antibodies [45].

The modulation of CAAs on innate immunity

CAAs have a profound impact on innate immunity.
CAAs have various functions in the homeostasis and
differentiation of innate immune cells, including supply-
ing FFAs as energy and promoting the transformation
among diverse metabolic pathways needed for differenti-
ation. In addition, CAAs have a strong effect on the inflam-
matory mechanisms that constitute innate immunity. Once
this interaction is disturbed, it will profoundly influence the
development of cancer.

Neutrophils

Neutrophils have the shortest lifetime and are the most
plentiful end-differentiated cells in the innate immune
system. In the past decade, the effect and importance of
neutrophils in obesity and cancer has become increas-
ingly obvious [46, 47]. Importantly, obesity increases the
infiltration of neutrophils in the adipose tissue, though
the infiltrated neutrophils are far fewer than the macro-
phages. Two studies also showed that during the first
week of a high-fat diet (HFD) treatment, the number of
neutrophils increased, indicating that, as in the trad-
itional immune responses, neutrophils may be one of
the immune cells that migrate to the adipose tissues first
in obesity [48, 49]. Likewise, gene knockout or pharma-
cological inhibition of neutrophils modifies insulin re-
sistance induced by obesity and suppresses inflammation
in adipose tissues [48]. Moreover, neutrophils accumu-
late in the peripheral blood of tumor patients, particu-
larly those with advanced diseases, and the high ratio of
circulating neutrophil-to-lymphocyte is a powerful pre-
dictive factor for poor prognosis in diverse tumors [46].
By contrast, the presence of intratumoral neutrophils,
which are considered tumor-associated neutrophils
(TANs), is an independent risk factor for short
recurrence-free, cancer-specific, and overall survival in
localized clear cell renal cell carcinomas (RCCs) [50].
Interestingly, obesity induces lung neutrophils to
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increase in normal mice, and the presence of primary
tumors will further aggravate this disease. The increase
in lung neutrophils transformed into elevated metastasis
of breast cancer to this position, in a GM-CSF- and IL5-
dependent manner [51]. Considerable evidence shows
that CAAs in pancreatic ductal adenocarcinoma (PDAC)
can secrete IL-1B to recruit TANs, further activating
pancreatic stellate cells (PSCs). The interaction among
TANs, adipocytes and PSCs facilitates tumor progression
under conditions of obesity [52]. Meanwhile, CAAs
release IL-8 to overexpress cell-adhesion molecules and
induce neutrophil accumulation in breast cancer. High
expression of IL-8 can increase the dissemination of can-
cer cells, while anti-IL-8 treatment exhibits suppression
of angiogenesis at the primary tumor site and decreased
dissemination of breast cancer cells [53]. Additionally,
exocytosis of neutrophil-released ARG1 mediated by IL-
8 leads to the depletion of arginine in the tumor micro-
environment [54], thus hampering proliferation of T
cells, and NO generated by NOS2 induces the suppres-
sion of CD8+ T cells [55].

Considering the metabolic factors, there are compara-
tively few mitochondria in neutrophils, and the energy
needed for chemotaxis and function is provided mainly
by glycolysis [56]. The inactivation of Prolyl hydroxylase
2 (PHD2) has been observed to result in the stabilization
of HIF-1a, thereby elevating glycolytic flux and glycogen
stores and facilitating abnormal responses in neutrophils
[57]. Recently, a research study has demonstrated that
even with the deprivation of glucose, glutamate and pro-
line could retain the potential of immature low-density
neutrophils (rather than high-density neutrophils) in
tumors to form neutrophil extracellular traps (NETs),
thus allowing their function to promote metastasis [58].
Neutrophil maturation is also controlled by metabolic
state. Lipid droplets were accumulated in autophagy-
deficient neutrophil precursors in which an energy crisis
occurs, thereby preventing the transformation from
glycolysis to oxidative phosphorylation (OXPHOS) which is
needed for accurate differentiation. We speculate that the
autophagy-deficient neutrophils fail to release FFAs
through lipophagy (catabolizing lipid droplets to FFAs),
thereby aggravating energy expenditure and resulting in
differentiation defect, since supplying FFAs for autophagy-
deficient precursor neutrophils completely restores differ-
entiation. This research raises essential issues about the
activation of lipophagy signaling pathways during differenti-
ation of neutrophils and the degree of selective lipophagy
[59]. Prominently, CAAs could release FFAs to promote
neutrophil differentiation and export lactate and pyruvate
to increase glycolytic flux in neutrophils, potentially main-
taining the differentiation and function of TANSs. Finally,
ATP, a molecular currency for energy transfer, and its de-
rivatives serve as the major biochemical constituents of the
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tumor microenvironment including heart function and
immunomodulation [60, 61]. In answer to cytotoxic stimuli
such as chemotherapeutic agents, cells undergo apoptosis,
and then nucleotides derived from the cells are released
into the extracellular space to facilitate the chemotaxis of
phagocytes, phagocytosis and degradation of dead cells
[62]. Various mechanisms, such as the exocytosis of vesicu-
lar ATP [63], the connexin-mediated secretion of cytoplas-
mic ATP via gap junction hemi-channels [64], the secretion
via pannexin channels [65] or transmembrane transport via
ATP transporters specific for the ATP-binding cassette
family such as the cystic fibrosis transmembrane conduct-
ance regulator [66], contribute to the release of ATP
induced by cell stress and cell death. ATP ligates a large
proportion of subsets of the metabotropic P2YR and iono-
tropic P2XR purinergic receptor family [67]. ATP acts as a
“find me” signal that facilitates the recruitment of neutro-
phils [68]. In the extracellular space, ATP and ADP are
catabolized into AMP and adenosine by ectonucleotidases
CD39 (also named NTPDase 1) and CD73 (5'-NT), respect-
ively, which are molecules located on the cell surface that
are involved in the generation of adenosine [38]. Subse-
quently, extracellular adenosine could bind to any of four G
protein-coupled purinergic type 1 receptors (adenosine
receptor Al (A1R), A2AR, A2BR or A3R), thereby stimulat-
ing the PKA signaling pathway through promoting the gen-
eration of cCAMP mediated by adenylyl cyclase. Hypoxia is
one of the most essential causes of the expression of CD39,
CD73, A2AR and A2BR, and therefore has a determining
effect on the outcome of purinergic signaling. Meanwhile,
HIF-1a is upregulated in CAAs [12], suggesting that CAAs
may overexpress CD39 and CD73 to produce adenosine by
degrading ATP. Adenosine binding to A2ARs facilitates the
production of anti-inflammatory IL-10 in neutrophils,
thereby suppressing the responses of T and NK cells in the
TME [69]. Likewise, adenosine inhibits the chemotaxis of
neutrophils directly by binding to A3Rs or indirectly by
weakening the release of chemoattractants from neutro-
phils [62]. In addition, adenosine also impairs their oxida-
tive ability [70] and transendothelial migration [71]. In view
of the duple effects of neutrophils on tumor development,
the influence of neutrophil infiltration induced by CAAs
and effect on tumor growth and metastasis is still unknown
and needs more investigation.

