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SUMMARY

Liver tumor initiating cells (LTICs) are a subpopulation of
liver cancer cells that play important roles in tumor initia-
tion, recurrence, metastasis, and chemo-drug resistance.
LTICs and their surrounding tumor microenvironment have
been under intense research. In this review, we discuss LTIC
plasticity, tumor microenvironment components, and the
dynamic interaction between LTICs and the tumor micro-
environment and their underlying molecular mechanisms.
We also highlight potential therapeutic targets and strate-
gies related to their mutual interactions.

Liver cancer (hepatocellular carcinoma) is a common
cancer worldwide. It is an aggressive cancer, with high
rates of tumor relapse and metastasis, high chemo-
resistance, and poor prognosis. Liver tumor-initiating cells
(LTICs) are a distinctive subset of liver cancer cells with
self-renewal and differentiation capacities that contribute
to intratumoral heterogeneity, tumor recurrence, metas-
tasis, and chemo-drug resistance. LTICs, marked by
different TIC markers, have high plasticity and use diverse
signaling pathways to promote tumorigenesis and tumor
progression. LTICs are nurtured in the tumor microenvi-
ronment (TME), where noncellular and cellular compo-
nents participate to build an immunosuppressive and
tumor-promoting niche. As a result, the TME has
emerged as a promising anticancer therapeutic target, as
exemplified by some successful applications of tumor
immunotherapy. In this review, we discuss the plasticity of
LTICs in terms of cellular differentiation,
epithelial–mesenchymal transition, and cellular meta-
bolism. We also discuss the various components of the TME,
including its noncellular and cellular components. There-
after, we discuss the mutual interactions between TME and
LTICs, including recently reported molecular mechanisms.
Lastly, we summarize and describe new ideas concerning
novel approaches and strategies for liver cancer therapy.
(Cell Mol Gastroenterol Hepatol 2023;15:1105–1116; https://
doi.org/10.1016/j.jcmgh.2023.01.007)
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Hcommon cancer and the third leading cause of

cancer mortality globally. It is a heterogeneous disease and
has high rates of tumor relapse and metastasis, high che-
moresistance, and poor prognosis.1,2 Liver tumor-initiating
cells (LTICs) are a distinctive subgroup of HCC cells with
self-renewal and differentiation capacities3 that contribute
significantly to intratumoral heterogeneity, tumor recur-
rence, metastasis, and chemo-drug resistance.4 New lines of
evidence have shown that LTICs, as defined by specific TIC
markers, activate diverse signaling pathways to regulate
tumorigenesis and progression.5 This characteristic of
LTICs, which is attributed to their phenotypic plasticity, is
now a critical area of research that allows a better under-
standing of the dynamics of TICs.6

Historically, LTICs were identified via functional assays
of sorted tumor cells, such as in vitro sphere formation and
in vivo xenotransplantation assays, the latter typically per-
formed in immunodeficient mice. In the in vitro sphere
formation assay, LTICs are capable of generating 3-
dimensional (3D) spheroids with attachment-independent
growth in an undifferentiating culture media lacking fetal
bovine serum. The xenotransplantation studies were
limiting dilution assays that assess the tumorigenicity of
sorted marker-positive LTICs compared with the marker-
negative tumor cells. With these approaches, several
different LTIC-enriched cell surface markers have been
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discovered, such as epithelial cell adhesion molecule
(EpCAM),7 CD133,8 CD90,9 CD44,9 CD24,10 and CD13.9 At
the same time, several signaling pathways have been shown
to be critical in inducing stemness of HCC and in promoting
self-renewal, tumorigenicity, and chemoresistance. Exam-
ples include the Wingless/Integrated (Wnt)/b-catenin
pathway in EpCAMþ LTICs,11 the Phosphatase and tensin
homolog (Pten)-Protein kinase B (AKT)-ATP-binding
cassette super-family G member 2 (ABCG2) pathway in
CD133þ LTICs,12,13 the transforming growth factor-b (TGF-
b)/interleukin (IL)6/signal transducer and activator of
transcription (STAT)3 pathway in hepatic progenitor cells
with an abnormal differentiation pattern,14 CD133þ LTICs,15

and chemoresistant EpCAMþ LTICs.16

Collectively, these studies have laid the foundation for
understanding how the concept of liver cancer cell stemness
can be used to elucidate molecular mechanisms underlying
the dynamic transit between non-TIC and TIC states, or
across various phenotypes of TIC subsets.17

