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Abstract 

Cell proliferation and function require nutrients, energy, and biosynthesis activity to duplicate repertoires for each 
daughter. It is therefore not surprising that tumor microenvironment (TME) metabolic reprogramming primarily 
orchestrates the interaction between tumor and immune cells. Tumor metabolic reprogramming affords bioener-
getic, signaling intermediates, and biosynthesis requirements for both malignant and immune cells. Different immune 
cell subsets are recruited into the TME, and these manifestations have distinct effects on tumor progression and thera-
peutic outcomes, especially the mutual contribution of glycolysis and cholesterol metabolism. In particularly, glycoly-
sis-cholesterol metabolic axis interconnection plays a critical role in the TME modulation, and their changes in tumor 
metabolism appear to be a double-edged sword in regulating various immune cell responses and immunotherapy 
efficacy. Hence, we discussed the signature manifestation of the glycolysis-cholesterol metabolic axis and its pivotal 
role in tumor immune regulation. We also highlight how hypothetical combinations of immunotherapy and glycoly-
sis/cholesterol-related metabolic interventions unleash the potential of anti-tumor immunotherapies, as well as devel-
oping more effective personalized treatment strategies.
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Introduction
Major biological nodes of cell behavior are controlled 
by cellular metabolism. Metabolic reprogramming are 
highly intersecting while providing cells with energy 
requirements and essential chemical molecules to main-
tain cell function, proliferation and homeostasis [1]. 
Metabolic alterations raised the tumor incidence [2]. 
Noteworthy, tumors undergo numerous metabolic adap-
tations, and the main feature is changes in glucose and 
lipid metabolism in the tumor microenvironment (TME) 
[3, 4]. The immune system was selectively activated to 
protect against tumor aggression, whereas altered meta-
bolic reprogramming has the potential to dampen their 
activity and anti-tumor immune response [5]. Emerging 
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evidences indicate that glycolysis and cholesterol metab-
olism not merely codetermine their differentiation and 
function, but also metabolic changes in these cells con-
tribute to the cancerization and TME deterioration [6–8].

The most widely studied is aerobic glycolysis or War-
burg effect, which demonstrates that cancer cells can 
accelerate the glycolysis conversion of glucose to lac-
tate even in the presence of adequate oxygen, ultimately 
meeting the metabolic requirements of proliferating cells 
[9]. Meanwhile, cholesterol plays an important role in 
tumorigenesis and regulation of immune responses by its 
inherent features and modulating signaling pathways [10, 
11]. Climbing evidences showed that crosstalk between 
glycolysis and cholesterol synthesis is a nonnegligible 
metabolic cascade significant for innate and training 
immunity [12]. Elucidating the biological mechanisms 
underlying the glycolysis-cholesterol metabolic axis can 
promote understanding of tumors, and support the idea 
that metabolic flexibility rewires tumor to aggressive 
malignant phenotypes [13].

In this review, we summarized a framework to compre-
hend the relationship between the glycolysis-cholesterol 
metabolic axis and immunomodulation, with an empha-
sis on the relevant immune cell factors involved in dis-
ease processes. We also emphasize how hypothetical 
metabolic interventions that target glycolysis and choles-
terol can be used with immunotherapy to maximize the 
effectiveness of anticancer immunotherapies. Targeting 
the glycolysis-cholesterol metabolic axis may provide 
new ideas for individual immunotherapy strategies.

Metabolic pathogenesis: a non‑negligible concept 
in cancer
Since metabolic reprogramming is an essential aspect of 
tumorigenesis and immune disorder, some pioneering 
studies hold that branching point between glycolysis and 
cholesterol synthesis intersects the cascade in the TME 
and is deeply involved in immuno-oncology microenvi-
ronment [13, 14]. Although there are many clues sword 
to the glycolysis-cholesterol metabolic axis modulators 
in inter-/intratumor regulation, the causative or suscep-
tible reasons for them have yet to be identified, especially 
in the tumor immunity. As a proof-of-concept exam-
ple, based on gene expression involved in glycolysis and 
cholesterol synthesis, targeting tumor metabolic plastic-
ity can be used as a means to reprogram an aggressive 
tumor type [13, 14]. The well-known PI3K/Akt/mTOR 
cascade activation has an indispensable role in tumor 
metabolic activities and intracellular biosynthesis [15]. 
At least in part, the activation permits cell surface nutri-
ent transporter expression and increases uptake of glu-
cose, amino acids, and other nutrients. The enrichment 
of glycolysis and cholesterol biosynthesis molecular gave 

the transcriptomic evidences to tumor development and 
metastasis [16, 17]. Among which, outputs of glycolysis 
substrate were proved to be involved in the cholesterol 
production in TME. Moreover, tumor metabolic repro-
gramming induced glycolysis-cholesterol metabolic axis 
is required for tumor immunosuppressive cells prolifera-
tion and differentiation, and acts as an obstacle for anti-
tumor therapy [18]. The glycolysis-cholesterol metabolic 
axis uncovers energy/lipid-handling capacity, which can 
lead to nutrient deprivation and cholesterol content reg-
ulation, consequently promoting tumor immunosuppres-
sive environment [19]. Glycolysis-cholesterol metabolic 
axis rewires TME under the control of key regulators, 
further promoting the tumor development and cells 
behavior [20]. The statins interference of cholesterol or 
mevalonate pathway have been proved to be beneficial 
in patients, but sensitive biomarkers to predict response 
or underlying mechanisms are still unknown [16]. Nota-
bly, glycolysis-cholesterol metabolic axis interconnection 
determined the cells energy balance and proliferation 
[21], as well as inhibiting dendritic cells (DCs) and T cell 
activation in TME and promoting immune evasion [22].

