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Liver cancer is one of the most common malignant tumors globally. Not only is it

difficult to diagnose, but treatments are scarce and the prognosis is generally poor.

Hepatocellular carcinoma (HCC) is the most common type of liver cancer.

Aggressive cancer cells, such as those found in HCC, undergo extensive

metabolic rewiring as tumorigenesis, the unique feature, ultimately causes

adaptation to the neoplastic microenvironment. Intratumoral heterogeneity (ITH)

is defined as the presence of distinct genetic features and different phenotypes in

the same tumoral region. ITH, a property unique to malignant cancers, results in

differences in many different features of tumors, including, but not limited to,

tumor growth and resistance to chemotherapy, which in turn is partly responsible

for metabolic reprogramming. Moreover, the different metabolic phenotypes

might also activate the immune response to varying degrees and help tumor

cells escape detection by the immune system. In this review, we summarize the

reprogramming of glucose metabolism and tumoral heterogeneity and their

associations that occur in HCC, to obtain a better understanding of the

mechanisms of HCC oncogenesis.

KEYWORDS

metabolic rearrangements, intratumoral heterogeneity, immune response, hepatocellular
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Background

Each year, the American Cancer Society investigates and publishes the number of new

cancer cases in the United States. In 2021, the society projected that 1,898,160 new cancer

cases of cancer would be reported in the United States, and that 608,570 cancer patients

would die (1). Primary liver cancer is the most frequent cause of cancer death worldwide: its

incidence is increasing year on year, and it is the currently the fifth most common type of
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cancer in the United States. Hepatocellular carcinoma (HCC), the

predominant histologic type, accounts for 75%–85% of all liver cancer

cases and is the most malignant (2). Intrahepatic cholangiocarcinoma

(ICC) is another histologic type of liver cancer, accounting for 10%–

15% of cases (3). The risk factors for HCC include chronic hepatitis B

virus (HBV) and hepatitis C virus (HCV) infection, obesity,

inappropriate aflatoxin intake, smoking, type 2 diabetes mellitus,

and alcohol consumption (4). Of note, alcohol consumption is

considered the most significant factor for its variables with levels of

subjectivity, and the study shows that, even in quantities associated

with social drinking, alcohol can potentially increase the risk of HCC

development in patients with non-alcoholic steatohepatitis (NASH)

or HCV cirrhosis when compared with subjects who do not drink (5).

Moreover, early-stage HCC patients are often asymptomatic, but

patients with advanced HCC usually miss the best opportunity for

treatment, such as surgery or liver transplantation (6). Typical

treatments for HCC patients include surgery, radiotherapy,

chemotherapy, and targeted molecular therapy (7). For example,

sorafenib, a multi-target tyrosine kinase inhibitor (TKI), was first

approved by the Food and Drug Administration (FDA) for HCC

treatment, and now lenvatinib, sorafenib, and other TKIs are also

used in the treatment of HCC (8).

HCC originates from and develops in response to a series of

crises, including metabolic, immunological, genetic, and

microenvironmental pressures. The effects of these pressures vary

over time and space in different states and regions of HCC, promoting

the initial progress of HCC as a neoplastic microenvironment

exhibiting enormous genetic and phenotypic intratumoral

heterogeneity (ITH). Under other growing crises, various tumor

cells and stromal components in the tumor microenvironment

(TME) develop comparable degrees of ITH (9). Interestingly,

genome sequencing has revealed another type of ITH, heterogeneity

not in different tumor regions, which is known as spatial ITH, but

heterogeneity over time in the same neoplasm, which is known as

temporal ITH (10). Significantly, ITH affects both the genetic and

epigenetic components of HCC; however, in HCC, these events can be

closely connected (active genetic and epigenetic aberrations) or quite

separate (stable genome with variable epigenetic modification) (11).

In addition, ITH results in extensive metabolic rewiring in HCC

throughout oncogenesis and development; this unique feature enables

tumor cells to adapt to the neoplastic microenvironment. In addition,

ITH leads to the same changes in non-malignant cellular

compartments of the TME, such as hepatic stellate cells (HSCs),

cancer-associated fibroblasts (CAFs), tumor-infiltrating lymphocytes

(TILs), tumor-associated macrophages (TAMs), and dendritic cells

(DCs) (12–14). Intriguingly, ITH affects the cellular compartments of

TME for HCC malignancy. Conversely, cellular compartments

undergoing such spatiotemporal transformation also impact the

ITH of HCC (15). For example, although genetic and epigenetic

aberrations of cancer cells affect TILs, TILs also influences the

proliferation and progress of malignant tumors (16). Classically,

ITH was considered a simple binomial state with two extremes (i.e.,

“on” or “off”) that determine the progression of an aggressive tumor

(17). Recently, this description of ITH has been refined, and it is now

thought that cellular components with a plastic phenotypic or

metabolic state can continuously vary in response to disturbance of

the microenvironment (18, 19). It is also thought that ITH can only be
Frontiers in Immunology 02
tolerated under certain thresholds. Otherwise, the phenotype and

metabolic burden of malignant cells and the whole tumoral structure

would be impaired (20, 21).