The tumor microenvironment (TME) also has emerged
as a factor in modulating LTIC plasticity.18,19 The TME
provides a niche that is critical in maintaining TIC plasticity
in HCC.20 Within this niche, the noncellular component
(extracellular matrix [ECM]), the cellular components
(including the immune cells, cancer-associated fibroblasts
[CAFs], and other stromal cells), and the secretome and
exosomes derived from these cells, participate in providing
an immunosuppressive and tumor-promoting environment
to drive the phenotypic transition of LTICs.21 Because of
this, TME has been identified as a promising therapeutic
target, as exemplified by some successful applications of
tumor immunotherapy.22,23

In this review, we discuss the plasticity of LTICs and the
various components of the TME. Then, we discuss the
mutual interactions between LTICs and the TME (Figure 1),
while highlighting recently reported molecular mechanisms.
Lastly, we summarize and outline new insights into the
existing therapeutic approaches and design in potential
strategies for liver cancer therapy (Figure 2).

Plasticity of LTICs
Plasticity is defined as phenotypic transformability,

which includes the dedifferentiation of differentiated cells
into stem/progenitor cells, and the conversion of cells into
various differentiated cell states. Herein, we discuss some
examples of plasticity associated with tumor initiation and
progression, including differentiation,
epithelial–mesenchymal transition (EMT), and plasticity of
cell metabolism.

Plasticity of Differentiation
Cell plasticity includes the retrodifferentiation and

transdifferentiation of differentiated cells. It facilitates the
supplementation of the TIC pool with non-TICs. Accumu-
lating evidence suggests that an inflammatory environment
promotes the retrodifferentiation of tumor cells into stem/
progenitor cells.24 Notably, it has been shown that nuclear
factor-kB (NF-kB), a key inflammatory regulator, is involved
in the retrodifferentiation of tumor-derived, hepatocyte-like
cells into hepatic progenitor cells.25 Inhibition of the NF-kB
pathway with the inhibitor of nuclear factor-kB (IkB) kinase
(IKK) inhibitor, curcumin, restrains the stem-like features.
The retrodifferentiation of tumor-derived, hepatocyte-like
cells into stem/progenitor cells also can be promoted by
cytokines such as tumor necrosis factor-a (TNF-a), IL6, CC-
motif chemokine ligand (CCL)22, and TGF-b.25 IL6 increases
the sphere-forming ability and the expression of stemness-
related genes in many human HCC cell lines and contrib-
utes to the retrodifferentiation of HCC cells into LTICs
through the Janus kinase 1–STAT3–Octamer-binding tran-
scription factor 4 (OCT4) pathway. Other cytokines, such as
TGF-b, TNF-a, IL1b, IL8, and IL11 also can promote the
retrodifferentiation of tumor-derived, hepatocyte-like cells
into stem/progenitor cells.25 The retrodifferentiated cells
continue to produce the aforementioned cytokines to
maintain the TIC-like phenotype. The findings suggest that a
cytokine-fueled inflammatory environment can trigger ret-
rodifferentiation of non-TICs into LTICs.

Wang et al26 recently showed that HCC, intrahepatic
cholangiocarcinoma (ICC), and combined HCC-CC could
originate from mature hepatocytes in 3 mouse liver cancer
models using hydrodynamic transfection methodology,
suggesting that mature hepatocytes can transdifferentiate
into hepatic progenitor cells in a specific TME before
differentiating into various cell types of liver cancer. On the
other hand, findings from another recent study showed
that a necroptosis-associated hepatic cytokine microenvi-
ronment could determine the transdifferentiation of
mature hepatocytes into ICC, whereas an apoptotic
microenvironment could promote the transdifferentiation
of mature hepatocytes into HCC.24 In fact, Yamashita et al16

reported that oncostatin M, an IL6-related cytokine, was
able to induce the hepatocytic differentiation of EpCAMþ

LTICs. Similarly, it has been reported that overexpression
of hepatocyte growth factor 4a promoted the differentia-
tion of HCC cells into hepatocytes and significantly reduced
the percentage of CD133þ LTICs.27 High-dose exogenous
bone morphogenetic protein 4 also promotes CD133þ LTIC
differentiation and inhibits their tumorigenic capacity.28

Given the emerging role of differentiation plasticity in the
maintenance of the TIC-like phenotype, inducing TIC dif-
ferentiation into non-TICs, it has been suggested that
differentiating agents have therapeutic potential in HCC by
attenuating cancer cell stemness. Future studies to identify
novel and effective differentiation agents are needed ur-
gently because they conceivably could be used to eradicate
LTICs.
Plasticity of EMT
EMT is a complex biological process that involves both

cellular and molecular reprogramming. In EMT, epithelial cells
dedifferentiate and acquire mesenchymal properties, including
invasiveness and motility. EMT has been shown to serve as a
vital regulator of cancer cells that show TIC-like features. For
example, Mitra et al29 reported that mislocalization of vimen-
tin, an intracellular EMT marker, to the cell surface (csVim)