Due to the need of genetic approaches to investigate 
metabolism of the single cells in TME, current theories 
and technologies limited mechanistic analysis of glycoly-
sis-cholesterol metabolic axis in impaired tumor immune 
microenvironment [19]. Specifically, the deteriorating 
TME presents a highly competitive metabolic environ-
ment and extensive byproducts, where some stimuli 
are involved in the glycolysis and cholesterol cascade as 
well as tumor immune response [5]. Tumor immunome-
tabolism is tightly implicated in glucose and cholesterol 
metabolism-related markers, which are also intercon-
nected with branch nodes [4, 23].

Different metabolic gene expression pathways may 
be actually related to transcriptome-based cancer sub-
types, allowing the creation of subtype-specific thera-
peutic approaches that specifically target metabolic 
vulnerabilities. Clinical decision-making for therapy 
selection, possible response prediction, treatment resist-
ance prediction, and likely outcome prediction may be 
aided by metabolic profiles of malignancies based on 
metabolic reprogramming.

Glycolysis‑cholesterol metabolic axis in the immune cells 
of TME
The complex metabolic changes that are present in 
tumor, where the glycolysis and cholesterol metabo-
lism presented wider implications in the regulation of 
immune cells response [5, 24]. A deeper understanding 
of the mechanisms causing metabolic interventions in 
immune and tumor cells might pave path to novel thera-
peutic strategies. The glycolysis and cholesterol synthesis 
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axis revealed an important correlation between immune 
cells and clinical course [17, 24], while climbing evi-
dences implicated it role in tumor immune metabolic 
regulation. Aerobic glycolysis is the first recognized phe-
notype of metabolic rewiring in cancer among distinct 
types of metabolic reprogramming [25]. As a structural 
element of plasma membranes, cholesterol can adjust 
membrane fluidity and act as a signal intermediary. Cho-
lesterol homeostasis plays an important role in regulat-
ing the immune response, in terms of cell expansion and 
signaling transduction [26].

Direct and indirect effects for T cells
The glycolysis-cholesterol metabolic axis regulation will 
limit T cells functions in the TME [27] (Fig. 1), wherein 
T cells require metabolites consumption to reach a full 
effector state [28]. Of note, PD-L1 stimulation is a critical 
basis of the tumor cell glycolysis, and PD-L1 intervention 
impairs the tumor glycolysis through the mTOR cascade 
and glycolysis enzymes [28]. Wang et  al. indicated that 
tumor cell membrane cholesterol contains a cholesterol-
recognition amino acid consensus (CRAC) motif, which 
has the ability to recognize PD-L1, maintain PD-L1 abun-
dance on membrane surface, enhance signaling transduc-
tion and prevent molecular degradation [29]. The model 
of nutrient competition may go beyond glucose metabo-
lism, and glycolysis-cholesterol metabolic axis activa-
tion will directly influence T-cell functions in the TME. 
Increased glycolysis metabolism enhances acetyl-CoA 
production and critical metabolic intersection, as a feed-
back, it provided main synthetic raw material for further 
utilization of cholesterol [30]. The evaluation of mem-
brane signaling-induced tumor glycolysis-cholesterol 
metabolic axis was proven to dampen T cell-mediated 
antitumor immunity [31]. Meanwhile, the overexpression 
of glycolysis genes in tumor cells leaded to irremediable 
T cells activity exhaustion, although glucose concentra-
tions are restored [32]. High-cholesterol induced tumor 
glycolysis was potentially accompanied with higher lac-
tate accumulation in the TME [33, 34], where the lactate 
was proven to restrict T cells response and proliferation 
[35]. Lactate is an immunomodulatory agent that inhib-
its immune effector functions, especially T cells, and 
the lactate signaling potentially serves as a link between 
metabolism and immunosuppression [36]. As an indirect 
modulator, lactate could promote the PD-L1 expression 
on neutrophils via the MCT1/NF-κB/COX-2 cascade, 
subsequently impairing T-cell effects [37]. In line with 
this, the immunosuppressive regulatory T cells (Tregs) 
was reported to absorb lactate through MCT1, and accel-
erate NFAT1 translocation into the nucleus, thereby pro-
moting the PD-1 expression in Tregs [38]. In compared 
with effector T cells, Tregs have higher PD-1 expression, 

and potentially exacerbate glycolysis-cholesterol meta-
bolic axis-mediated TME deterioration [38]. Moreo-
ver, higher tumor glycolysis-cholesterol metabolic axis 
activity was presented with downregulated natural killer 
T-cells (NKTs) infiltration, wherein interleukin-17 (IL-
17) signaling was supposed to be involved in this del-
eterious process [39, 40]. Intriguingly, NKTs inherent 
cholesterol was observed to promote T cell receptor 
(TCR) activation and interferon-γ (IFN-γ) generation, 
whereas it only influences the proximal TCR signaling 
rather than distal stimulation [41]. The exogenous lactate 
will impair NKT function by diminishing the intracellular 
cholesterol synthesis and IFN-γ production. In addition, 
in the high glycolysis-cholesterol metabolic axis acti-
vated tumor, CXCL10 was potentially to be downregu-
lated and thereby impairing the localization of T cells in 
TME [31]. A recent study indicated that the cholesterol 
synthesis was negatively associated with CXCL10 expres-
sion during tumor anti-EGFR therapy [42]. Moreover, 
as a critical transcription factor in the IFN-γ signaling, 
IFNG-response gene IRF1 was suppressed by accumu-
lated cholesterol [43]. The lower expression of IRF1 in 
glycolysis-cholesterol metabolic axis activated tumors 
will impair the tumor IFN-γ signaling functions, thereby 
dampening the T-cells killing effect [44].