In the 1920s, Otto Warburg was the first to suggest that cancer

cells undergo aerobic glycolysis, converting glucose into lactate in the

cytoplasm, rather than oxidative phosphorylation (OXPHOS), even

under conditions of normoxia (22). This led to the novel idea that

tumor cells respond to emerging pressures in their microenvironment

by undergoing metabolic rearrangements that promote their survival.

This process, which is unique to cancer cells, resembles the Darwinian

process of survival of the fittest. Aerobic glycolysis confers a growth

advantage on HCC cells, by enhancing glucose uptake, speeding up

adenosine triphosphate (ATP) generation, and producing abundant

metabolic intermediates and an acidic environment (23). Moreover,

increase of aerobic glycolysis in HCC leads to lactate acceleration,

which causes a steady reduction in extracellular and intracellular pH.

(24) The acidosis induces apoptosis and autophagy in healthy cells;

modifies the stromal structure in such a way as to facilitate invasion

and migration of HCC cells and metastasis; and also acts as a selection

for HCC cells (25). However, OXPHOS also occurs in the

mitochondria of HCC cells. According to the reverse Warburg

effect, stromal cells such as CAFs support metabolism in cancer

cells by releasing glucose-derived metabolites, such as lactate and

pyruvate. CAFs utilize glucose in glycolysis and then transport

intermediates for OXPHOS into HCC cells (26); OXPHOS is not

entirely suppressed in HCC cells. It has been found that ubiquinol–

cytochrome c reductase complex assembly factor 3 (UQCC3) is

essential in maintaining mitochondrial homeostasis in structure and

function, and in regulating OXPHOS activity under hypoxia in HCC

cells (27). In an acidic microenvironment, glycolysis is inhibited and

therefore, in glycolysis-dominant cells, such as HCC cells, pyruvate is

transferred to the mitochondria for OXPHOS (28). The distinct

metabolic preference is decided by genetic ITH, which confers

plasticity on the metabolic demands of HCC. This transformation

of HCC cells is mediated by epigenetic ITH, enablingeasier transition

more easily between different cell states (11).

Metabolic reprogramming has been significantly linked with poor

prognosis in HCC patients (29). It has consistently been found that

genetic and epigenomic ITH affects metabolic rewiring in HCC and

predicts poorer outcomes (21). A better comprehension of aerobic

glycolysis and ITH and their association with HCC would shed light

on the pathogenesis and evolution of HCC. This article aims to

summarize the correlation between ITH and metabolic

rearrangements (predominantly aerobic glycolysis) and the

comprehensive characteristics of the respective biological properties

of HCC.
Heterogeneity in HCC

ITH was first proposed in 1833 by Johannes Muller, 300 years

after the microscope was invented (30). This German physiologist

utilized microscopy to analyze human tumor samples, imitating

methods in phytology, and described tumors as agglomerations of

emerging cells, which showed distinct variations among different

regions and also differences between tumor cells and adjacent stromal

cells (31). ITH has now been unequivocally proven to be present in
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many cancers. It encompasses dynamic aspects, such as genetic and

epigenetic heterogeneity, which can be further classified as

transcriptomic, proteomic, and phenotypic heterogeneity, as well as

behavioral and immunological heterogeneity, which includes

temporal heterogeneity, spatial heterogeneity, and heterogeneity of

the TME (metabolic and immunological components), and leads to

heterogeneous behavior of tumor cells and changes in the immune

responses of immune cells (32).