Figure 1. Mutual commu-
nication between LTICs
and ECM, CAFs, and
infiltrating immune cell
populations in the liver
cancer tumor microenvi-
ronment. Regulation of
LTICs by their niche oper-
ates through cell–cell in-
teractions, secreted
factors, cell–matrix in-
teractions, and the bio-
physical properties of the
niche. Biological factors
known to influence in-
teractions between liver
TICs and immune cells are
shown. Such communica-
tion facilitates the activa-
tion of TICs and
reprograms the immune
response, thereby facili-
tating immune evasion by
the tumor. LTICs also
modify their local ECM,
while the tumor-associated
stroma has an important
role in regulating LTICs. a-
SMA, a-smooth muscle
actin; FOXQ1, forkhead
box Q1; mTOR, mamma-
lian target of rapamycin.
Figure was created with
BioRender.com.
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could be used to isolate cancer stem-like cells. They found that
csVimþCD133- cells had stem-like features similar to those of
the csVim-CD133þ population.29 On the other hand, reversal of
EMT, via CD44 down-regulation, prevented lung metastasis in
a mouse metastasis model by inhibiting the extracellular
signal-regulated kinase (ERK)/Snail pathway.30 In addition,
promoting mesenchymal–epithelial transition (MET), the
reverse process of EMT, has been proposed as a strategy to
eradicate mesenchymal TICs by inducing their transition to
epithelial cells that lack stemness properties. As an example,
activation of protein kinase A could induce MET in TICs in a
histone demethylase PHD Finger Protein 2 (PHF2)-dependent
manner, leading to the loss of tumor-initiating ability in TICs.31

These results suggest that induction of MET may serve as a
potential differentiation therapy for LTICs.
Plasticity of Cellular Metabolism of LTICs
Changes in glucose metabolism are prominent in LTICs.

As an example, glucose uptake is increased markedly in liver
TICs via the preferential expression of glucose transporters,
such as Glucose transporter-1 (GLUT1) and GLUT3, whose
inhibition increases the sensitivity to chemotherapy
in vivo.32 In addition, low levels of total and phosphorylated
AMP-activated protein kinase (AMPK), which is a low-
energy sensor that favors oxidative phosphorylation
(OXPHOS), were detected in sorafenib-resistant, stem-like
HCC cells and promoted the expression of stemness-related
genes by up-regulating hypoxia-inducible factor 1-a.33

These suggest that liver TICs are highly dependent on
glycolysis. Mitophagy also has been shown to regulate the
stemness of liver TICs34 and exert dual function in modu-
lating the sensitivity of chemotherapy in HCC: mild
mitophagy increases drug resistance by degrading
chemotherapy-damaged mitochondria whereas excessive
mitophagy exacerbates chemotherapy-induced
apoptosis.35,36 A sirtuin 1/mitochondrial ribosomal protein
S5 axis bridges stemness properties and aerobic metabolism
of LTIC with mitochondrial ribosomal protein S5 acetylation
status functioning as a switch from OXPHOS to glycolysis in
response to hypoxia.34 Collectively, mitochondrial function
and OXPHOS are involved in the regulation of LTIC-
mediated chemoresistance. Indeed, energy addiction is a
striking characteristic of liver TICs, featured by both
addicted glycolysis and sustained OXPHOS.

In addition to glucose metabolism, fatty acid addiction and
enhanced fatty acid oxidation have been implicated as impor-
tant alternative energy sources in LTICs that were observed
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Figure 2. Translational and therapeutic strategies targeting LTICs. (1) Differentiation strategies to promote differentiation of
LTICs to improve chemosensitivity; (2) combination of chemo-drugs such as sorafenib and regorafenib with multiple LTIC-
related pathway inhibitors (eg, STAT3, NANOG, SH2-containing protein tyrosine phosphatase 2, or stearoyl-CoA desatur-
ase-1 inhibitors); (3) antibodies targeting various secreted molecules or cytokines (eg, IL8, annexin A3, and IL6); (4) antibodies
targeting various LTIC surface markers (eg, CD47, CD13) to promote chemosensitivity of LTICs; (5) autologous CAR T cells
from the same patient with T-cell receptors targeting the various LTIC markers (eg, CD133, EpCAM); and (6) engineered CAR T
cells from healthy donors (eg, tandem CAR T cells and universal tricistronic transgene CAR T cells) with bispecific T-cell
receptors and improved CAR T cell functions and persistence to target LTICs. Figure was created with BioRender.com.
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during b-catenin–mutated HCC tumorigenesis.37 Fatty acid
oxidation can be activated by Nanog Homeobox (NANOG) to
support the self-renewal ability of TICs and chemotherapy
resistance.38 Glutamate oxidation can serve as another energy
source for OXPHOS in HCC cells under conditions of aglyce-
mia.39 Overall, these findings showed the plasticity of energy
metabolism in liver TICs and their contribution to chemo-
therapy resistance. NANOG, MYC, and b-catenin are key pro-
teins regulating the crosstalk of cancer stemness, energy
metabolism, and chemotherapy resistance in HCC.
Components of the TME in HCC: Niche
of the LTICs
ECM and Physical Components of the
Environment