T cells intracellular glycolysis-cholesterol metabolic 
axis regulation underscores the importance of their 
direct contribution. Previous study proposed that choles-
terol metabolism can regulate the antitumor efficacy of 
CD8+ T cells based immunotherapy [45]. CD8+ T cells 
present with higher plasma membrane cholesterol levels 
than CD4+ T cells, which enhance the TCR multimers, 
signal transduction, and more efficient immunological 
synapses formation [46]. In terms of glycolysis-choles-
terol metabolic axis feedback regulation, the TCR-based 
T cells activation signaling could stimulate intracellular 
glycolysis independent of glucose concentration or the 
activity of glycolysis enzymes [47]. Activated CD8+ T 
cells had significantly higher cholesterol levels in both 
the plasma membrane and cytoplasm, and promoted 
rapid cell proliferation. Genetic ablation or pharmaco-
logical inhibition of ACAT1 (a cholesterol esterification 
enzyme) can restrain cholesterol esterification and shut-
tling in T cells [48]. As an immune regulatory membrane 
protein, the TCR complex not merely stimulates T cells 
glycolysis, but also interacts with cholesterol transporter 
low-density lipoprotein receptor (LDLR) to further 
adjust TCR recycling and signaling, ultimately promot-
ing T cells effect [49]. Furthermore, through the con-
trol of cholesterol metabolism, HLA gene family were 
reported to be the important factors that influence the 
CD8+ T cells anti-tumor response [45]. Ma et al. pointed 
out that extracellular TME-induced cholesterol inhibits 
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CD8+ T cells activity and promotes their exhaustion, 
thus contributing to immune evasion [6]. The accumu-
lation of extracellular ingested cholesterol is specifically 
connected with CD8+ T cells immune checkpoint expres-
sion (e.g., PD-1, CTLA-4, TIM-3) and functional exhaus-
tion. Meanwhile, T cells exhaustion was attributed to 

diminished mitochondrial function and reduced glucose 
uptake [50], wherein the mTOR signaling and Glut1 
expression potentially bridge the glycolysis-cholesterol 
metabolic axis and lead to glycolysis downregulation [51, 
52]. In addition, the endoplasmic reticulum (ER) stress 
immune checkpoint expression was deemed as another 
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Fig.1  Biological roles of the glycolysis and cholesterol metabolism axis in T cells and DCs-relevant TME. For figure: important glycolysis 
and cholesterol metabolic crosstalk onto which cells rely are shown in colour; less critical or studied pathways are shown in outside. The glycolysis 
and cholesterol interconnections exert transinhibition of metabolic signaling in TME-relevant T cells and DCs, and indirectly control neutrophils 
and Tregs. Scheme of the glycolysis and cholesterol metabolic axis in antitumor immune milieu in response to harsh TME are presented. These 
factors can perturb proliferation, maturation, activation, migration, or co-stimulatory molecule signaling in T cells and/or DCs. i Distant and proximal 
roles between glycolysis and cholesterol metabolic axis in the TME (Red). Only the undefined or indirect association was marked by dashed 
lines. ii Glycolysis dominant intracellular metabolic signaling to secure energy requirements (Blue). iii Cholesterol dominant inner or outer signal 
transduction and cellular functions (Green). However, several important mechanisms of cholesterol to T cells or IL-10-related DCs metabolism are 
unclear (denoted by question marks). Each arrow line represented the relationship directly bridge between each other. Glu: Glucose; ER stress: 
Endoplasmic reticulum stress; TME: Tumor microenvironment; TCR: T-cell receptor; ACAT1: Acetyl-CoA acetyltransferase 1; NKTs: nature killer T cells; 
LDLR: Low-density lipoprotein receptor; TCA: Tricarboxylic acid cycle; ATP: Adenosine-triphosphate; LXR: Liver X receptors; OXPHOS: Oxidative 
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reason for glycolysis-cholesterol metabolic axis mediated 
CD8+ T cells exhaustion. Targeting the ER stress sensor 
XBP1 or glycolysis/cholesterol-lowering agents showed 
a great anti-tumor potential in recovering T cells activity 
[6, 53]. Owing to the plasma membrane of cortically soft 
cancer cells is rich in cholesterol, T cell-mediated tumor 
killing will be prevented, whereas hardening tumor cells 
by depleting cholesterol could enhance T cells cyto-
toxicity and therapeutic efficacy [54]. Even though, the 
glycolysis-cholesterol metabolic axis in T cells within 
TME remains controversial. Precise regulation for the 
inner and outer regions of effector T cells is important to 
improve antitumor immunotherapy.

Dendritic cells relevant regulation in TME
DCs are the basis for initiating and maintaining immune 
cells responses to tumor. Aggressive tumor types usually 
present with a severe extracellular milieu, wherein the 
various signaling aims to dampen the special ability of 
DCs and impedes the maturation of protective immune 
responses [55]. The current investigation structured to 
establish the role of membrane glycolysis-cholesterol 
metabolic axis in relation to DCs vitality and lifespan 
[56]. Nevertheless, different subtypes of DCs show het-
erogeneous manifestations of glycolysis regulation. In 
compared with conventional DCs (cDC1/2), a lower glu-
cose uptake demand and glycolysis levels are required for 
merocytic DCs (mcDCs) survival [57].

Toll-like receptors (TLRs) modulate DCs activation 
and are important for anchoring immune regulation to 
specific pathogens [58]. Copious extracellular choles-
terol concentrations were demonstrated to suppress the 
DCs cytokine production and activation via TLRs, which 
consequently deviating the T cells response to hypore-
sponsive [59]. Importantly, TLR signaling stimulated DCs 
profoundly enhanced glycolysis, which will orchestrate 
additional and decisive stimuli for Akt activation, thus 
boosting the glycolysis rate and cholesterol metabolism 
[56]. TLR-activated DCs are increasingly reliant on glu-
cose and become more sensitive to death during nutrient 
limitation. From the point of bioenergetics, TLR signal-
ing induced glycolysis ensures quick supplementation of 
ATP although less efficiently than oxidative phosphoryla-
tion (OXPHOS), eventually underpinning the full matu-
ration morphology and activation of DCs [60]. Herein, 
the TLR within glycolysis-cholesterol metabolic axis 
signaling transduction plays a pivotal role in DCs acti-
vation. Of note, external stimuli to DCs migration also 
direct specific immune responses in the TME [61]. Guak 
et  al. reported that glycolysis-cholesterol metabolic axis 
activation significantly supported the CCR7 aggrega-
tion and DCs migration to tumor foci, thereby promot-
ing thrive anti-tumor immune cells, even in the absence 