Analysis of genetic ITH, involving next-generation sequencing

(NGS) studies of the tumoral genetic landscape, have demonstrated

that spatiotemporal aberration is caused by genetic instability (20, 33,

34). Genetic instability is reflected in point mutations, short insertions

or deletions, copy number variation, and chromosomal alterations,

including translocation, deletion, amplification, and aneuploidy (30,

35–37). During the initial development of HCC, only the fittest clones

survive clonal pressure and immunological selection and accumulate

in cancer cells (38, 39). The diversity of surviving cells, which vary in

terms of genetic instability, immune escape, and treatment resistance,

is considered the reason for gene heterogeneity in HCC and confers a

growth and evolutionary advantage on HCC cells (40–42). High

genetic ITH is normally associated with tumor aggressiveness,

immune escape, and resistance to treatment, leading to poor

outcomes and a worse prognosis for HCC patients (12, 15).

Understanding genetic ITH could enable more tailored tumor

treatment and could also constitute a negative prognostic marker

for HCC patients (43, 44). Epigenetic heterogeneity is regarded as an

essential regulator for tumor evolution and development. Generally,

epigenetic alterations that induce non-heritable changes in cell clones

are reversible, but it is possible that they could be acquired by cell

progeny, leading to heritable expression and the progression of

cancers (30, 45). One of the most common heritable epigenetic

alterations is DNA methylation (46). However, there is no direct

evidence that DNA methylation drives cancer initiation in human

patients. To date, in vivo experiments have shown that targeting the
Frontiers in Immunology 03
p16Ink4a epimutation drives tumor origination and aggressive

development, and attenuates survival time, in mice (47).

Furthermore, demethylation of satellite 2 has been found to

correlate with chromosome aneuploidy induced by 5-azacytidine

(48) (Figure 1). DNA methylation has also been shown to be

temporally altered in advanced lung cancer (12).

As mentioned before, genetic and epigenetic heterogeneity,

mainly transcriptomic and proteomic ITH, result in functional

heterogeneity, and, together with spatiotemporal remodeling of the

TME and changes in metabolic and immunological function, promote

behavioral and immunological heterogeneity (49–52) (Figure 2). The

tumoral ecosystem resembles Darwinian evolution in cancers, which

drives HCC behavioral and immunological heterogeneity. Research

on lung cancer shows that non-heritable ITH, in contrast to heritable

ITH, indicates phenotypic heterogeneity, and predicts ongoing

process dynamics (53). Under the comparative topologies of

dendrograms at the genomic and transcriptomic levels, functional

ITH has been found to affect proliferative properties, epithelial or

mesenchymal features, and clinical and histologic subtypes (53).

Similarly, behavioral ITH affects the proliferation, invasiveness, and

metabolic phenotypes of HCC. Immunological ITH, in contrast,

refers to differences in immunogenicity, adjuvanticity, and immune

escape, which determine whether or not tumor cells belong to

heterobiotics, activate the immune response, and escape detection

by the immune system. (54) Interestingly, the research applies

multiregional genomic and immunological landscapes on a single

HCC and displays a significant degree of immunological ITH in HCC,

which is associated with tumoral transcriptomic ITH, especially

malignancy and development. Mechanistically, immune stroma

with augmented immunological ITH exhibits attenuated immune

selective pressure, which confers on HCC cells the capacity to evade

or suppress the immune system (55). Coincidentally, another

publication has reported that multipoint biopsy sampling can

completely restore ITH at both inheritable and non-heritable levels,
FIGURE 1

Genetic and epigenetic ITH in HCC. During the initial and subsequent development of HCC, only the fittest clones survive clonal pressure and
immunological selection and accumulate in cancer cells. The diversity of surviving cells, which vary in genetic instability, immune escape, and degree of
treatment resistance, is considered one reason for the genetic heterogeneity of HCC, which confers on HCC an evolutionary growth advantage.
Enhanced genetic ITH normally leads to aggressiveness, immune escape, and resistance to treatment, which is associated poor outcomes and worse
prognosis in HCC patients.
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helping us to understand the interactions between immunological