Natural killer cells

Natural killer cells are innate immune cells derived from
lymphoid. In response to infection, transformation or
the presence of stressed cells, these cells generate IFN-y,
which triggers macrophages to polarize to a proinflam-
matory phenotype in turn. The basal metabolic rate of
NK cells is low, with low levels of glycolysis and
OXPHOS [72-74]. Such a low metabolic rate is enough
to maintain acute NK cell responses, while glycolysis or



Wau et al. Biomarker Research (2021) 9:2

OXPHOS cannot be stimulated by the generation of
IEN-y, cytokine stimulation or receptor ligation [72].
Nevertheless, this low metabolic rate is essential for
acute NK cell responses. Inhibition of OXPHOS or gly-
colysis decreased the generation of IFN-y significantly at
these short time points, although degrees vary from the
activation stimuli; receptor stimulation is much more
sensitive to metabolic inhibition than cytokine stimula-
tion is [72]. Intriguingly, continuous stimulation of NK
cells leads to strong metabolic alterations that are
needed for NK cell effector responses. Stimulating NK
cells derived from mice or humans overnight with a
combination of various cytokines leads to a greatly in-
creased rate both of glycolysis and OXPHOS ([73, 75].
Changes in the metabolic mechanism and structures of
activated NK cells stimulated the upregulation in meta-
bolic rates. The glucose absorption and flux elevate in
activated NK cells via glycolysis, evidenced by elevated
generation of glycolytic enzymes and related nutrient
transporters [75]. In addition to the increases in
OXPHOS rates and maximal respiratory capacity, mito-
chondrial mass also increases [76]. Whether fatty acids
are utilized as a fuel source in NK cells has not been
extensively studied, partially due to the lack of tools to de-
tect fatty acid oxidation. Intriguingly, the accumulation of
excessive fatty acids has been found to be harmful for me-
tabolism and function of NK cells [77]. Therefore, glucose
is the main energy source for NK cells, and glucose is
utilized in the mitochondria and cytoplasm via aerobic
glycolysis, thus driving the generation of OXPHOS and
ATP through the citrate-malate shuttle (CMS) [76]. NK
cell education (also called NK cell licensing) is one pro-
cedure to gain maturation in functions and self-tolerance.
Cellular metabolic alterations have been proven to be
related to the NK cell education process. Compared with
uneducated NK cells, licensed NK cells derived from
humans display elevated glucose transporter expression
and higher glycolysis rates, instead of OXPHOS [78].

In the visceral adipose tissue of obese individuals, the
number of NK cells increases, and the concentration of
IFN-y also increases [79]. The lack of NK cells reduces
the accumulation of macrophages in white adipose tissue
in the abdominal cavity and improves glucose tolerance
in obese mice [80]. Providing mice with a high-fat diet
upregulates the number of activated NK cells as well as
the number of these cells that generate IFN-y. The con-
sumption of NK cells or weakened activation in high-fat
diet mice reduces macrophages with proinflammatory
phenotypes to accumulate in the white adipose tissue of
the epididymis, along with the normalized glucose
tolerance and insulin tolerance [81]. These results
indicate that IFN-y generated by NK cells might
have an impact on the polarization of proinflamma-
tory macrophages in epididymal white adipose tissue
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in obesity. Likewise, IL-6 and leptin derived from ad-
ipocytes could increase the PD-L1/NKG2D ligand
level in cancer cells by activating the JAK/STAT3
signaling pathway, thereby decreasing the cytotox-
icity of NK cells to tumor cells [82]. In obese mice,
the antitumor responses of NK cells are impaired,
and NK cells cannot control tumor growth ([77].
Obese people, whether children or adults, have a de-
creased number of circulating NK cells compared to
thin people, and these NK cells function abnormally,
evidenced by less generation of IFN-y, lower levels
of granzyme B and perforin, and decreased cytotox-
icity to tumor target cells [77, 83]. The functional
abnormalities of NK cells have been connected to
aberrant cellular metabolism in recent research stud-
ies [77, 83]. Compared with NK cells from lean mice
or humans, NK cells derived from obese mice or
humans cannot undergo metabolic reactions when
stimulated by cytokines, and their metabolic rate is
greatly reduced [77]. This metabolic dysfunction is
related to lipid accumulation in NK cells driven by
peroxisome proliferator-activated receptor (PPAR),
resulting in changes in gene expression, decrease in
MYC and mTORCI signals, and reduced glycolysis
and OXPHOS rates [77]. NK cells derived from
obese mice and human lose the ability to kill tumor
cells, partially due to the failure to form a synapse
with target cells; the cytotoxic mechanism is not
transmitted to the NK cell-tumor cell synapse [77].
The formation and maintenance of this NK cell-
tumor cell synapse have been proven to be processes
with energy expenditure [84]. NK cells derived from
humans promote mitochondrial polarization to NK
cell-tumor cell synapses, and after target cells par-
ticipate, the mitochondrial membrane potential of
the NK cells drops rapidly, in keeping with the rapid
energy consumption [84]. However, CAAs release
abundant FFAs and glycerine that may result in the
accumulation of lipid in NK cells to impair functions
of NK cells. In addition, CAAs can export high
levels of lactate with a low pH, both of which could
weaken the antitumor functions of NK cells [85]. Recently,
a human research study demonstrated that a reduction of
the intracellular pH of NK cells residing in the tumor-
infiltrating liver was induced by the lactate generated by
colorectal liver metastasis, resulting in mitochondrial dys-
function and apoptosis [86]. Therefore, signal changes and
metabolic defects are major aspects of CAAs-induced NK
cell dysfunction in the tumor microenvironment.

Natural killer T (NKT) cells

As a specialized subtype of T cells, NKT cells express
both CD3 and NK1.1, which are cell markers of NK and
NKT cells [87]. Therefore, NKT cells (CD3* NKI1.1%)
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can be distinguished from CD4 and CD8 T cells
(NK1.1~ CD3"). In addition, NKT cells (CD3" NK1.1%)
could be distinguished from NK cells (CD3~ NK1.1%).
These cells connect functions of innate and adaptive im-
mune cells and could generate both type 1 (IFN-y) and
type 2 (IL-4 and IL-10) cytokines. In most situations,
NKT cells cannot recognize peptide antigens presented
by MHC I or MHC II molecules; however, the NKT cells
recognize mainly glycolipid antigens presented by CD1d,
a specialized antigen-presenting molecule many cells
such as DCs, macrophages, adipocytes and hepatocytes
express [88]. Nevertheless, a few subtypes of NKT cells
also use MHC molecules instead of relying on CD1d.
NKT cells are identified into two main subtypes ac-
cording to their TCR sequences. The type I NKT cells
(also called invariant NKT cells, classical NKT cells, or
iNKT) have TCRs with an invariant «-chain (Val4-Jal8
in mice and Va24-Jal8 in humans), while the type II
NKT cells (also called variant NKT cells, nonclassical
NKT cells, or vNKT cells) have more diverse TCR se-
quences. Therefore, both iNKT and vNKT cells are ab-
sent in CD1d ™~ knockout mice, while only iNKT cells
are absent in Ja18~/~ knockout mice. Various cytokines,
including IL-4, IL-13, IFN-y and TNFa, are generated
by NKT cells, thereby mediating either T helper 1
(Thl) or Th2 responses [89]. In colorectal cancer
(CRC), the increase in tumor metastasis to the liver was
lacking natural killer T (NKT) cells [90]. Moreover,
probiotics can mediate the conversion of primary to
secondary bile acids, thereby increasing the expression
of CXCL16 in liver sinusoidal endothelial cells. Probio-
tics can also further exert antitumor effects in a liver-
selective manner, upregulating hepatic CXCR6+ NKT
cells and increasing the generation of IFN-y under anti-
gen stimulation [91]. The number of iNKT cells in the
adipose tissue is inversely proportional to the degree of
obesity [92]. The number of these cells decreased when
a high-fat diet was used, which was reversed by the re-
moval of high-fat feeding in mice [93]. Recent research
has demonstrated that to explore the roles of NKT cells
in obesity, mice with CD1d™’~ and Ja18'~ knockout
exhibited impaired glucose and insulin tolerance, as
well as elevated infiltration of proinflammatory macro-
phages in adipose tissue [92, 93]. Another research
study demonstrated that p2-microglobulin (B2M)
knockout mice showed a deficiency of NKT cells and
were insensitive to insulin resistance induced by obes-
ity, indicating that NKT cells might participate in the
progression of insulin resistance induced by obesity
[94]. Hence, CAA may secrete several regulators or
decrease CD1d to impair NKT cell functions. The ef-
fect of NKT cells on the CAAs-induced tumor pro-
gression is not yet completely understood and needs
further investigation.
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Macrophages