The ECM is a collection of biochemical molecules,
including proteins, glycoproteins, proteoglycans, and poly-
saccharides, which together constitute the basement mem-
brane and interstitial matrix. In normal tissue, the
composition of the ECM is tightly regulated by controlling
the expression and activities of the ECM enzymes at the
transcriptional and translational and post-translational
levels, respectively.40 ECM dynamics are deranged in HCC.
For instance, during tumor formation of HCC, there is
increased deposition of various collagens, including collagen
I, collagen II, collagen III, collagen V, and collagen IX, which
provide the 3D scaffold within which tumor-associated cells
organize to form complex structures characteristic of the
TME.41,42 As the tumor continues to grow, its blood flow
cannot supply sufficient oxygen and nutrient supplies to
meet metabolic demands. This results in enhanced tumor
cell glycolysis and lactate production, which in turn gener-
ates a more hypoxic and acidic environment that further
exacerbates detrimental metabolic states. HCCs that arise
within a cirrhotic background also can be impacted by
mechanical components of the TME, such as fluid shear
stress and tissue stiffness, which directly impact tumor cells.
Altogether, ECM deposition, tissue architecture and stiff-
ness, vasculature, interstitial fluid flow, and fluid shear
pressure shape the physical context of the TME.43

Immune Milieu
The immune milieu in the liver is dominated by immune

cells and cytokines that foster a natural physiologically tol-
erogenic niche.44 The key cells with major immunosuppres-
sive roles implicated in HCC immune evasion, as shown by
multi-omics and single-cell analyses, include tumor-
associated macrophages (TAMs), regulatory T cells, and
myeloid-derived suppressor cells (MDSCs).45,46 The enhanced
ability of TICs to initiate tumors suggests that TICs probably
can evade immune detection. Indeed, accumulating evidence
supports the important roles of several immune cell types
(TAMs and other immune cells) and lymphatic endothelial
cells (LECs) in driving TIC expansion and TIC-specific avoid-
ance of immune detection and destruction.22 In addition to
the ability of LTICs to evade immune detection, secretion of
TGF-b, IL10, indoleamine 2,3-dioxygenase, and/or arginase by
various cell types in the TME further promotes immune
suppression.44 Conversely, it should be noted that

http://BioRender.com
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proinflammatory cytokines, such as IL2, interferon-g, che-
mokine (C-X-C motif) ligand (CXCL)10, and CXCL9, can attract
cells that drive antitumor immune response.44

CAF, Other Stromal Cells, and Exosomes
Most HCCs arise in the setting of chronic inflammation

and cirrhosis and are associated with abundant activated
fibroblasts, and some of these fibroblasts gain entry into the
liver tumor as CAFs.22 Together with other stromal cells,
such as endothelial cells and hepatic stellate cells, CAFs
shape the TME to promote the development of HCC. The
interplay between these cells of TME and HCC cells are
impacted by secreted chemokines and exosomes,47 which
alter the signaling pathways and cellular behavior of HCC
cells, contributing to the tumor’s chemoresistance and
various aggressive phenotypes.