ITH and tumor evolution (56). Histologic analysis of the different

regions of HCC revealed immune infiltration in the abnormal tumor

regions. In particular, HCC regions exhibiting transcriptomic ITH

reveal the heterogeneity of tumor-infiltrating lymphocytes (TILs),

mainly T-cell infiltrating via B- and T-cell receptor (B/TCR) RNA

sequencing reads mapping to VDJ loci to assess the degree and

characteristics of TIL burden (54). Moreover, the article concludes

that passenger mutation, which offers no survival advantage, gathers

more TILs than driver mutation, which confers a survival advantage

(40, 54). Single-cell RNA sequencing (scRNA seq) and cytometry by

time of flight (CyTOF) have been used to examine stromal TILs,

especially some types of T cells, and their locations relative to cancer

cells (57). T cells can be crudely classified as CD4+ or CD8+ T cells

based on the type of glycoprotein found on the cell surface. Subsets of

CD4+ cells comprise conventional T cells (Tconv cells), T follicular

helper cells (TFH cells), regulatory T cells (Treg cells), dysfunctional

T cells, naive T cells, effector T cells (TE cells), and memory T cells

(TM cells) (Table 1). CD8+ T cells include naive T cells, TE cells, TM

cells, and dysfunctional T cells, subdivided according to their level of

differentiation (58, 59, 63–67). Dysfunctional T cells are described as

dysfunctional or exhausted because they express a higher than usual

number of inhibitory receptors such as the programmed cell death

protein 1 (PD1) receptor, T-cell immunoglobulin mucin receptor 3

(TIM3), and receptors for lymphocyte activation gene 3 protein

(LAG3), cytotoxic T lymphocyte-associated antigen 4 (CTLA4),

CD200, and 2B4, and secrete lower than normal levels of cytokines

such as tumor necrosis factor (TNF), interleukin 2 (IL-2), and

interferon g (IFNg) (60–62). Even exhausted T cells demonstrate

heterogeneity, but they are not found in all cancer types (68).

However, studies of lung cancer and HCC cells have confirmed the

presence of exhausted T cells with augmented expression of inhibitory

receptors, including receptors for PD1 (encoded by the PDCD1 gene),

CTLA4, and LAG3 (65, 67).

Intriguingly, scRNA seq has shown that, in contrast to CD8+ T

cells, CD4+ T cells are not found in the stroma of all tumors. Unlike

CD8+ T cells, which have a distinct role in cancers, which is to drive

carcinomatosis, CD4+ T cells play varying roles in the process of

tumor promotion (either oncogenesis or carcinomatosis) (69). It has
Frontiers in Immunology 04
been reported that CD4+ T-cell apoptosis, which can be induced by

linoleic acid, which enhances the expression of carnitine palmitoyl

transferase (CPT), accelerates the development of HCC (70). Other

reports also confirm the inhibitory significance of CD4+ T cells in

carcinogenesis and suggest that the presence of these cells is an

independent prognostic marker in HCC (71, 72). These multiple

features of T cells and their secretions significantly contribute to

immunological ITH in HCC. Remarkably, immunological ITH is not

a binary state; TILs in the tumoral stroma represent gradual,

continuous, and highly plastic phenotypes for the varying TMEs.

Traditionally, experts categorize TAMs found in stromal

compartments as proinflammatory (M1-like) TAMs or anti-

inflammatory (M2-like) TAMs, which is a relatively simple

classification obscuring the complexity and plasticity of TAMs (18).

The relative proportions of different TAM subpopulations and their

cellular states, surface protein expression, and individual secretions

account in large part for immunological ITH in HCC stroma (63, 73).

A well-known classification divides tumors into two categories

based on their sensitivity to immunological therapy: “hot” tumors are

generally sensitive to immunological therapy and contain abundant

CD8+ cytotoxic T lymphocytes (CTLs), whereas “cold” tumors are

significantly resistant to immunological treatment and contain limited

numbers of CTLs (74). The progression and clinical stage of tumors are

closely linked to the presence of CTLs, and the Immunoscore, a

standardized method of quantification of CTLs in the TME, as a

reflection of a tumor’s immunological state, has been validated as a

measure of tumor aggressiveness and prognosis (74–77). Subsequently,

a third immune profile, so-called “altered” states, was identified in

colorectal cancer (CRC) in 2009 (78). The “altered” profile has since

been split into two phenotypes: the “excluded” phenotype (reflecting

the fact that CTLs are excluded at the edge of the invasive margin by the

dense stroma) and the “immunosuppressed” phenotype (reflecting the

fact that the tumor contains a small number of CTLs, which represent

not a stromal barrier but an immunosuppressive TME) (79, 80).