of mitochondrial metabolism [62, 63]. In return, CCR7 
chemotaxis signal transduction will further evoke a gly-
colytic response in DCs [64]. Noteworthy, CCR7 is not 
the sole reason for DCs migration, cell motility is also 
an important factor. The tumor-derived oxysterols were 
observed to inhibit DCs surface CCR7 expression by 
binding with nuclear liver X receptor (LXR), therefore 
impairing DCs migration and anti-tumor responses [63]. 
Tumor-derived oxysterols are mainly generated from 
glycolysis-cholesterol metabolic axis metabolites, such 
as cholesterol hydroxylase-related oxygenated derivatives 
[65]. In addition, LXR is involved in intracellular cho-
lesterol homeostasis and promoter regulation, wherein 
the key and rate-limiting genes in cholesterol metabo-
lism are included [66]. The activated LXR signaling was 
demonstrated to induce cholesterol efflux from DCs, 
thereby suppressing DCs activation [67]. On the other 
hand, exogenous cholesterol accumulation could prevent 
DCs glycolysis, thereby further decreasing the ingredient 
acetyl-CoA in cholesterol replenish synthesis, as well as 
hindering DCs migration and antigen presenting ability 
[30, 68].

DCs cellular glycolysis-cholesterol metabolic axis sign-
aling transduction underlies the chemotaxis and migra-
tion activation [69, 70]. Liu et al. reported that lnc-Dpf3 
could directly bind to HIF-1α and suppress the glycolysis 
gene Ldha transcription, consequently reducing the DCs 
glycolysis and migration [64]. This process was mainly 
involved in early glycolysis activation of DCs and pro-
vided additional clues for the signal-induced glycolysis-
cholesterol metabolic axis response between epigenetic 
and metabolic mechanisms. Considerable evidence 
shows that HIF-1α is critical for glycolysis initiation dur-
ing DCs activation in tumor, which is required for DCs 
activation and antigen presentation, as well as effector T 
cells function [71]. Of note, HIF-1α not only influenced 
glycolysis molecular in DCs, but was also positively 
associated with stable cellular lipid microenvironment, 
such as promoting triglyceride and cholesterol accumu-
lation [72]. Intervention with glycolysis marker PKM2, 
Glut1, and HIF1α contributed to a significant reduc-
tion of cholesterol within the DCs [73–75]. Therefore, 
HIF-1α is an upstream modulator of the glycolysis-cho-
lesterol metabolic axis in DCs. In blastic plasmacytoid 
DCs neoplasms, the hyperactivation of LXR was sup-
posed to responsible for DCs inhibition and apoptosis, 
mainly through accelerating adenosine triphosphate–
binding cassette (ABC) transporter and apolipoprotein 
A1-related cholesterol efflux [7]. Meanwhile, hyperac-
tivated LXR will cause the inhibition of NF-kB and IL-3 
signaling in DCs, which will be enhanced by cholesterol 
efflux [7]. NF-kB/HIF-1α cascade downregulation will 
hinder essential cellular glycolysis and cell proliferation 
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[76]. Herein, crosstalk within glycolysis-cholesterol met-
abolic axis might further impair the DCs function. In 
addition, apolipoprotein E (ApoE), an apolipoprotein that 
involved in glycolysis-cholesterol metabolic axis metab-
olism, which was tightly linked to DCs membrane cho-
lesterol accumulation. The ApoE deficiency contributed 
to membrane cholesterol reduction, thereby improving 
antigen presentation function effects [26]. Meanwhile, 
the absence of ApoE also showed the ability to promote 
glycolysis in multipotential progenitor cells and higher 
Glut1 gene expression [77]. The autocrine/paracrine role 
of ApoE in controlling cellular cholesterol homeostasis 
in DCs was superior to LXR [26], suggested that ApoE 
is another important regulator in glycolysis-cholesterol 
metabolic axis-mediated DCs immune responses in the 
TME [78].

Activation of myeloid‑derived suppressor cells
Myeloid-derived suppressor cells (MDSCs) are immature 
cell heterogeneous populations produced under the path-
ological situations, which exhibit the immunosuppressive 
ability to restrain T-cell responses and promote tumor 
progression [79]. Tumor-derived MDSCs presented with 
upregulated central carbon metabolism, like glycolysis, 
pentose phosphate pathway (PPP), and TCA cycles [80], 
as well as cholesterol synthesis [81]. Due to immune 
cells dysfunctional or even die when faced with low oxy-
gen tension conditions and scarce glucose supply, high 
rates of glucose uptake in both tumor cells and MDSCs 
will facilitate immune evasion and tumor development 
[79]. Within the TME, MDSCs behavior like tumor cells, 
which present thriving proliferation and accumulation in 
most patients [82].

In the nutrient-deprived TME, glycolysis restriction 
will inhibit granulocyte macrophage colony-stimulating 
factor (G/GM-CSF) and suppress the MDSCs generation 
[83]. The high glycolysis rate induced specific CCAAT/
enhancer-binding protein beta (CEBPB) and liver-
enriched activator protein (LAP) expression via adeno-
sine monophosphate-activated protein kinase (AMPK) 
autophagy signaling, where the LAP could directly con-
trol G-CSF and GM-CSF expression [84]. Upon activa-
tion, autophagy-related AMPK signaling simultaneously 
promotes catabolism and inhibits anabolism [85]. The 
AMPK-induced cholesterol loss changes tumor lysoso-
mal membrane permeabilization. Herein, energy sensor 
AMPK was involved in the autophagy-related glycoly-
sis-cholesterol metabolic axis to maintain essential cell 
viability in nutrient-deprived TME [86]. Moreover, aux-
iliary evidence indicated that activated CEBPB/PPARG 
signaling was involved in cholesterol transport [87]. 
The above tumor cell glycolysis-cholesterol metabolic 
axis by-products potentially attenuate the anti-tumor 