Macrophages function as scavengers to regulate the im-
mune response to pathogens and maintain tissue homeo-
stasis. As one complex subtype of macrophages, adipose
tissue macrophages (ATM) express various surface markers
and have distinctive anatomical positions [95]. Moreover,
two major phenotypes of ATMs are the classical polarized
M1 macrophages and alternatively polarized M2 macro-
phages [96]. For inflammation, M1 macrophages generally
secrete proinflammatory cytokines (such as TNF-a, IL-6),
whereas M2 macrophages have an anti-inflammatory effect
through excreting IL-10 [97]. Although tumor-associated
macrophages (TAMs) cannot be divided into M1 and M2
subpopulations simply, they often display an M2-like
phenotype and promote tumor growth through stimulating
immune-suppression [97]. Importantly, reprogramming of
macrophages from one phenotype into another partially
explains the diversity of macrophages [98]. Therefore, it is
crucial for obesity-associated tumors to understand the
heterogeneity and plasticity of macrophages. Crown-like
structures (CLSs) are termed a configuration where macro-
phages surround a dead or dying adipocyte [99]. The num-
ber and density of CLSs are positively associated with high
BM], large adipocyte size, postmenopausal status and insu-
lin resistance in obese patients, indicating that the CLS has
a pathophysiologic effect on adipose tissue inflammation
[100, 101]. The pathological upregulation of CLS in mam-
mary adipose tissue is associated with an inferior prognosis
in breast cancer patients [100]. Considerable evidence
indicates that, according to the different environmental
cues, ATMs switch their transcription process from
“steady state” to “polarization”, into an inflammatory
state, or vice versa [102].

The differentiation, mobilization, polarization, and an-
titumor response of macrophages can be modulated by
metabolism. Macrophage metabolism is now recognized
as a complicated accurately controlled program that
affects and/or is affected by diverse characteristics of
tumor cells and the tumor microenvironment. First, the
activity of macrophages against pathogens as well as
tumor cells needs aerobic glycolysis to supply energy.
The stimulation of lipopolysaccharides (LPS) induces
M1 polarization of macrophages, leading to elevated
aerobic glycolysis [103]. In addition, glycolysis promotes
the carbon influx into the oxidative pentose phosphate
pathway (PPP), which generates NADPH to produce
reactive oxygen species (ROS) by NADPH oxidases. The
generation of ROS is crucial for the phagocytic activity
of M1 macrophages. Inhibiting aerobic glycolysis
through activation of pyruvate kinase M2 (PKM2) or
inhibiting pyruvate dehydrogenase kinase 1 (PDK1)
reduces the M1 polarization of macrophages induced by
LPS [104]. In addition to M1 polarization, glycolysis is
also essential for M2 polarization of macrophages [105],
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as glycolysis has a vital effect on the generation of
cytokines by M2 macrophages stimulated by LPSs [106].
In addition, through stimulating the expression of the
major glycolytic enzyme PFKFB3, soluble factors such as
hyaluronan fragments derived from a tumor could
promote glycolysis in TAMs [107]. Second, fatty acid
oxidation (FAO) acts as the essential energy source to
promote the M2 polarization of macrophages. For FAO,
triacylglycerol substrates are internalized by M2-
polarized macrophages through the scavenger receptor
cluster of differentiation 36 (CD36), which later under-
goes lipolysis via lysosomal acid lipases [108]. The IL-4
stimulation induces M2 polarization of macrophages,
thereby promoting fatty acid uptake and oxidation and
enhancing mitochondrial biogenesis [109]. Inhibition of
FAO in TAMs facilitates the antitumorigenic differenti-
ation of TAMs and suppresses tumor growth [110]. The
mechanism through which FAO is promoted in macro-
phages has been well established. Activation of peroxi-
some proliferator-activated receptor-gamma (PPAR-y)
and downstream of the PPARg-coactivator-1p (PGC-1p)
induces FAO and mitochondrial biogenesis transcrip-
tionally [109, 111]. In vitro and in vivo, tumorigenic
polarization or M2 polarization of macrophages requires
PPAR-y [109, 110]. In addition, PGC-1p is necessary and
sufficient to induce M2 polarization of macrophages
[111]. Therefore, FAO supports protumorigenic polarization
of macrophages.

Given that macrophages are crucial factors in most
chronic inflammation cases, we speculate that inflamma-
tion induced by obesity is also stimulated by macro-
phages. In general, there is evidence showing that
obesity elevates the number of ATMs in animals and
humans [112]. This study also found that weight loss
leads to a decrease in the number of ATMs, and this de-
crease is often accompanied by an improvement in insu-
lin resistance (such as that induced by TZD treatment).
The most important alternation induced by obesity in
ATMs is the increase of the number of triple-positive
(CD11b" F4/80" CD11c") ATM populations [102]. Nu-
merous research studies tried to classify ATMs based on
the M1/M2 system. At present, the general consensus
in this field is that obesity will induce complete
polarization of ATMs from M2 phenotype to M1
phenotype. Nevertheless, flow cytometry analyses re-
veal that both CD11lc (M1 marker) and CD301 (M2
marker) exist meanwhile in ATMs [102], indicating
that a single ATM can simultaneously have both M1
and M2 features. Moreover, the M2 phenotype but
not M1 phenotype is related to BMI in humans [113],
and ATMs derived from obese humans displayed the
genetic characteristics of TAMs [114]. These findings
indicate that macrophage might mediate obesity-
induced tumor metastasis and immune escape.
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As described above, adenosine is prone to be accumu-
lated in a tumor-associated adipose microenvironment
(TAME), contributing mainly by the secretion of CAAs.
Upon binding to A2A receptors, adenosine reduces the
classical polarization of macrophages, whereas M2
polarization is induced when adenosine binds to the
A2B receptor. Adenosine promotes the recruitment of
cultured monocytes to tumors [115]. The ectonucleoti-
dases CD39 and CD73 could also be produced in TAMs,
which could further catalyze the generation of adenosine
and transmit signals to downstream adenosine receptors.
Therefore, because of the upregulated cytotoxicity of NK
and T cells, A2A receptor deficiency in myeloid cells
suppresses the growth and metastasis of melanoma [69].
In addition, the knockout of A2A receptors in myeloid
cells reduces M2 polarization, while enhancing M1
polarization in TAMs [69]. Specifically, the suppression
of T cell proliferation mediated by TAMs could be
reversed by inhibiting CD39 or CD73 [115]. Thus,
metabolic changes that promote the accumulation of
adenosine in the TAME cause tumor immunosuppres-
sion by promoting macrophage polarization to the M2
phenotype.