Interactions Between TME and LTICs in
Promoting Liver Cancer Stemness
Enhancement of LTICs by ECM and Physical
Components

Increasing evidence suggests that the liver ECM serves
as a niche in maintaining LTICs.48,49 High ECM stiffness has
been reported to promote stemness maintenance in HCC
cells by activating integrin b1/Akt/mammalian target of
rapamycin (mTOR)/Sex determining region Y-box 2 (SOX2)
signaling.50 On the other hand, soft matrix stiffness also has
been reported to contribute to tumor outgrowth. For
example, the local soft spot TME formed by thrombospondin
2–deficient CD133þ LTICs by collagen degradation and
matrix metalloproteinase activity may increase the stem-
ness and drug resistance of LTICs and provide an escape
route for metastasis.51 Based on the earlier-described re-
ports that both hard and soft ECM stiffness can contribute to
liver cancer progression through LTICs, we speculate that
the function of ECM stiffness on LTICs may depend on the
stages of tumor development. In the early stage of HCC,
higher ECM stiffness may enhance LTIC proliferation and
self-renewal, whereas in the later stage of HCC, a softer ECM
may facilitate metastasis. With recent progress in biome-
chanical technologies such as microfluidic devices and
atomic force microscopy, additional studies are needed to
assess the effects of tumor matrix stiffness on stemness
maintenance, LTIC morphology, metabolic phenotypes, and
the underlying mechanisms of how LTICs respond toward
the stress signals from the tumor matrix.52

The variable ECM stiffness in HCC reflects the dynamic
nature of TME, which often is modified and regulated by
various enzymes. One such enzyme is heparinase, a heparan
sulfate endoglycosidase, and it plays an important role in
stimulating tumor initiation by modifying the extracellular
environment. Heparin’s overexpression in transgenic mouse
models resulted in enhanced tumorigenicity in the 7,12-
dimethylbenz[a]anthracene–induced mouse tumor
models.53 In that study, host-derived heparanase in the
transgenic heparanase-overexpressing mice modified the
target niche to facilitate secondary tumor formation, as
shown by the increased number of lung metastases formed
upon tail-vein injection of cancer cells in a heparanase-
overexpressing host.

Besides the physical components of TME, the environ-
mental conditions of the TME also control LTICs. Hypoxia is
an important factor that frequently is present in the
TME of HCC. As an example, knockout of the Facilitate
Chromatin Transcription complex abolished cellular adap-
tation to hypoxia and subsequent tumor initiation in a
p53-knockout/cellular Myc (c-Myc)–overexpression mouse
HCC model.54 This was attributed to the requirement of
Facilitate Chromatin Transcription in glycolytic flux main-
tenance and lactic acid extrusion to prevent intracellular
lactate acidification and subsequent apoptosis. This mech-
anism argues that adaptation to hypoxic stress helps facili-
tate tumor initiation in metastasis.

Acidification of TME also affects HCC tumor initiation, as
shown in a diethylnitrosamine (DEN)-induced HCC model in
which mice treated with 200 mmol/L alkaline NaHCO3 had
fewer liver tumor nodules formed.55 It was further found
that exposure to acidic TME activated phosphorylated AKT
(p-AKT) signaling to increase the expression of stearoyl-CoA
desaturase-1 and its binding to peroxisome proliferator-
activated receptor-a to cause lipid accumulation in HCC
cells. This in turn fueled HCC initiation and progression. In
another study, alkalization to neutralize lactic acidosis was
performed by infusing bicarbonate and anticancer drug
through the tumor-feeding artery to the HCC patients’ tu-
mors via the targeting intratumoral lactic
acidosis–transarterial chemoembolization (TACE) proced-
ure.56 Normal TACE without bicarbonate infusion was used
for comparison. Significantly, the embolized area, as shown
by magnetic resonance imaging, showed clear necrosis of
the tumor tissue and improved efficacy as compared with
conventional TACE that did not target intratumoral lactic
acidosis.

Lastly, fluid shear stress recently was suggested to
promote tumor initiation. One study showed that HepG2
cells, when subjected to fluid shear stress, showed increased
tumorigenesis by inducing a greater number of tumor
nodules formed, upon either intraperitoneal or intrahepatic
injection of the cells, as compared with the statically
cultured HepG2 cell counterpart.57 Further investigation
showed that the stress could induce cytoskeletal rear-
rangement to trigger the release of Yes-associated protein
(YAP) from its binding partner, integrin b, at the cell
membrane. The nuclear-translocated YAP was able to acti-
vate the expression of EMT-related genes. Supporting this
idea, knockdown of YAP reduced liver tumor nodule
formation.
Enhancement of LTICs by the Immune Milieu
TAMs within the TME. Increasing evidence has shown
the importance of crosstalk between TAMs and LTICs in
HCC. As an example, polarized M2 TAMs that secrete CCL17
have been shown to promote the migration, sphere forma-
tion, expression of stemness markers, and a side population
of cancer stemness of HCC cells.58 Moreover, Wan et al59

showed that HCC TAMs promoted expansion of CD44þ
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LTICs and accelerated sphere production. They further
found that IL6 secreted by HCC TAMs promoted TIC
expansion in human HCCs by activating STAT3 signaling,
resulting in a feed-forward loop that contributed to LTIC
self-renewal.59 In addition, it has been reported that TAMs
secreted S100 calcium-binding protein A9, an inflammatory
microenvironment-related secretory protein, and enhanced
the self-renewal of LTICs.60 TAMs also produce TNF, which
promotes EMT and cancer stemness through Wnt–b-catenin
signaling.61 TAMs also can promote TIC-like properties
through TGF-b1–induced EMT in HCC.62 A decrease in the
levels of exosomal microRNA (miR)-125a or miR-125b
secreted by TAMs has been found to exert TIC-promoting
effects in HCC cells through the modulation of CD90
expression.63