immune responses, wherein G-CSF generation could 
change MDSCs and effector T cells profiles in  vivo 
[84]. Meanwhile, GM-CSF-induced MDSCs presented 
with upregulated glycolysis gene expression when com-
pared with normal controls, such as glucose transport-
ers Glut1 and PFKl [88]. The GM-CSF-induced MDSCs 
bring to light that upregulation of intracellular glycolysis 
limits the reactive oxygen species (ROS) level in a safe 
range and ensures the MDSCs proliferation and vitality, 
thereby diminishing the effector T cells response [88]. 
Of note, with the accumulation of lactic acid dehydro-
genase A (LDHA)-induced lactate, G-CSF and GM-CSF 
will enhance the MDSCs recruitment and immunosup-
pressive effects to T cells and NKs [8]. Fu et al. indicated 
that a subtype of MDSCs (CD11b+Ly6GlowCD205+) 
was sensitive to glucose metabolism, and interfering the 
membrane Glut3 significantly shortened its lifespan and 
was beneficial to antitumor immune response [89]. How-
ever, it still unclear how these isoforms are functionally 
affected by tumors glycolysis-cholesterol metabolic axis 
signaling molecules in the TME. Nevertheless, in the 
Epstein-Barr virus (EBV)-induced nasopharyngeal car-
cinoma, latent membrane protein 1 (LMP1) was demon-
strated to increase intrastromal glycolysis and promote 
MDSCs clonal expansion [80]. In terms of this, with the 
glycolysis-generated ATP for exosome formation [90], 
cholesterol-based tumor exosome release promoted 
the LMP1 endosomal-exosomal transport and signal 
transduction [91]. In return, LMP1 expression can also 
increase PI3K and downstream target activation, thereby 
promoting the glycolysis-cholesterol metabolic axis to 
enhance LMP1 release [28, 92]. Tumor-derived LMP1 
was positively associated with Glut1 expression in mem-
brane of MDSCs, resulting in the promotion of cellular 
glycolysis to regulate the secretion of the cytokines IL-1β 
and IL-6 [80]. In parallel, LMP1 interacted with Glut1 
will prevent Glut1 protein from K48-ubiquitination and 
p62-dependent autolysosomal degradation. MDSCs have 
been demonstrated to have stronger immunosuppressive 
effect when derived from the tumor milieu [93]. In addi-
tion, LXR activation was thought to be responsible for 
immunosuppressive MDSCs reduction and anti-tumor T 
cells reactivation in various cancer types [94]. In terms of 
this, LXR activation upregulates its transcriptional target 
ApoE, which binds to MDSCs LRP8 synapses to dampen 
its activity and immunosuppressive function [94]. The 
hyperactivation of LXR (agonist RGX-104) directly inhib-
ited the MDSCs abundance [95]. In addition to the role 
of LXR in cholesterol efflux, the endogenous ApoE was 
thought to be involved in the release of previously syn-
thesized cholesterol than newly synthesized one [96]. 
Meanwhile, exogenous ApoE was observed to induce 
the release of both newly and previously synthesized 
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cholesterols [96]. In ApoE−/− mice, MDSCs were signifi-
cantly decreased [97], suggesting that ApoE enhanced 
immune suppression via the glycolysis-cholesterol meta-
bolic axis.

Tumor glycolysis-cholesterol metabolic axis-related 
TME alteration has a significant role in MDSCs accu-
mulation and functions. Different causes of MDSCs 
dysregulation were associated either as an outer dete-
riorated milieu and/or inner pathogenic mechanism. 
LXR-deficient MDSCs contribute to enhanced cell pro-
liferation and expansion [98]. In this aspect, cholesterol-
related LXR orchestrates interferon regulatory Factor 8 
(IRF-8) transcriptional activation, which is an important 
negative-regulator for MDSCs differentiation [99]. More-
over, activated IRF-8 is potentially involved in glycoly-
sis-cholesterol metabolic axis processes [45, 100]. LXR/
ABCA1-mediated cholesterol efflux plays a nonnegligible 
role in MDSCs inhibition [101]. Generally, the glycolysis 
regulator PKM2 in MDSCs was deemed to be negatively 
associated with LXR and ABCA1 activation, their inter-
action will promote glycolysis and maintain cholesterol 
levels to underlie the MDSCs immunosuppressive abil-
ity [102, 103]. The upregulation of glycolysis in MDSCs 
promoted its lifespan and was positively correlated with 
the content of MDSCs in tumor-bearing individuals. Ele-
vated glycolysis can also prevent MDSCs from producing 
excessive ROS with an emphasis on glycolysis metabo-
lite phosphoenolpyruvate (PEP), which is an important 
antioxidant that prevents excessive ROS production, 
thereby protecting MDSCs from apoptosis [88]. Recently, 
Hemn et  al. observed that the special membrane pro-
tein β2-adrenergic receptor (β2-AR) was expressed on 
MDSCs [104] and may be involved in glycolysis-choles-
terol metabolic axis regulation. The stability and activity 
of β2-AR were markedly associated with cellular mem-
brane cholesterol, sufficient cholesterol could ameliorate 
β-AR-mediated contractility and Ca2+ transients and 
limit intracellular ROS production [105, 106]. However, 
the triggering of β2-AR signaling in MDSCs was prefer 
to decrease glycolysis and promote OXPHOS and fatty 
acid oxidation (FAO), as well as driving MDSCs immuno-
suppressive function along with the immunosuppressive 
mediator PGE2 [104].

Tumor‑associated macrophages regulation
Monocytes are attracted to the tumor location, where 
they are reprogrammed to become tumor-associated 
macrophages (TAMs), which are one of the most impor-
tant components in immunodepression [107]. Attributed 
to sensitivity to the surrounding TME, TAMs exhibit 
high levels of functional plasticity and metabolic changes 
(Fig.  2), such as altered nitrogen cycle metabolism, 

activation of glycolysis, fatty acid and cholesterol synthe-
sis [108, 109].