In the TAME, lactate could modulate the signaling
functions and polarization of M2 macrophages. Lactate
is the final product of aerobic glycolysis in some types of
cells such as CAAs [12, 31, 32]. Lactate can also regulate
the polarization of macrophages directly [116]. Lactate is
competent to stimulate expression of VEGF and markers
of M2 polarization such as Argl, Fizzl, Mgll, and Mgl2.
G-protein-coupled receptor 132 (Gprl32) on macro-
phages mediates the sensation of lactate by M2 polarized
macrophages, and the metastasis of breast cancer is
suppressed with the loss of Gpr132 in mice [117]. Fur-
thermore, the decrease of Gprl32 expression is related
to the improvement of metastasis-free survival in breast
cancer patients. Therefore, the level of lactate in TAME
modulates the signaling functions and M2 polarization
of macrophages.

Myeloid-derived suppressor cells (MDSCs)

MDSC:s are consisted of a heterogeneous subtype of imma-
ture myeloid cells that are derived from the common mye-
loid progenitor [118]. There are two subsets of MDSC,
monocytic (M-MDSC) and polymorphonuclear (PMN-
MDSC). MDSCs exert immune-suppressive effects to pro-
mote tumor growth and inhibit T cell activation through
impairing immunity by elevating arginase-1, nitric oxide
(NO), and ROS [118]. In obese individuals, the infiltration
of immune suppressive MDSCs was upregulated [119].
Leptin, an over-expressed adipokine in obese adipose tissue,
induces the accumulation of MDSCs in peripheral serum
and in tumors [120]. Polyunsaturated fatty acids (PUFAs)
promoted the differentiation of MDSCs and elevated the
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immune suppressive ability through JAK-STAT3 signaling
pathway. This pathway further upregulated NADPH
oxidase to facilitate the generation of ROS [121]. Instead of
glycolysis, MDSCs rely on fatty acid oxidation to supply
energy. Tumor-derived colony-stimulating factor (CSF)
promoted the lipid metabolism and fatty acid oxidation in
MDSCs through STAT3 and STAT5. STAT3 and STAT5
signaling pathway increased the synthesis of lipid transport
receptors resulting in an elevated lipids uptake. The en-
hanced lipid metabolism upregulated the ability of MDSC
to suppress T cell activation [122]. Taken together, adipo-
kines and lipids which were derived from adipocytes in the
TME facilitated the infiltration and T cell suppression of
MDSCs.

The modulation of CAAs in adaptive immunity

The main adaptive immune response to kill tumor cells
begins with recognizing tumor antigen via antigen-
presenting cells (APCs), which further present tumor-
associated antigens by MHC II molecules to the T cell
receptors (TCRs) of CD4 helper T (Th) cells. Ultimately,
these processes result in activation of T effector cells
(Teffs), which could finally result in the eradication of
cancer cells. CAAs in TAME exert direct or indirect
effects on the process of adaptive anti-tumor immunity
to promote tumor immune evasion. Most directly, CAA
upregulated PD-L1 binds to PD1 on the surface of
CD8+ Teff, subsequently suppressing antitumor functions
of CD8+ T cells [45]. In addition, CAAs could release
immunomodulatory metabolites and secrete adipokines
such as leptin to mediate the differentiation of adaptive
immune cells. Hence, the CAAs-mediated immune tumor
microenvironment strongly influences tumor progression.

Dendritic cells (DCs)

DCs have a crucial effect on the switch from innate
immunity to adaptive immunity through presenting
antigens by MHC II molecules to the TCRs of Th cells
[123]. Likewise, various cytokines are generated by DCs,
which function to promote the maturation and/or acti-
vation of other immune cells. For instance, DC-derived
IL-12 stimulates the differentiation of naive T cells into
Thl T cells, while IL-15 released from DCs has a vital
impact on the proliferation and activation of CD8 T cells
and NK cells. CD11c is the main surface marker of DC
cells analyzed by flow cytometry, while CD80, CD83 and
CD86 are often utilized together with other markers
[124]. Two key subtypes of DCs in the TME, plasmacy-
toid DCs (pDCs) and conventional DCs (cDCs) are
derived from the common DC progenitor (CDP) but
have different morphologies and functions [125]. The
pDC was originally reported to generate type I inter-
ferons in answer to viral infections. In the TME, pDCs
promote the generation of Sema4A and IDO to support
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Tregs functions, thereby playing a role in immunosup-
pression and facilitating the progression and metastasis
of tumors [126]. According to the different functions
and surface markers, cDCs could be further classified
into two subtypes, ¢cDC1 and cDC2 [125]. ¢cDC1 ex-
presses XCR1 and CD8a in the lymphoid organs or
CD103 within peripheral tissues and needs the transcrip-
tion factors IRF8, BATF3, and ID2 for development. In
the meantime, ¢DC2 expresses CD11b and SIRPa and
needs the transcription factors IRF4, ZEB2 and Notch2
for the development. ¢cDC1 plays an important role in
eliciting an anti-tumor CD8+ T cell response mediated
by MHC-I and supports T cell effector functions by re-
leasing IL-12, while ¢cDC2 appears to be involved in the
activation of CD4+ T cells mediated by MHC-II [127].
Moreover, ¢cDC1 recruits CD8+ T cells via the gener-
ation of CXCL9 and CXCL10 [128]. These observations
suggest the important effects that ¢cDCls have on the
control of tumor growth. Regarding immunotherapy,
¢DCl1s play an important role in facilitating the anti-
tumor effects of the PD-1 blockade and efficient adop-
tive T cell transfer therapy [128]. Furthermore, in mouse
tumor models, the immune status determines the vac-
cination efficiency of ¢cDC1 or ¢cDC2 vaccine. Inoculation
of ¢cDC1 can enhance the anti-tumor performance of
CD8+ T cells, while vaccination of ¢cDC2 can enhance
the differentiation of TH17 cells (IL-17-expressing T
cells) and promote the polarization of TAMs to an M1-
like phenotype with anti-tumor activity [129]. The gen-
etic markers of ¢cDC1 are positively associated with the
survival of human cancer patients with different tumor
types, including breast cancer, head and neck squamous
cell carcinoma, and lung adenocarcinoma [130].

Because the main function of DCs is to present anti-
gens in adaptive immunity, and inflammation induced
by obesity is generally thought to be caused by innate
immunity, the role of DCs in inflammation induced by
obesity has not yet been comprehensively demonstrated.
Recently, two research studies, both of which revealed
that obesity induced the increase of the infiltrated DCs
in adipose tissue [131, 132], concentrated on the effects
of DCs on the progression of insulin resistance induced
by obesity. One study demonstrated that there were
three DC subtypes, classified as myeloid, CD4+, and
CD8+ DCs, in adipose tissue, and the number of those
CD103 DCs decreased under conditions of obesity [131],
which played a vital role in the differentiation of regula-
tor T (Treg) cells in small intestinal lamina propria
[133]. Intriguingly, the DCs derived from adipose tissue
of obese animals and humans could stimulate the differ-
entiation of Th17 cells in vitro [131]. The differentiation
of Tregs and Th1l7 cells usually counterbalance each
other, and obesity induced the decrease of Treg num-
bers. Th17 cells have not yet been identified in adipose
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tissues (ATs) from lean or obese animals. Therefore, it
would be interesting to explore whether CD103 DCs
could modulate the inflammation induced by obesity in
AT through modulating the balance of Treg and Th17
cell differentiation in vivo. In addition, the other study
demonstrated that the loss of DCs in Flt3—-1-/- knock-
out mice improved insulin resistance induced by obesity,
as well as reduced the numbers of ATMs and liver mac-
rophages, which were reversed by the reconstitution of
DCs [132]. These results indicate that adaptive immunity
might also be involved in promoting inflammation in-
duced by obesity. Hence, it will be a promising direction
to investigate whether DCs have an impact on the pro-
gression of obesity-induced inflammation by facilitating
adaptive immunity.