Other immune cells within the TME. The other
immune cells in the TME that play an important role in the
initiation and development of HCC include tumor-associated
neutrophils (TANs), MDSCs, T cells, and B cells. TANs may
secrete bone morphogenetic protein 2 and TGF-b2, both
members of the TGF-b superfamily,64 which in turn increase
miR-301b-3p expression in HCC cells with a stem-like
phenotype. The increased miR-301b-3p expression inhibits
the gene expression of the limbic system–associated mem-
brane protein and cylindromatosis lysine 63 deubiquitinase
(CYLD) lysine 63 deubiquitinase, leading to hyperactivation
of the NF-kB pathway, increased CXCL5 secretion, and
increased TAN infiltration.65,66 Such interaction between
TANs and cancer stem-like cells controls the progression of
HCC, indicating that TANs may be a target for the elimina-
tion of HCC cells with a stem-like phenotype.

As for T cells, it has been reported that autologous T cells
could preferentially kill CD133þ LTICs in HCC.67 Many
studies have shown that LTICs are able to enhance immune
evasion from T cells via, for example, low expression of co-
stimulatory molecules and increased expression of T-cell
inhibitory molecules, such as Programmed death ligand-1
(PD-L1).68 LTICs also are able to promote the expansion of
protumorigenic immune phenotypes, for example, by
impairing the proliferation of effector T cells and promoting
the expansion of regulatory T cells and by enhancing
macrophage polarization toward the M2 immunosuppres-
sive phenotype.68 How the genetic backgrounds of HCC tu-
mors affect their response to immunotherapy has been
investigated in mouse models.69 These studies showed that
b-catenin activation down-regulated the expression of
several cytokines, including CCL5, in LTICs. This, in turn,
abolished the recruitment of antigen-specific CD8þ T cells
and, ultimately, attenuated the exposure of LTICs to
immunosurveillance.69

In another study using hydrodynamic tail-vein and
orthotopic injection mouse models with Hepa1-6 mouse HCC
cells, IL23 overexpression resulted in increased numbers of
liver tumor nodules formed as compared with the control
cells in the immunocompetent mice.70 Similarly, hydrody-
namic tail-vein injection of IL23-encoding plasmid into DEN-
treated mice also induced a greater number of tumors
formed as compared with the vector control group. It was
found that IL23 promoted IL17 production from CD4 and CD8
T cells. Knockout of IL17 abrogated the HCC formation
induced by IL23. This indicates the critical role of IL17 in this
IL23-induced HCC. Further investigation of the IL23-
overexpressing Hepa1-6 cells in the mouse tumors identi-
fied that the source of IL17 production was from the innate
lymphoid cells (ILCs), which were characterized to be CD3–

cells with a CD19-CD11b-NKL1-NKp46- CD127þCD4-Sca-
1þRORgtþ phenotype. Intriguingly, this ILC subpopulation,
when isolated from tumor-bearing mice, could stimulate the
tumor-forming ability of Hepa1-6 cells upon hydrodynamic
injection into immunocompetent mice as compared with the
control phosphate-buffered saline–treated Hepa1-6 cells. This
study highlights the contributing roles of particular ILC pop-
ulations and the cytokine IL17 in the TME to drive IL23-
induced HCC formation.

In another study on the immune TME in the steatotic
liver of Pten knockout (Pten-null) mice, it was found that a
high-fat diet increased HCC tumor incidence.71 It was
further found that Wnt/b-catenin signaling was up-
regulated in the steatotic Pten-null mice, suggesting a
crosstalk between Akt and Wnt/b-catenin signaling path-
ways. Interestingly, blockade of steatosis in the Pten-null
model inhibited TIC expansion, as shown by a reduced
number of CD133þ cells. Steatosis blockade also reduced
Wnt production by the infiltrating macrophages in Pten-null
mouse HCC. The finding suggests a positive role of macro-
phages in the steatotic TME in promoting HCC induced by
Pten deficiency.