The glycolysis-cholesterol metabolic axis intricate 
metabolic changes between tumor cells and TAMs rep-
resent an essential step toward deleterious TME [18]. 
The increased lactate and other tumor cell byproducts 
not merely compose the TME, but also drive the TAMs 
functions [107]. The Glut3 expression, rather than Glut1, 
is positively connected with glucose uptake, immune cell 
gathering and immunotherapy response [110]. The lac-
tate from tumor glycolysis could induce macrophages 
toward an inflammatory pro-tumor phenotype [111]. 
Among these phenotypes, M2-like TAMs, require inter-
nalization of the lactate and rely on HIF-1 stabilization. 
Moreover, PKA/CREB signaling-induced M2-like TAMs 
polarization was deemed to be promoted by tumor-
derived lactate, which was directly associated with 
intercellular Zeb1 expression and the PI3K/Akt/HIF-1α 
activation [112]. Lactate is not sole byproduct of glyco-
lysis, but acts as a fueling and signaling molecule, rescu-
ing exacerbated cells from glucose competition [113]. 
Notably, as an additional carbon source, lactate is a meta-
bolic and functional regulator of TAMs, which can fuel 
the TCA cycle in pre-tumor TAMs [114]. The enhanced 
carbon and acetyl-CoA levels simultaneously increase the 
cholesterol synthesis, thereby maintaining the cell stabil-
ity and differentiation [30]. As feedback in glycolysis-cho-
lesterol metabolic axis, highly glycolysis TAMs showed 
the ability to transmit myeloid-specific long noncoding 
RNA (lncRNA) and HIF-1α-stabilizing lncRNA to tumor 
cells [115], which was closely associated with cholesterol 
efflux mediated vesicle particles [116], consequently 
enhancing the glycolysis, tumor cells apoptotic resistance 
and constituting a feed-forward loop.

The differential stimulation of macrophages is sup-
ported by profound intracellular metabolic changes, 
including glycolysis and cholesterol dysregulation [107, 
117]. Generally, M1 phenotypic macrophages depend on 
glycolysis and act as tumor suppressor, while M2 phe-
notypic macrophages rely on both oxidative metabolism 
and glycolysis, and been regarded as tumor driver [118]. 
Evidence has suggested that TAMs have a broad and 
complex spectrum of polarization, which share charac-
teristics of both M1 and M2 phenotypes, especially the 
metabolism modulation in their lifespan [119]. TAMs 
recruitment and tumorigenesis were associated with 
intracellular glycolysis, and one of the essential instincts 
of TAMs in the early tumorigenesis is the glycolysis 
phenotype [120]. Recently, Glut3-overexpressed TAMs 
were firstly observed to induce glycolysis program in 
the M2-like polarized phenotype [121]. High Glut3 lev-
els was closely associated with both glucose uptake and 
lipid synthesis in macrophages, thereby underlying the 
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prerequisite of intracellular glycolysis-cholesterol meta-
bolic axis functions [122]. In parallel, another primary 
glucose transporter Glut1 in macrophages will induce 
glycolysis [123], and the absence of Glut1 contributed 
to TAMs inhibition and tumor regression [124]. Lee 
et  al. reported that cholesterol accumulation modu-
lator oxidized low-density lipoprotein (oxLDL) [125] 
could promote macrophage recruitment and activa-
tion by upregulating Glut1, eventually enhancing mac-
rophages glycolysis [126]. Among which, the alteration 
of glycolysis-cholesterol metabolic axis metabolism 

mainly relied on HIF-1α activation, and HIF-1α knock-
down completely abrogated the oxLDL functions. On the 
other hand, crosstalk between oxLDLs and HIF-1α can 
also promote cholesterol synthesis and M2-like TAMs 
polarization, as well as decreasing intercellular choles-
terol efflux [72]. In inflammation and innate immunity, 
cholesterol accumulation shows the ability to reinforce 
macrophages functions through IFN-α regulatory advan-
tages, reprogramming the “set point” between cholesterol 
synthesis and immune response [127]. Moreover, the 
M2 isoform of pyruvate kinase (PKM2), a rate-limiting 

Fig. 2  Glycolysis and cholesterol metabolism axis in immunosuppressive TME. Immunosuppressive cells with protumor effects, like TAMs 
and MDSCs, are recruited and thrive in the TME through tumor metabolic reprogramming relevant effects. The glycolysis and cholesterol 
metabolism axis and its metabolites have a pivotal role in driving the harsh immunosuppressive tumor milieu, including TAMs and MDSCs. i 
Distant and proximal roles between glycolysis and cholesterol metabolic axis in TME (Red). Only the undefined or indirect association was marked 
by dashed lines. ii: Glycolysis dominant intracellular metabolic signaling to secure cellular energy requirements and activity (Blue). iii Cholesterol 
dominant inner or outer signal transduction and cellular functions (Green). Each arrow line represented the relationship directly bridge 
between each other. 27-HC: 27-Hydroxycholesterol; LDHB: Lactate dehydrogenase B; NO: Nitric oxide; PGE2: Prostaglandin E2; ROS: Reactive oxygen 
species
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enzyme in the glycolysis pathway, which shows the ability 
to stimulate HIF-1α transactivation in TAMs and poten-
tially switch the OXPHOS to glycolysis [128], thereby 
quickly generating sufficient energy in nutritionally com-
petitive and anoxic TME. Meanwhile, HIF-1α-induced 
miR‐30c/REDD1/mTOR signaling was directly involved 
in TAMs glycolysis in the hypoxic TME and promoted 
M1-like polarization [129]. M1-like TAMs produce cyto-
toxic NO, ROS, and activate Th1 immune responses to 
carry out tumoricidal activities [130]. Of note, mTOR 
signaling is an important regulator for glycolysis-cho-
lesterol metabolic axis, which promotes the TAMs repo-
larization, glycolysis and mevalonate-related cholesterol 
synthesis [131, 132]. In this aspect, PcrV cultured TAMs 
into anti-tumor M1 phenotype. The PI3k/Akt/mTOR-
glycolysis-NO feedback loop is activated by PcrV, which 
encourages TAMs repolarization and cytotoxicity against 
tumor [133].