Activated DCs meet their energy requirements via gly-
colysis and the pentose phosphate pathway (PPP). Once
ligated to TLRs, the uptake of glucose and generation of
lactate are immediately elevated in DCs [134]. Glycolysis
provides substrates for the PPP and TCA cycle to gener-
ate NADPH and mitochondrial citrate, respectively,
which are then transported to the cytoplasm to fuel FAS
[134]. The citrate flux into FAS is necessary for the ex-
tension of the endoplasmic reticulum (ER) and the Golgi
apparatus in DCs [134]. The unique utilization of citrate
in DCs is considered to be a key event that supports the
activation of maturation and special biological activities
in DCs [134]. The proinflammatory signatures of DCs
are generally enhanced by glucose metabolism and FAS,
but actually, some research studies have shown that the
activation of T cells induced by DCs are upregulated
through the inhibition of these pathways [135]. Mechan-
istically, glucose restriction in DC-T cell synapses will
inhibit the mTORCI1/HIF-1a/NOS2 signaling pathway
in DCs, thereby reducing the speed of glycolysis [135].
Moreover, interferon-I could upregulate the mitochon-
drial activity and FAO that promote pDC maturation
[136]. In contrast, in mouse tumor models and patients
with cancer, the capability of cDCs to process tumor an-
tigens and activate T cells effectively will be weakened
by the accumulation of lipids, which is caused by FAS
activation and lipid uptake through the increased expres-
sion of Msrl [137]. Potentially, pDCs in TAME may
increase uptake of FFAs and accumulate lipids, thereby
impairing their antigen-presentation function and inacti-
vating Teff cells. In addition, DCs could adjust their
activity and function through sensing extracellular me-
tabolites such adenosine/ATP [138] and lactate [139].
Therefore, adenosine derived from CAAs binds to ad-
enosine receptor on surface of DCs, then suppresses
proinflammatory IL-12, increasing anti-inflammatory IL-
10, activating NF-kB and PKA-Epac pathways, and con-
sequently inhibiting activation of T cells [140]. Likewise,
lactate in TAME is sufficient to suppress IFN type-I and
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has an effect on adaptive function, enhancing antigen
degradation and decreasing cross-presentation. Finally,
lactate-induced DCs failed to trigger antitumor responses
[141]. The lactate receptor GPR81 in colonic dendritic
cells has a crucial effect on inhibition of colonic inflamma-
tion and recovery of colonic homeostasis [142].

Regulatory T cells (Tregs)

Regulatory T cells (Tregs) prevent obvious immune re-
sponses and autoimmunity and abnormally accumulate
in certain tumors to suppress antitumor immunity and
participate in the formation of an immunosuppressive
microenvironment. Tregs are a subpopulation of the
CD4+ T cells. Characterized by highly expressed CD25
(IL-2 receptor a-chain) and the transcription factor fork
head box P3 (FoxP3), Tregs are involved in suppressing
immune responses [143], and there are two different
subtypes of Tregs [144]. One subset forms along thymo-
poiesis that originates from the differentiation of naive T
cells upon TCR stimulation or from functionally mature
precursors that express CD25, thus forming a natural
subset named thymus-derived Tregs (tTregs). tTregs can
be recruited to the peripheral locations to play a role in
immunosuppression. The other subset, named peripheral-
induced Tregs (pTregs), is produced from mature CD4+ T
cells in the peripheral lymphoid organs upon the stimula-
tion of certain antigens or suppressive cytokines, including
TGEF-P. The suppressive ability of pTregs varies according
to the local microenvironment and usually depends
directly on the generation of cytokines in different disease
situations [145]. Upon activation, Tregs can further differ-
entiate into different effector subtypes, including memory-
like and tissue-resident Tregs that exert crucial functions
in nonlymphoid organs [146].

Increasing evidence has shown that there are highly
infiltrated Tregs in a variety of tumor types in humans
and mice, including skin [147], pancreas, breast [148],
and ovarian [149] tumors. The infiltrated level of Tregs
is usually higher in advanced cancers (stage III or IV).
The infiltration of Tregs into the tumor was negatively
associated with survival [150], while a decreased infiltrat-
ing CD8+ T cell:-Treg ratio in tumors was related to
poor prognosis [151]. Therefore, it is currently described
that Tregs in tumors promote the progression, invasion
and metastasis of the tumor [152]. Tregs inhibit the
immune responses of T cells and activities of antigen-
presenting cells such as DCs and macrophages. For
instance, effector T cells could be killed by Tregs in tu-
mors via the FasL-Fas signaling pathway and cytotoxicity
mediated by granzyme B and perforin through direct
cell—cell contact [153]. Acting as a sink for IL-2, Tregs
could neutralize IL-2 in the microenvironment, as dir-
ectly highly expresses CD25, the alpha chain of the IL-2
receptor. The depletion of IL-2 leads to the survival and
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metabolic destruction in target cells [154]. In addition,
anti-inflammatory cytokines such as IL-10, IL-35, and
TGE-B could be released from Tregs to avoid the activa-
tion of innate and adaptive immune cells and to facilitate
tumor growth [155]. Furthermore, TGF-p could induce
Tregs to accumulate in tumors by facilitating the differ-
entiation of naive CD4+ T cells to Tregs [156]. Tregs
could also release vascular endothelial growth factor
(VEGF) to facilitate neovascularization via cooperation
with TGF-B [157]. The constitutive expression of CTLA-
4, a coinhibitory molecule, is a major characteristic for
Tregs [158]. The combination of CTLA-4 with CD80/
CD86 on APCs induces indoleamine-2,3-dioxygenase
(IDO) to consume essential amino acids, thereby sup-
pressing the proliferation of target cells [159]. Except for
TGEF-B, other mechanisms have also been involved in
promoting Treg accumulation in TME. For instance, the
CC chemokine ligand 22 (CCL22), which is secreted by
cancer cells, facilitates the recruitment and maintenance
of CC-chemokine receptor 4 (CCR4+) Tregs in the TME
[149]. Hypoxia promotes the expression of CCL28,
resulting in abnormal accumulation of Tregs via the
CCL28-CCR10 pathway in ovarian cancer cells [157].
Cancer cells can also generate immune-suppressive
cytokines, including VEGF and IL-10, to facilitate the
differentiation of pTregs and expansion of natural Tregs
(nTregs) through stimulating the generation of abnor-
mally functional antigen-presenting cells [160].