The previous study on HCC, which integrated data from RNA-

seq, TCR-seq, single-nucleotide polymorphism (SNP) array, and

DNA-seq analyses across several regions in the same HCC

specimen, illustrates a significant immunological ITH signature

(54). The same patient (P02) exhibited diverse tumor states,
FIGURE 2

Behavioral and immunological ITH in HCC. Spatiotemporal remodeling of the TME, and especially of its metabolic and immunological components,
promotes behavioral and immunological heterogeneity.
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including immune “hot” phenotypes with poor differentiation and

immunogenicity (H2.a), immune “cold” phenotypes with good

differentiation (H2.b, H2.c, and H2.d), and an intermediate

phenotype (H2.e). The results agree with the previous concept that

transcriptomic ITH is strongly associated with immunological ITH in

HCC. Moreover, regional ITH in the same patient represents different

clinical phenotypes and evolutional stages, reflecting spatiotemporal

evolution. A better understanding of behavioral ITH and

immunological ITH in HCC, and how ITH manipulates phenotypic

arrangements under different TMEs, would contribute to the

immunotherapy revolution and provide new directions in

molecular treatment.
Glycolysis in HCC

Aerobic glycolysis was first proposed in rat liver cancer as the

Warburg effect in the 1920s; researchers observed that cancer tissue

consumes less oxygen (O2) than normal tissue. In other words, HCC

converts glucose flux product (pyruvate) into lactate in the cytoplasm

rather than transporting pyruvate into mitochondria for use in the Krebs

cycle (Figure 3). This distinct feature of HCC is probably related to

metabolic reprogramming and metabolic ITH. Of note, metabolic

plasticity ensures that HCC has strong adaptability in nutrient-

deprived TMEs through increasing scavenging pathways, including

autophagy, apoptosis, and reverse Warburg effects associated with

CAFs, generating intermediate products for metabolic utilization (81,

82). In general, aerobic glycolysis is essential during inception, growth,

proliferation, invasion, and immune evasion. This paper promotes a

better understanding of glycolysis and ITH in HCC, in particular its

pathogenesis, detection, and molecular treatment.

Aggressive cells (such as HCC and pancreatic cancer cells) undergo

extensive metabolic rewiring throughout their development. Metabolic

reprogramming of glucose, lipid, and amino acids is found in both in situ

and metastatic HCC; metabolites and Taylorism produced from
Frontiers in Immunology 05
reprogramming processes are necessary for energy production and

anabolism, including cellular membranes, nucleotides, extracellular

matrix (ECM), and cell cytoskeleton, which are fundamental for

proliferation, invasion, and metastasis (83–86) (Table 2). Because

glucose uptake is enhanced in HCC, the expression of glucose

transporter 1 (GLUT-1), as a membrane channel for glucose, also

increases. This unique feature, i.e., augmented glucose uptake, can be

exploited to enable the early detection of HCC and its systemic

metastases by positron emission tomography/computed tomography,

by replacing glucose with fluorodeoxyglucose F 18 (18F-FDG), a glucose
TABLE 1 Types of immune cells in tumors and their functions.

Type of
immune
cell

Introduction Reference

Tconv cell Tconv cells promote tumor control through the stimulation of, among other cells, CD8+ T cells, natural killer (NK) cells, and a broad range
of other innate immune cell types. Furthermore, they exert cytotoxic functions that result in the killing of human leukocyte antigen (HLA)
class II-expressing tumor cells or they inhibit tumor growth through the secretion of IFNg and TNF

(58)

TFH cell The exact role of TFH cells in tumor immunity is unclear; these cells may contribute to the generation of tertiary lymphoid structures
(TLSs) at the tumor site and thereby shape intratumoral CD8+ T-cell and B-cell responses

(59)

Treg cell Treg cells can counteract tumor-specific immune responses by suppressing the infiltration and antitumor activity of, among other cells, CD8
+ T cells and macrophages

(58)

Dysfunctional
T cell

Dysfunctional T cells express increased inhibitory receptors such as programmed cell death protein 1 (PD1), T-cell immunoglobulin mucin
receptor 3 (TIM3), lymphocyte activation gene 3 protein (LAG3), cytotoxic T lymphocyte-associated antigen 4 (CTLA4), CD200, and 2B4,
together with reducing the secretion of cytokines such as TNF, IL-2, and IFNg

(60–62)

Cytotoxic T
lymphocyte

CTLs recognize and lyze target cells through the release of perforin and granzymes. CTLs are activated by DC antigen presentation via the
major histocompatibility complex (MHC) class I antigen to the T-cell receptor. Apoptosis is induced in cells expressing a specific antigen

(63)

Naive T cell Naive T cells are CD3+CD4+ and CD3+CD8+ cells that differentiate into effector T cells (CD4+ T helper cells or CD8+ cytotoxic T cells) in
secondary lymphoid organs or TLSs after stimulation with three signals: antigen, co-stimulatory molecules, and cytokines

(63)

Memory T
cell

Memory T cells are CD3+CD4+CD45RO+ and CD3+CD8+CD45RO+ cells that have encountered antigen and that respond to antigenic
stimulation faster and with greater intensity than naive T cells