The upregulated TAMs glycolysis in liver was sup-
posed to promote carbonic anhydrase XII (CA12) in the 
membrane, thereby inducing a pro-tumoral phenotype 
in tumor development and metastasis [134]. Glycoly-
sis-induced CA12 can effectively protect macrophages 
against acidic TME [135]. The increased CA12 mainly 
depends on the HIF-1α signaling-induced glycolysis 
activation [135]. Meanwhile, the inhibition of CA12 not 
only inhibited tumor growth and TAM infiltration, but 
also decreased TAM-derived CCL8 to improve TME. 
Meanwhile, a recent study indicated that carbonic anhy-
drase signaling was involved in cholesterol synthesis, 
wherein the CA3 in the cytoplasm could interact with 
the cholesterol rate-limiting enzyme squalene epoxidase 
(SQLE) and enhance cholesterol synthesis [136]. In some 
lower cholesterol levels TAMs, cholesterol synthesis and 
metabolism genes were down-regulated, while choles-
terol efflux transporters were up-regulated like ABCA1 
and ABCG1 [137]. The efflux transporters induced cho-
lesterol loss supported the M2-like TAMs polarization, 
and ABCA1 silencing was likely to promote M1 polar-
izing signaling [109]. Indeed, macrophages have been 
proved to have intrinsic tumoricidal activity, but they 
could rapidly adopt an alternative phenotype that leads 
to tumor immunosuppression [138]. The functional 
polarization of TAMs and tumor development in  vivo 
are greatly influenced by PI3K/HIF-1α signaling-induced 
glycolysis-cholesterol metabolic axis, including gly-
colysis and enhanced cholesterol excretion [109, 112]. 
Interestingly, in the ID8 mouse model, specific deletion 
of both ABCA1 and ABCG1 could abolish TAMs cho-
lesterol efflux, and contribute to tumor regression [109]. 
Moreover, in breast cancer, the cholesterol metabolite 
27-hydroxycholesterol (27-HC) can promote the tumor 
growth and metastasis [139]. In compared with M0 and 

M1 macrophages, M2-like macrophages produced more 
27-HC. The generation of 27-HC in M2-like TAMs is 
probably caused by the hydroxycholesterol synthesizing 
enzyme, which can be abrogated by the 27-HC degrad-
ing enzyme CYP7B1, subsequently promoting the tumor 
progress [140]. Previous studies have shown that mac-
rophage lactate dehydrogenase B (LDHB) can convert 
lactate to pyruvate in malignant cells and TAMs [141]. 
Frank et al. revealed that macrophage LDHB was down-
regulated in both murine and human tumor [18]. The 
lower LDHB enhanced lactagenesis and glycolysis in 
TAMs by tumor-derived miR-375, thereby enhancing 
TAMs cholesterol synthesis [18]. In terms of glycolysis-
cholesterol metabolic axis, cholesterol biosynthesis in 
macrophages is promoted with lactagenesis activated 
SREBP2. The PI3k/mTOR signaling activated SREBP2 
upregulated cholesterol biosynthesis, and was accompa-
nied with increased glucose uptake and lactate secretion 
[142]. The down-regulation of LDHB skews TAMs to 
become a source of lactate and sterol/oxysterol for tumor 
cell proliferation. It is necessary to untangle the cue in 
regulating glycolysis-cholesterol metabolic axis in TAMs.

Glycolysis‑cholesterol metabolic axis and tumor 
immunotherapy
Currently, the development of immunotherapy has led 
to a paradigm shift in tumor treatment. However, inad-
equate understanding of the immunosuppressive TME 
metabolic reprogramming prevent majority patients 
from more effective treatment [27]. Recent studies have 
shown that immunotherapy can synergize with target-
ing tumor and/or immune cell metabolism (Table 1). The 
generally modest response rates to immunotherapies 
may be improved by comprehending and taking advan-
tage of metabolic interactions in the TME.

Glycolysis based therapy approach
In adoptive T cells therapy (ACT), glycolysis signaling 
has the potential to enhance refractory tumor immune 
resistance, consequently limiting therapeutic effects [31]. 
The nutritional deprivation, metabolism disorder and 
complex signaling networks between the tumor and T 
cells indicated that, in addition to immunosuppression, 
ACT-refractory tumors and lower T cells-mediated kill-
ing might be perturbed by glycolysis-cholesterol meta-
bolic axis-induced cell responses and immune resistance 
[31, 41]. Ideally, the glycolysis restriction like non-ste-
roidal anti-inflammatory drug (NSAID) administration 
will disturb glucose metabolism by switching glycolysis 
into TCA and improving respiration, which will rein-
force T-cell effector functions and anti-PD1 treatment 
[40, 143]. However, the direct link within glycolysis-
cholesterol metabolic axis requires further investigation. 
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Through competitive reactivation, the balance between 
T cells and Tregs in TME implies the anti-PD-1 immu-
notherapy efficacy [144]. Glycolysis intervention could 
improve inefficient anti-PD-1 therapy by reversing 
the disequilibrium between effector T cells and Tregs, 
thereby achieving safer and more effective immuno-
therapy [145]. Of note, mTOR signaling acted as a pre-
vailing regulator in glycolysis and underlay the potential 
candidate for new combination immunotherapies, which 
may be beneficial for immunotherapy-refractory tumor 
patients [146]. The anti-PD-L1 and rapamycin co-deliv-
ery system efficiently suppressed the tumor glycolysis 
metabolism, lactate release and M2-like TAMs polariza-
tion, as well as improving the immunosuppressive TME 
and tumor regression [131, 133]. In addition, targeting 
HIF-1α could potentiate PD-1/PD-L1 immunotherapy by 
increasing normal tissue immune tolerance and immune-
induced tumor regression, as well as reducing immune-
related adverse events [147]. This relatively new concept 
emphasized that HIF-1α signaling is associated with 
glycolysis-cholesterol metabolic axis intrinsic regulation, 
thereby fortifying PD-L1 immunotherapy and overcom-
ing immune evasion in the TME [72, 112, 147]. Nota-
bly, in macrophages from the hepatocellular carcinoma, 
HIF-1α-induced CA12 was positively correlated with 
glycolysis, which showed the ability to promote tumor 
regression in mice and was sufficient to synergistically 
enhance the anti-PD-1 therapy effects [134]. The above 
observation made it possible for glycolysis-cholesterol 
metabolic axis modulation to be a potential partner for 
immune checkpoint therapy.