The association between obesity and its diverse com-
plications involves chronic low-grade inflammation in
adipose tissue (AT) [161], which is facilitated by various
proinflammatory cytokines secreted by adipocytes and
various immune cells such as macrophages [162], result-
ing in metabolic abnormalities and type 2 diabetes. In
the lean conditions, considering Tregs as an example,
fewer immune cells, most of which exhibit an anti-
inflammatory phenotype, infiltrate into the AT. An AT-
resident Treg population has been shown to account for
a relatively large proportion of anti-inflammatory im-
mune cells in AT [163]. Notably, Tregs were found to
accumulate only in abdominal adipose tissue of lean
mice rather than obese mice, which showed a particular
phenotype with the ability to regulate the insulin sensi-
tivity of adipocytes by restricting adipose tissue inflam-
mation [163]. The comparative Treg number among
CD4+ T cells was much higher than in other tissues of
healthy individuals, and the number decreases in obesity
[164]. PPAR-y is identified as the major molecular
mechanism of the formation of AT Tregs. PPAR-y stim-
ulates the differentiation of adipocytes and promotes the
progression, infiltration, and phenotype of these cells
[163]. The lack of PPAR-y in Tregs reduced the number
of AT Tregs and specifically altered the transcription
characteristics of these cells in obese mice, which
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indicated that PPAR-y is the main regulator of AT Treg
phenotype, and obesity may affect AT Tregs by regula-
tion of PPAR-y [165]. However, the mRNA level of
PPAR-y in obese mice was comparable to the mRNA
level of PPAR-y in lean mice [164], indicating that the
dysregulated genes in obesity have nothing to do with
the downregulated PPAR-y expression. We speculate
that alterations of AT Tregs in obesity may be induced
by the posttranslational modification of PPAR-y as well
as by the absorption and generation of PPAR-y lipid li-
gands. Further research concentrated on AT Tregs has
shown that their development proceeds in the following
way: Tregs induced in secondary lymphoid organs ex-
press low levels of PPAR-y, and then differentiate into
Tregs with high PPAR-y expression when migrating into
adipose tissue, which depends largely on the unique
TCR activation such as IRF and BATF95 and specific
signals such as IL33-ST2 [166]. In general, although
Tregs are involved mainly in certain transcription pro-
cesses to maintain their major functions, in different tis-
sue environments, to ensure their development and
unique functional applications, a high degree of plasticity
is still required. Some factors lead to the plasticity
directly, including metabolic signals responding to the
availability of nutrients and the systemic metabolic state.
These observations also indicate that the regulation of
lipid metabolism and Tregs in adipose tissue may select-
ively regulate the inflammatory state in AT by regulating
the immune response of AT Tregs.

The abnormalities of energy metabolism, such as ele-
vated aerobic glycolysis and lipolysis in TAME, help can-
cer cells to meet their energy demands for proliferation.
However, we think that fatty acid oxidation (FAO) and
oxidative phosphorylation (OXPHOS) provide most of
the energy for the differentiation and function of Tregs
[167, 168]. First, the increased generation of fatty acids
in CAAs might greatly elevate lipid availability in the
TAME. Because the differentiation and survival of Tregs
rely mainly on FA uptake and catabolism [169], intratu-
moral Tregs may selectively participate in lipid metabol-
ism pathways to ensure their accumulation in tumors. A
recent research study showed that the expression of
some FA binding proteins in intratumoral Tregs is
higher than that in Tregs in peripheral blood and nor-
mal tissues of breast cancer patients [170]. In addition to
FAs, the augmented lactate levels in the TAME might
potentially supply metabolites for Tregs in tumors, since
lactate dehydrogenase (LDH) catalyzes the reversible
transition of lactate to generate pyruvate and NADH.
Notably, monocarboxylate transporters (MCTs) have
been demonstrated to mediate the import of lactate
from an extracellular matrix into Tregs to maintain their
differentiation and survival in vitro [168]. Importantly,
increased uptake of lactate could weaken aerobic
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glycolysis and enhance engagement of OXPHOS, which
is a metabolic preference of Tregs. Hence, the elevated
activity of aerobic glycolysis in CAAs forms a lactate-
enriched microenvironment which provides enough
lactate for the survival of Tregs and facilitates the im-
munosuppressive response of Tregs in tumors. Actually,
the survival of Tregs in a lactate-enriched environment
has recently been proved to be ensured by their special-
ized metabolic preferences [171]. Nevertheless, whether
lactate and FA metabolism play a role in the accumulation
of Tregs in tumors, as well as the underlying mechanisms,
needs further investigation. Ultimately, an elevated level of
CD39 in Treg cells facilitates degradation of the ATP se-
creted by CAAs into adenosine. Furthermore, adenosine
facilitates the differentiation of immunosuppressive Treg
cells. Upon A2AR activation, naive CD4+ T cells were
differentiated into CD4+FOXP3+ T cells, and expression
of A2AR on Tregs elevates their immunosuppressive func-
tions [172].

Effector T cell and memory T cells

Effector T (Teff) cells act as an important component
in the adaptive immune system, serving as both coor-
dinators and effectors of immunity. Glycolysis is uti-
lized in activated Teff cells to support proliferation
and maintain the function as effectors. Recently, a re-
search study demonstrated that 10% of the cellular
carbon in activated Teff cells comes from glucose,
while another 10% comes from glutamine [173], indi-
cating that Teff cells cultured in vitro mainly utilize
aerobic glycolysis and glutaminolysis to produce ATP
and maintain redox balance to facilitate rapid prolifer-
ation instead of biomass accumulation. This distribu-
tion of metabolites can redirect lipids and other amino
acids such as DNA nucleotides and membrane lipids
to generate biomass to facilitate cell division and Teff
cell function [174]. As T cells cultured in vitro are
supplied with excessive glucose, glutamine, and other
amino acids, further investigation is needed to deter-
mine whether T cells mainly utilize glucose and glu-
tamine for biosynthesis in vivo and distribute those
metabolic substrates for the production of biomass
similarly. In addition, substrate utilization in Teff cells
is affected by growth factors, strength of TCR activa-
tion, stimulatory signals, and other immune cells. For
instance, the costimulation of CD28 with TCR pro-
motes glycolytic metabolism and prevents anergy
[175]. Likewise, various signals could affect the
utilization of substrates and Teff cell functions [176].
Importantly, metabolism could directly influence the
epigenetic characteristics of cells by changing histone
activities and DNA modification enzymes and
supplying the metabolites necessary for epigenetic
modification [177].
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Memory T cells are a subpopulation of T cells that can
“remember” previously encountered homologous antigens.
CD8+ central memory T cells (Tcms) show high expres-
sion of the L-selectin (CD62L) homing receptor on the
protein level, as well as a large amount of FAO and spare
respiratory capacity (SRC) in mitochondria, accompanied
by elevated expression of carnitine palmitoyltransferase 1a
(CPT1a), which is one of the rate-limiting enzymes for
FAO [178]. SRC was downregulated in vitro by the
pharmacological inhibitory effect of etomoxir on CPT1a,
indicating that the enhancement of SRC in Tcm cells is
mostly induced by FAO mitochondria [178]. The particu-
lar knockout of von Hippel-Lindau (VHL), the negative
regulator for HIF-1a, induces the constitutive activation of
HIF-1a and increases the generation of granzyme B and
TNF-a [179]. Compared with lymphoid-resident CD8+
Tcm cells, CD8+ T cells with VHL deficiency that have
undergone constitutive glycolysis were capable of produ-
cing effector memory T cells (Tems), featuring low
expression of CD62L [180]. Furthermore, CD8+ Tem cells
lacking VHL showed considerably increased basal and
maximal ECAR, as well as mediated secondary expansion
depending on glycolysis [180]. In general, these observa-
tions suggest that in addition to effector cells, glycolysis
could support long-lived CD8+ Tem cell functions, while
mitochondrial SRC seems to be able to characterize
lymphoid-resident CD8+ Tcm cells rather than Tem cells.
How the substrates of mitochondrial FAO are produced
in different memory subsets is still largely unknown. Al-
though highly dependent on FAO, CD8+ Tcm cells did
not upregulate their FA uptake from the extracellular
matrix, instead relying on cell intrinsic lipolysis of triacyl-
glycerides (TAGs) mediated by lysosomal acid lipase
(LAL) to provide energy for FAO [178]. It is still unclear
why this ineffectual cycle of FA synthesis and oxidation
happens in CD8+ Tcm cells. A reasonable hypothesis is
that the cycle might be needed to maintain redox balance,
supply metabolic substrates and keep normal mitochon-
dria characterized by continuous glycolysis and lipogenesis
activities, which remains to be explored further. Overall,
these findings indicate that effector differentiation of
CD8+ T cells is dependent on de novo synthesis of lipids,
while the formation and function of CD8+ Tcm cells need
both lipid synthesis and oxidation.