(63)
f

FIGURE 3

The heterogeneity of glycolysis in HCC. Metabolic ITH is exemplified
by glycolysis in HCC. PHI can enhance the ability of HCC cell lines to
penetrate Matrigel by activating b1 integrins lines. Overexpression of
PFKFB3 results in sorafenib resistance, and elevated PFKFB3 is
generally associated with poor outcomes and worse clinical
manifestations in HCC. Among PKs, PKM2 is considerably up-
regulated in HCC patients, and this is associated with a poor
prognosis. Overexpression of PKM2 results in an increase in IFNg-
positive CD8+ T cells in the HCC mouse model by activating the
immune checkpoint blockade.
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derivative used as a radiotracer. (96) The expression of GLUT-1 has been

shown to be augmented in the stainedmembranes of HCC cells, and thus

the level of expression of GLUT-1 could be used to evaluate liver lesions

(87). In addition, miR-505 (micro-RNA-505) down-regulation of GLUT-

1 expression attenuates glucose uptake and lactate generation in HCC

cells. Together, miR-505 impairs HCC growth by inhibiting the

expression of insulin-like growth factor 1 receptor (IGF-1R) and

damaging glycolysis in HCC cells (88).

Hexokinase 2 (HK2) is an essential enzyme in aerobic glycolysis,

catalyzing the conversion of glucose to glucose 6-phosphate (G-6-P).

Silencing HK2 reduces glucose flux to pyruvate and lactate

(glycolysis), but has no effect on the tricarboxylic acid (TCA) cycle

(OXPHOS). Depletion of HK2, along with sorafenib, sensitizes HCC

cells to cell death and inhibits the mammalian target of rapamycin

(mTORC1), together with metformin (89). G-6-P is then converted to

fructose 6-phosphate (F-6-P), a reaction that is catalyzed by

phosphohexose isomerase (PHI), also known as autocrine motility

factor (AMF), phosphoglucose isomerase (PGI), or glucose-6-

phosphate isomerase (GPI). PHI (AMF) not only catalyzes

reactions during glycolysis, but also acts as a cytokine, inducing

invasion and metastasis. PHI binds to its receptor, Mr 78,000

glycoprotein (gp78), and promotes matrix metalloproteinase 2

(MMP-2) secretion, adhesion, and motility, thus enhancing the

invasive ability of HCC cell lines, enabling them to penetrate

Matrigel® (Corning Life Sciences, Corning, NY, USA) by activating

b1 integrins (90). Phosphofructokinase (PFK) converts F-6-P to

fructose 1,6-biphosphate (F-1,6-BP), which is the second rate-

limiting step in glycolysis. PFK is activated by fructose-2,6-

biphosphate (F-2,6-BP), the most allosteric activator for PFK.

Moreover, F-2,6-BP is catalyzed by phosphofructo-2-kinase/

fructose-2,6-biphosphatase (PFK-2/PFKFB), which has two separate

catalytic centers. Specifically, PFKFB3, having the strongest

phosphofructo-2-kinase activity, is typically up-regulated in cancers,
Frontiers in Immunology 06
including HCC (91, 92). Overexpression of PFKFB3 and the high flux

of glycolysis contribute to sorafenib resistance, and could be targeted

by aspirin, as aspirin, in combination with sorafenib, induces

apoptosis (91). Elevated PFKFB3 is generally associated with poor

outcomes and worse clinical manifestations; therefore, regulating

PFKFB3 could not merely inhibit the activity of PFK to target

glycolysis, more than arrest cell cycle and cell death in HCC. F-1,6-

BP subsequently decomposes into 3-phosphoglyceraldehyde (GA3P)

and dihydroxyacetone phosphate (DHAP). Subsequently, a series of

reactions catalyzed by enzymes, such as triose phosphate isomerase

(TPI), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

phosphoglycerate mutase (PGAM), and enolase, convert

intermediates to produce phosphoenolpyruvate (PEP). Interestingly,

GAPDH is generally used as a reference in quantitative reverse

transcription–polymerase chain reaction (qRT-PCR) and Western

blotting because of its stable expression during different states.