MDSCs also can promote liver cancer cell stemness by
impairing dendritic cell function and suppressing T-cell
infiltration into HCC. Drug-resistant HCC cells, widely re-
ported to be enriched with TIC features, enhanced the
expansion and immunosuppressive function of MDSCs
through preferential secretion of IL6.72 Depletion of MDSCs,
by either administration of anti-Lymphocyte antigen 6
complex locus G6D (Ly6G)/Lymphocyte antigen 6 complex
locus C (Ly6C) (anti–Gr-1) antibody or blockade of IL6
signaling, sensitized LTICs to 5-fluorouracil chemo-drug
treatment.72
Enhancement of LTICs by CAFs and Other
Stromal Cells

CAFs are a well-characterized component of the TME. In
a recent study, CAFs were able to induce tumor-initiating
properties of HCC cells, resulting in increased tumor inci-
dence and expression of TIC markers (eg, CD44, Myc, and
Oct4).73 The co-implanted CAFs also increased forkhead box
Q1 expression, which, in turn, promoted the transcription of
NDRG1 to drive HCC initiation. The forkhead box Q1/NDRG1
axis also promoted CCL26 production via STAT6 signaling to
attract additional CAFs to HCC. The findings showed a
positive feedback relationship between CAFs and TICs in
HCC.

In another study, follistatin-like 1 (FSTL1) was correlated
positively with the expression of a-smooth muscle actin, a
fibroblast marker, in multiple liver and HCC mouse models
(partial hepatectomy model, neuroblastoma RAS viral onco-
gene homolog (NRAS)/AKT hydrodynamic tail vein injection
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and DEN/carbon tetrachloride–induced mouse HCC
models).74 HCC cells exposed to conditioned medium from
FSTL1-overexpressing CAFs showed greater tumorigenicity in
limiting dilution assays and this was abolished upon treat-
ment with ant-FSTL1 blocking antibody. In this CAF
FSTL1–driven tumor initiation, mechanistically, Toll-like re-
ceptor 4 (TLR4) was enhanced in the target HCC cells to
activate the Akt/mTOR/Eukaryotic translation initiation
factor 4E (eIF4E)-binding protein 1 (4EBP1)/c-myc
signaling, and the enhanced tumorigenicity induced by CAF
could be abrogated by TLR4 inhibitor. This study nicely
showed the positive role of CAFs in tumor-initiation
promotion.

Endothelial cells within the TME also play roles in LTIC
regulation. Conditioned medium from endothelial cells was
shown to enhance CD133 expression in Huh-7 cells trans-
fected with hepatitis B virus X protein (HBx) and that this
was mediated by TGF-b signaling.75 LECs, which are another
important component of the TME, have been reported to
promote tumor cell proliferation by secreting lympho-
angiocrine factors and preferentially interact with CD133þ

LTICs through direct interaction between high mannose N-
glycans and mannose receptors.76 This interaction then up-
regulated IL17A signaling in LECs and helped LTICs self-
renew and escape immune attack.76 Of note, neutralization
of the IL17A pathway inhibits the self-renewal of LTICs,76

implicating IL17A, a promising therapeutic target for liver
cancer.

Enhancement of LTICs by Exosomes
Exosomes are secreted extracellular vesicles that can

carry nucleic acids, proteins, and cell metabolites. A previ-
ous study found that serum exosomes containing p120-
catenin protein, which was underexpressed in liver cancer
cells,77 suppressed HCC growth and metastasis in an
orthotopic injection model. Interestingly, exosomes from
p120-catenin–overexpressing cells, as compared with con-
trol cells, also suppressed sphere formation, expression of
the stemness genes BMI1, Nanog, Oct4, and Sox-2, and HCC
cancer stem cell markers CD133, CD24, CD90, and EpCAM in
HCC cell lines. It was further found that exosomal p120-
catenin decreased STAT3 phosphorylation, thereby sup-
pressing STAT3 signaling. Supporting this, the STAT3 in-
hibitor S3i-210 could suppress HCC sphere formation, while
overexpression of STAT3 reversed the sphere formation
suppression induced by exosomal p120-catenin. This study
suggests that exosomes in TME can affect the TIC properties
of HCC cells.