Obesity upregulates the number of CD8+ T cells in
adipose tissue and induces the expression of IFN-y and
granzyme B [181-183]. A study further demonstrated
that the CD8+ T cell expenditure could improve insulin
resistance caused by obesity, which is related to the
specific reduction of CD11c+ ATMs, while the number
of CD11c- ATMs remains unchanged [181]. Moreover,
CD8+ T cell expenditure suppressed the increase of pro-
inflammatory cytokine expression induced by obesity, in-
cluding IL-6 and TNFa. In addition, splenic CD8+ T
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cells were used to reconstitute CD8a-/- KO mice fed
with a HED, which aggravated insulin resistance induced
by obesity. This process was correlated with the elevated
number of CD11lc+ ATMs, no alterations in CD1lc-
ATMs, as well as upregulated genetic expression of IL-6
and TNFa in AT. As these findings strongly indicate
that CD8+ T cells stimulate the infiltrated number of
ATMs and that the alterations in the number of AT
CD8 T+ cells were anterior to the increase in the ATM
numbers in obesity, we speculated that the recruitment
of ATMs was induced by AT CD8+ T cells under condi-
tions of obesity, thus inducing insulin resistance devel-
opment. Intriguingly, they also demonstrated that
compared with the lean controls, AT derived from mice
fed on an HFD elevated the proliferation of cocultured
splenic CD8+ T cells in vitro, indicating that AT CD8+
T cells might clonally expand in obesity, which suggests
a crucial mechanism through which obesity induces the
inflation of CD8+ T cells in adipose tissue.

CD8+ Teff cells have an important effect on cancers.
All processes of CD8+ Teff cell functionality and longev-
ity such as clonal expansion, contraction, memory
formation, and ‘exhaustion’ are maintained by different
metabolic situations, and the switch from one to another
is strongly modulated in cancer immunotherapy. Infil-
trated CD8+ Teff cells in tumors experience metabolic
depletion in the acidic, FFA-enriched, oxygen-and
nutrient-deficient TAME. First, the resting naive CD8+
T cells maintain low metabolic requirements and are
dependent on OXPHOS to produce ATP, in which nu-
trients are utilized mainly for its survival and homeosta-
sis [184]. Once activated, both OXPHOS and glycolysis
in CD8+ T cells are engaged to achieve the bioenergy
and biosynthesis requirements related to the prolifera-
tion during the clonal expansion [185]. In this aspect,
effector T cells and cancer cells have similar metabolic
characteristics, including increased uptake of glucose
and enhanced glycolysis processes [186]. Increased ex-
pression of glucose transporter 1 (Glutl) on cell surface
is an early issue during T cell activation [187]. After
TCR activation and costimulation, the PI3K-Akt path-
way and the key metabolic regulators mTOR and c-myc
upregulate the glucose uptake and glycolysis closely in
mouse CD8+ T cells [184, 188]. Likewise, the activation
of CD8+ Tm cells requires increased glucose metabolism
to promote their proliferation and following Teff cell
responses [189]. In addition, glycolysis and OXPHOS
can be involved in supporting the important metabolic
requirements of T cells after activation [190]. Although
aerobic glycolysis plays an important role in gaining
activity or function, but not so important for the prolif-
eration and survival of T cells [190], mitochondria are
necessary for the activation of T cells, partially by the
production of reactive oxygen species (ROS), which
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results in the activation of the nuclear factor of activated
T cells (NFATSs) and the generation of IL-2, which has
an impact on T cell function [191]. However, the
massive production of lactate by CAAs is proven to
suppress effects or functions as well as the cytotoxicity
of CD8+ T cells [85]. Similarly, adding cultured superna-
tants of EL-4 T lymphoma cells to mouse CD8+ T cells
to reduce the extracellular pH will significantly upregu-
late its cytotoxicity, which can then be reversed by
neutralizing acidic media [192]. In addition, PD-L1
expressed in CAA suppresses the differentiation of
human effector CD4+ T cells through suppressing gly-
colysis and facilitating FAO by elevating the expression
of CPT-1a [193]. Therefore, a PD-1/PD-L1 blockade
could downregulate aerobic glycolysis in some cancers,
resulting in the restoration of Teff functions. Consider-
ing the large amount of ATP released by CAAs and the
overexpression of CD39 and/or CD73 in other stromal
and/or immune cells in TAME, we speculated that
TAME may have the potential to enrich adenosine, the
accumulation of which suppresses the cytotoxicity of
CD8+ T cells [194]. Therefore, metabolic reprogram-
ming of CD8+ T cells might supply a useful therapeutic
strategy for cancer treatment.

Targeting CAAs for clinical benefit of tumor
immunotherapy

CAAs exert immunosuppressive functions during cancer
development, and thus target CAAs would represent a
tempting and promising therapeutic addition for anti-
tumor immune intervention. However, the diversity of
CAA functions and subsets brings multiple barriers and
challenges. Especially, lacking specific cell surface markers
of CAAs restrains the direct detection, thus targeting
CAAs precisely is difficult without damaging normal tis-
sues. Along with the further understanding about CAAs
in the tumor immune microenvironment, attention to
CAA-targeted therapy continues to increase. Patients may
benefit from targeting CAA-associated effectors or repro-
gramming of CAAs into a normal phenotype.

Making CAAs more ‘normal’ has been an attractive
approach. The reactivation of PPAR-y in CAAs provides
an example of this strategy. For example, propranolol, as
a [-adrenoreceptor antagonist, could partially reverse
tumor-induced activation of CAAs by elevating PPAR-y
expression [31, 32]. Furthermore, propranolol reduced
intratumoral mesenchymal polarization and recruited
neutrophils, natural killer cells, and dendritic cells at the
tumor site in early-stage surgically resectable breast
cancer [195]. Propranolol then strongly improved the
efficacy of an antitumor STXBE7 vaccine by enhancing
the frequency of CD8+ T cells infiltrating the tumor
[196]. Moreover, the PPAR-y agonist rosiglitazone
combined with MEK inhibitors could impair the trans-
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differentiation and functional alteration of adipocytes
forced by breast cancer cells [16]. Likewise, rosiglitazone
facilitated the increase of infiltrated CD3+ T cells in the
tumor while inhibiting the late accumulation of CD11b+
and Gr-1+ myeloid cells to significantly retard tumor
growth [197]. Rosiglitazone limited the accumulation of
early MDSCs and Tregs but increased circulating CD8+
T cells and intratumoral CD4+ and CD8+ T cells to
change tumor-associated immunosuppressive mediators,
thereby enhancing the effect of gemcitabine [198].
Hence, it will be a promising direction to normalize
tumor-promoting CAAs or to change their phenotype
for exploring anticancer targeted therapies.