However, immunohistochemical staining of HCC tissue shows that

GAPDH in the nucleus is positively associated with the hypoxia-

inducible factor (HIF-1a). Despite this, patients with overexpressed

HIF-1a or low levels of GAPDH have a poor prognosis and low

overall survival (OS) (93). Following this, PEP is catalyzed to pyruvate

by pyruvate kinase (PK) and produces ATP, which is the last

committed step in glycolysis. Among PKs, PKM2 is notably up-

regulated in HCC patients and a high level of PKM2 is associated with

a poor prognosis. Silencing PKM2 inhibits HCC proliferation,

migration, and invasion whereas overexpression of PKM2 increases

interferon gamma (IFNg)-positive CD8+ T cells in the HCC mouse

model by activating an immune checkpoint blockade (94).

Intermediate F-1,6-BP is an allosteric activator of PKM2, whereas

ATPacetyl-coenzyme A (CoA), and L-cysteine are allosteric inhibitors

of PKM2 (97, 98). Shikonin is a specific inhibitor of PKM2,

demonstrating carcinomatosis in HCC. In addition, shikonin In

addition, shikonin promotes nuclear localization of PKM2 to
TABLE 2 Enzymes of glycolysis in HCC, their functions, and their impacts on therapy.

Enzymes Introduction Reference

GLUT-1 The expression of GLUT-1 is increased in HCC. It has been shown that GLUT-1 expression is augmented in in stained membranes from HCC,
and GLUT-1 level could be used to evaluate liver lesions

(87)

miR-505 miR-505 down-regulation of GLUT-1 expression attenuates glucose uptake and lactate generation in HCC. miR-505 impairs HCC growth by
inhibiting the expression of IGF-1R and damaging glycolysis in HCC cells

(88)

HK2 Silencing of HK2 leads to a reduction in glucose flux to pyruvate and lactate (glycolysis), but the tricarboxylic acid (TCA) cycle (OXPHOS) is
unchanged. Depletion of HK2 synergistic with sorafenib sensitizes HCC cells to cell death and inhibits the mTORC1, together with metformin

(89)

PHI PHI not only catalyzes reactions during glycolysis, but also acts as a cytokine, inducing invasion and metastasis. PHI binds to its receptor, Mr
78,000 glycoprotein (gp78), and promotes MMP-2 secretion, adhesion, and motility for enhanced invasive ability through Matrigel by
activating b1 integrins in HCC cell lines

(90)

PFK PFKFB3, having the strongest phosphofructo-2-kinase activity, is typically up-regulated in cancers including HCC. Overexpression of PFKFB3
and a high flux of glycolysis partly account for sorafenib resistance, which could be targeted by aspirin, as aspirin induces apoptosis together
with sorafenib. Elevated levels of PFKFB3 is generally associated with poor outcomes and worse clinical manifestations; therefore, regulating
PFKFB3 could not merely inhibit the activity of PFK to target glycolysis, but also arrest cell cycle and cell death in HCC

(91, 92)

GAPDH Immunohistochemical staining of HCC tissue shows that GAPDH in the nucleus is positively associated with HIF-1a. Despite this, patients
with overexpressed HIF-1a or low levels of GAPDH have lower OS and a poor prognosis

(93)

PK Among PKs, PKM2 is notably up-regulated in HCC patients, and a high level of PKM2 is associated with a poor prognosis. Silencing of PKM2
inhibits HCC proliferation, migration, and invasion, whereas overexpression of PKM2 increases IFNg-positive CD8+ T cells in the HCC mouse
model by activating the immune checkpoint blockade

(94)

LDH LDH could predict clinical outcomes, such as PFS and OS, in HCC patients treated with sorafenib (95)
f
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recruit Nrf2, then activates BAG3 downstream of Nrf2 to provide a

protective effect for cell survival (99). The final step in glycolysis is the

conversion of pyruvate to L-lactate, catalyzed by lactate

dehydrogenase (LDH). It has been suggested that the measurement

of LDH could predict clinical outcomes such as progression-free

survival (PFS) and OS in HCC patients treated with sorafenib (95).