Cholesterol based therapy approach
The cholesterol regulation has a great potential to 
ameliorate the TME and guides novel combination 
immunotherapies against malignant tumor [148]. One 
hypothesis is that cholesterol is involved in immune 
cells regulation and renders immune checkpoint ther-
apy more effective [149, 150]. In line with this, high 

serum cholesterol could enhance NKs anti-tumor 
effects against hepatocellular carcinoma and allevi-
ate tumor progression by cholesterol-related immu-
nomodulation [151]. Recently, within the TME, dual 
role of 5-azacytidine in both immune regulation and 
cholesterol regulation has been concerned. 5-azacy-
tidine could promote TAMs cholesterol accumulation 
and M1-like polarization, subsequently stimulating 
effector T cells to attack solid tumors [152]. In addition, 
5-azacytidine bind to ATP-binding cassette transporter 
A9 (ABC-A9) will maintain the intracellular cholesterol 
homeostasis [152, 153]. The inhibition of TAMs choles-
terol efflux and intracellular metabolites contents will 
rescue the T cells anti-tumor ability [154]. The results 
of a prospective observational study (UMIN000021694) 
showed that combination therapy with nivolumab and 
statins could improve advanced non-small cell lung 
cancer (NSCLC) outcomes than the nivolumab alone 
[155]. In colorectal tumor, simvastatin administration 
not merely perturbs total cholesterol synthesis, but also 
suppresses PD-L1 expression to enhance anti-tumor 
immunity [156]. Combining simvastatin with anti-PD-
L1 antibodies could potentiate immune checkpoint 
therapy effects and uncover more immunotherapy 
strategies [156]. Analogously, the role of LXR agonist-
mediated cholesterol metabolism in immunosuppres-
sive MDSCs could reverse un-responsive anti-PD-L1 
immunotherapy, and elicit augmented or synergistic 
anti-tumor immune responses [94]. The cholesterol 
intervene is an effective strategy to improve TME-
induced immune cell exhaustion and enhance immuno-
therapy like PD-L1-mediated immune evasion [6, 29]. 
In terms of this, traditional hypercholesterolemia tar-
get PCSK9 inhibition also shows the ability to enhance 
anti-PD-1 effect and CD8+ T cells activity in tumor, as 
well as suppressing the MDSCs infiltration [157, 158]. 
Although the optimum strategy is likely to differ across 
different cancer types and patient settings, future study 
directions could be oriented to assess the effectiveness 

Table 1  Modulates glycolysis-cholesterol axis-related drugs in combination with immunotherapy

Glycolysis/cholesterol related drugs Immune factors Combined 
immunological 
drugs

References

Glycolysis Non-steroidal anti-inflammatory drug (NSAID) T cells Anti-PD1 [64, 143]

Rapamycin TAMs Anti-PD-L1 [131, 133]

Carbonic anhydrase XII (CA12) inhibitor Tumor-infiltrating 
macrophages

Anti-PD-1 [134]

Cholesterol 5-azacytidine TAMs and T cells // [87]

Simvastatin PD-L1 expression Anti-PD-L1 [156]

LXR agonist MDSCs Anti-PD-L1 [94]



Page 11 of 15Jin et al. Cell & Bioscience          (2023) 13:189 	

of "double-whammy" approaches that combine glycoly-
sis-cholesterol metabolic axis and immunosuppressive 
signatures.

Conclusion and perspectives
Plasticity and diversity are long-recognized hallmarks of 
the tumor immune microenvironment. Multiple lines of 
evidences show that changes in the glycolysis-cholesterol 
metabolic axis can modulate the tumor immune response 
via various approaches. Evidently, by responding to inter-
mediate signals, glycolysis-cholesterol metabolic axis in 
tumor and immune cells has the potential to shape the 
TME. Although glycolysis and cholesterol metabolism 
allow the cell to meet their requirements for proliferation 
and differentiation, these manifestations are likely not the 
main reason for the harsh tumor milieu. Impairment and 
suppressive potency of tumor immunity were regulated 
by a complex milieu of glycolysis-cholesterol metabolic 
axis mediators. Determination of byproducts and related 
signaling cascades are important to elucidate the contro-
versial role of the glycolysis-cholesterol metabolic axis in 
immunosuppressive TME.

Notably, the glycolysis-cholesterol metabolic axis 
reprograms cells activity and function, consequently 
leading to the deteriorative TME. The protumor or anti-
tumor roles of immune cells were influenced by condi-
tional glycolysis-cholesterol metabolic axis modulation, 
cancer immune phenotypes and immunotherapy effi-
cacy. Of note, clinical trials of immunotherapy agents 
that against a single target did not yield impressive thera-
peutic efficacy in patients, but metabolic intervention 
showed the great potential in auxiliary therapy. Although 
various combinations of metabolic agents and immuno-
therapies are already applied in clinical trials, efforts to 
better understand the glycolysis-cholesterol metabolic 
axis within TME are necessary. The mechanisms of 
tumor immune modulation are essential to fully exploit 
the therapeutic potential of combination therapies and 
improve anti-tumor immunotherapy.
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