In practice, normalization or reprogramming of CAAs
is not necessary to obtain clinical benefit, as clinical
benefit can be achieved by blocking signals derived from
the CAAs. A better understanding of the metabolic
pathways that are differentially utilized in cancer cells
and stromal cells can provide a new perspective for the
progression of therapies that could facilitate anti-tumor
immunity. For instance, fatty acid metabolism is engaged
in melanoma and ovarian tumors, so these tumors could
benefit from the inhibition of the fatty acid transport
proteins SLC27A1 (also called FATP1) and CD36,
respectively [12, 31, 199]. Inhibition of CD36 has been
found to be able to restrict the alternatively polarization
of macrophages [108] and reduce the infiltration of Treg
cells in tumors [200]. In addition, CD36 targeting in-
duced additional anti-tumor responses with anti-PD-1
therapy through enhancement of anti-tumor activity in
tumor-infiltrating lymphocytes [200]. These observations
indicate that CD36 inhibition can provide consistent
benefits through directly blocking CAAs and/or cancer
cells while limiting immunosuppressive lymphocytes.
Moreover, a local decrease of lactate has potential thera-
peutic implications. Targeting lactate transporters with
the small molecule AZ3965 can reduce the level of lac-
tate in tumors, which is expected to achieve clinical ben-
efits [201]. Another therapeutic strategy is to suppress
the conversion of pyruvate to lactate by inactivating
LDHA. In a mouse model of non-small cell lung cancer
(NSCLC), the inactivation of LDHA decreased the prolif-
eration and survival of tumor cells [202], resulting in a
reduction in tumorigenesis and disease regression, indi-
cating that LDHA has an impact on tumor cell survival
and can be a promising target for NSCLC treatment
[202]. Likewise, targeting LDHA induced immunosur-
veillance has been shown to be mediated by T and NK
cells in mouse tumor models [85]. Although these findings
indicate that inhibiting the production and accumulation of
lactate in TAME is an interesting direction for cancer treat-
ment, how these treatments affect anti-tumor immunity of
the host and synergize with current cancer immunother-
apies such as immune checkpoint blockade (ICB) remains
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to be investigated, especially considering that both of them
function at least in part by regulating the metabolism in the
TAME. Finally, the directional manipulation of the ATP-
adenosine axis might be a new immunotherapeutic target
to inhibit the immunosuppression mediated by CAAs.
Inhibiting CD39 or CD73 by small-molecule inhibitors or
blocking antibody markedly reduced the inhibition of
CD4+ and CD8+ T cell responses and meanwhile elevated
the cytotoxic activity of CTL and NK cells, resulting in
tumor cells being killed [203]. The combined treatment
with these inhibitors and ICB suppressed tumor growth
and induced a powerful synergistic effect on survival in sev-
eral clinical and preclinical studies [203]. Targeting therap-
ies provide opportunities to combine various blockers
targeting the ATP-adenosine axis into a more comprehen-
sive treatment approach.

The advent of ICB indicates a brand-new era of
immuno-oncology and proves the feasibility to utilize
the potential of the patient’s own immune system in
cancer treatment [204]. Considering the possible meta-
bolic changes caused by checkpoint blockade and the
importance of metabolic reprogramming downstream of
T cell signals, targeting metabolic factors during ICB
treatment may produce therapeutic synergies. This view
is proven in a small retrospective study that great clinical
responses were achieved by the combination of metfor-
min and checkpoint blockade [205]. Independent of ICB
treatment, metformin is shown to have a beneficial
impact on TILs [206] by inhibiting the secretion of cyto-
kines (VEGF, IL-6, MMP9 and FGF2) by adipocytes
[207-209], indicating that the compound might be very
suitable for treatment combining with ICB. In addition,
metformin influences metabolism through altering mito-
chondrial respiration and stimulating the energy sensor
AMP-activated protein kinase (AMPK) [210]. Further-
more, AMPK-dependent phosphorylation of serine resi-
due 195 on programmed cell death 1 ligand 1 (PD- L1)
changes its glycan structure, thereby promoting its deg-
radation [211]. In the biopsy samples of breast cancer
patients, there was a significant association between
AMPK activation, the decrease of PD-L1 expression level
and the clinical response, indicating that this effect may
also be clinically relevant [211]. The above findings
indicate that metformin is a promising compound as a
combination therapy with checkpoint blockade, which
deserves further development.

Conclusions

In this context, we have highlighted how CAAs act as a
major effector in the immune system (Fig. 2, Table 1).
Although most cell bioenergetics findings were not
based on CAAs originally, we used CAAs as an example
to illustrate how tissues set up processes to control meta-
bolic phenotypes at the cellular level. Understanding the
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metabolic control on the effector and the fate of leuko-
cytes will ultimately open doors to manipulate the im-
mune system in both metabolic disorders and other
situations such as in the tumor microenvironment. In
addition, learning how to regulate metabolic pathways or
metabolites in immune subgroups might have an essential
effect on preventing obesity-promoted tumor progression.
Increasing numbers of research studies are concen-
trated on CAAs. Increasing functional analysis in pre-
clinical models and relevant analysis of patient materials
suggest that targeting CAAs could improve treatment
strategies. A variety of therapeutic strategies have been
developed that directly target CAAs or functional media-
tors. In addition, many anticancer drugs previously
tested in humans might also target CAAs or the modula-
tors. For example, the inhibitors targeting the JAK1/
STAT3 pathway play a role in both tumor cells and
CAAs. Hence, it is worth investigating whether these in-
hibitors could suppress CAA production and activation,
thereby eliminating CAA formation in the TME [6, 212].

To accelerate the leap from laboratory to hospital bed,
there are some challenges and unmet needs for CAA

therapies to overcome. First, due to the lack of analytical
methods that can be used to dissect the molecular land-
scape of CAAs, the underlying mechanism for CAA
formation in different cancer types remains elusive. Are
CAAs just distinctive cellular phenotypes of the same
kind of cell that have adapted to diverse TMEs in differ-
ent tumor types or stages? Deep genomic sequencing is
required for the rapid development of CAA-specific
diagnostic or prognostic approaches, as well as CAA-
targeted therapies. Considering heterogeneity, is there a
subset of protumor CAAs that exhibits an antitumori-
genic phenotype? How do epigenetic factors affect the
gene expression patterns and biological behavior of
CAAs? To excavate the potential of CAA-targeted ther-
apies as a new anti-tumor strategy, these issues must be

addressed.

Since CAAs are involved in the complex intercellular

interactions in the TME, targeting CAA might induce
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multifaceted stromal responses in TAME that are diffi-
cult to predict and may vary with the patients. Although
the details of the TAME network are still unknown,
actions could be adopted to eliminate tumor-associated
inflammatory and immunosuppressive cells, to mobilize
immune effector cells to kill cancer cells, and to repro-
gram the desmoplastic matrix to improve the delivery of
anti-tumor agents. Therefore, targeting CAA can not
only inhibit the “seeds” of cancer but can also transform
the “soil” of cancer to build a tumor-inhibiting micro-
environment, thereby turning enemies that promote
tumor progression into friends that inhibit tumor
growth or metastasis. To finally extirpate tumors, a
synergistic combination of CAA-targeted therapies and
other effective therapies, including immunotherapy,
should be considered.

Recently, anti-tumor therapies targeting CAAs are
rapidly being investigated and developed. With the
advancement of technologies, including single-cell se-
quencing and new biomaterials for cell-type-specific
delivery, the ability to selectively eliminate or reverse the
tumor-promoting CAAs can be a promising therapeutic
strategy to use alone or in combination with other
effective therapies for tumor treatment.
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