A better understanding of glycolysis could not only shed light on

the metabolic frame in HCC, but also uncover the relationship

between metabolic ITH and immunological ITH, and its evolution

in HCC. Indeed, metabolic ITH in aggressive cancers seems to

regulate immunologica l ITH and promote phenotypic

transformation. Notably, increased lactate dehydrogenase A

(LDHA) is related to poor outcomes in HCC patients and is

negatively associated with markers of CTLs. Moreover, lactate

dehydrogenase A (LDHA)-related lactate accumulating in the TME

creates an acidic stroma favoring the transport of substrates such as

glucose and their uptake by HCC cells (100). It has consistently been

found that lactate, together with an acidic microenvironment,

suppresses some functions of immune cells and changes their

morphology, thus reducing their survival. More precisely, lactic acid

increases inhibitors’ immunosurveillance by attenuating the survival

and function of T and NK cells, leading to the immune escape of

tumor cells and a more malignant phenotype (101). Increasing

evidence suggests that malignant cancers undergo metabolic

adjustment in different TMEs to satisfy growth demands at every

stage of the metastatic cascade. According to this view, metabolic

flexibility (the use of the same metabolites at different stages of

metastasis) and metabolic plasticity (the use of other metabolites

that can satisfy identical demands during the metastatic cascade),

which are notable properties of aggressive cancers, account for

metabolic ITH in variable microenvironments and confer a growth

advantage on aggressive cells when the TME is changeable (102). The

metabolic profile reflects both the glycolytic phenotype (related to

chemosensitivity and rapid proliferation) and the oxidative

phenotype (associated with chemoresistance and late proliferation)

coexist in glioblastoma, which definitively shows that metabolic ITH

exists and is connected to the progression of aggressive cancers.
Frontiers in Immunology 07
Conclusion

To summarize, we have described the epidemiology of HCC and

reported risk factors for HCC and worldwide morbidity. We then

summarized ITH in HCC, including genetic ITH, epigenetic ITH,

behavioral ITH, and immunological ITH. Of these, we mainly

discussed metabolic ITH and immunological ITH and their role in

the progression of ITH. Of note, metabolic ITH, particularly the

glycolytic and oxidative phenotypes, is common in HCC. We hope

that our findings will enable heterogeneity of the tumoral ecosystem

and the resulting metabolic adaptation of tumor cells to be exploited

in order to develop novel therapeutic approaches for HCC patients.
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18F-FDG fluorodeoxyglucose F 18

AMF autocrine motility factor

ATP adenosine triphosphate

B/TCR B- and T-cell receptor

CAF cancer-associated fibroblast

CoA coenzyme A

CPT carnitine palmitoyltransferase

CRC colorectal cancer

CTLA4 cytotoxic T lymphocyte-associated antigen 4

CyTOF cytometry by time of flight

DC dendritic cell

DHAP dihydroxyacetone phosphate

ECM extracellular matrix

F-1,6-BP fructose 1,6-biphosphate

F-2,6-BP fructose 2,6-biphosphate

F-6-P fructose 6-phosphate

FDA Food and Drug Administration

G-6-P glucose 6-phosphate

GA3P 3-phosphoglyceraldehyde

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GLUT-1 glucose transporter 1

gp78 Mr 78,000 glycoprotein

GPI glucose-6-phosphate isomerase

HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

HIF-1a hypoxia-inducible factor

HLA human leukocyte antigen

HK2 hexokinase 2

HSC hepatic stellate cell

ICC intrahepatic cholangiocarcinoma

IFNg interferon g

IGF-1R insulin-like growth factor 1 receptor

IL-2 interleukin 2

ITH intratumoral heterogeneity

LAG3 lymphocyte activation gene 3 protein

LDH lactate dehydrogenase

MHC major histocompatibility antigen

miR-505 micro-RNA-505

MMP-2 matrix metalloproteinase 2
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mTORC1 mammalian target of rapamycin

NASH non-alcoholic steatohepatitis

NGS next-generation sequencing

OS overall survival

OXPHOS oxidative phosphorylation

PD1 programmed cell death protein 1

PEP phosphoenolpyruvate

PFK phosphofructokinase

PFK-2/PFKFB phosphofructo-2-kinase/fructose-2,6-biphosphatase

PFS progression-free survival

PGAM phosphoglycerate mutase

PGI phosphoglucose isomerase

PHI phosphohexose isomerase

PK pyruvate kinase

qRT-PCR quantitative reverse transcription–polymerase chain reaction

scRNA scRNA-seq: single-cell RNA sequencing

SNP single-nucleotide polymorphism

TAM tumor-associated macrophage

TCA tricarboxylic acid

Tconv cell conventional T cell

TE cell effective T cell

TFH cell T follicular helper cell

TIL tumor-infiltrating lymphocyte

TIM3 T-cell immunoglobulin mucin receptor 3

TKI tyrosine kinase inhibitor

TLS tertiary lymphoid structure

TM cells memory T cells

TME tumor microenvironment

TNF tumor necrosis factor

Treg cell T regulatory cell

TPI triose phosphate isomerase

UQCC3 ubiquinol–cytochrome c reductase complex assembly factor 3
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