LTICs Modulate the TME to Promote Tumor
Progression

The impact on tumor progression by LTIC-TME in-
teractions was shown by a recent study that evaluated an
anticancer vaccine derived from spheroid culture-enriched
TIC.78 Here, TICs of various tumor types were grown and
enriched in 3D spheroid culture before being rendered
growth-defective by 150 Gy radiation to create cancer vac-
cines. The effect of vaccination on the tumor growth and the
thymus rejuvenation in tumor-bearing mice then was
determined. Cells maintained in 2-dimensional culture that
were not enriched in cancer-initiating cells were used as a
control for the earlier-described vaccine. It was found that
the TIC-enriched, 3D-spheroid–derived cell vaccine led to
thymic renewal in terms of increase in thymic size and
expansion of Vg4gdT-cell subsets bearing T-cell receptor
repertoire targeting the 3D culture-derived TIC, which in
turn led to tumor regression and eradication. This study
argues that TIC may suppress host T-cell immunity to create
an immunopermissive TME, and that this can be blocked by
vaccination against enriched TICs.

In another example, it was found that PD-L1 Y112
phosphorylation was required for liver tumor formation by
Hepa1-6 cells in immunocompetent but not in immunode-
ficient mice.79 The phosphorylation of PD-L1 Y112, which
stabilized PD-L1 via its glycosylation, was mediated by Janus
kinase, which in turn was activated by TIC-derived IL6. PD-
L1 stabilization suppressed the T-cell cytotoxic efficacy
against the tumor cells, thus showing that TIC could influ-
ence the interplay with the tumor immune microenviron-
ment in tumor initiation.

To address how the immunosuppressive features of the
TME evolved during initiation and progression of HCC,
another study examined CD8þ T cells in a conditional HCC
mouse model.80 This showed that liver CD8þ T cells
expressed immune-inhibitory receptors Programmed cell
death 1 (PD-1) and Lymphocyte Activation Gene 3 (LAG3) at
the premalignant stage, thus indicating immune dysfunction.
In late-stage HCC, the CD8þ T cells could not be rescued by
PD-1 blockade, indicating an irreversible immunosuppres-
sive state triggered by the presence of tumor antigens.
Transcriptome analyses showed that T-cell exhaustion was
owing to chronic tumor antigen exposure. Interestingly, the
non–tumor-specific CD8 T cells (T-cell–receptor restricted
to another antigen) isolated from the same tumor did not
show up-regulation of immune-inhibitory receptors, indi-
cating the T-cell dysfunction in tumor initiation is tumor
antigen-specific and mainly owing to continuous tumor
antigen exposure rather than the other microenvironment
factors. This study suggests LTICs continuously model T-cell
function within the TME.

Immunosuppression by HCC cells with expression of PD-
L1 was shown to be modulated by messenger RNA (mRNA)
translation in another study. Here, combined transgenic
overexpression of c-Myc and Kristen Rat Sarcoma Viral
oncogene homolog (KRAS)G12D promoted HCC formation
and lung metastasis, as compared with c-Myc over-
expression on its own.81 Further investigation showed the
presence of immune evasion of the Myc/KRASG12D HCC cells
was mediated by increased expression of PD-L1 protein
(despite a background of increased CD8þ T cells). Intrigu-
ingly, the increased PD-L1 protein expression was not owing
to an increase in PD-L1 mRNA expression but to more
efficient translation of PD-L1 mRNA to PD-L1 protein in the
c-Myc/KRASG12D cells. Translational repression at the up-
stream open-reading frame of the PD-L1 mRNA was
bypassed by the phosphorylated eukaryotic translation
initiation factor 2A (eIF2a) that favors the translation of the
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main open-reading frame instead of the upstream open-
reading frame of the PD-L1 mRNA and thus improving
translation. This study further argues that the more
aggressive behavior of Myc/KRASG12D TIC arose from their
ability to evade the immune surveillance of the tumor
microenvironment.

It also has been shown that HCC cells secrete chemo-
kines within the TME that recruit immune cells that pro-
mote angiogenesis and tumor initiation. CXCL11 was
reported to selectively recruit activated T cells to inflam-
matory sites during hepatic inflammation.82 Up-regulated
CXCL11 promoted sphere formation and tumorigenicity by
LTICs positive for the cell surface calcium channel subunit
a2d1 via CXCR3/ERK1/2 signaling. These findings argue
that CXCL11 may mediate communication between acti-
vated T cells and a2d1þ LTICs.83 In addition, LTIC-derived
CCL20, the selective chemokine ligand for CCR6, was re-
ported to recruit CD19þ CD5þ B cells expressing CCR6.84

CCL20 is one of the CC chemokines highly expressed in
Tumor Protein p53 (TP53)-mutated HCC LTICs with an
obvious stemness trait. The interaction of CCL20 and CCR6
shows bidirectional communication between B lymphocytes
and LTICs.84

Besides immune milieu modification, LTICs may enhance
liver tumor formation by promoting hepatic fibrosis. Hepatic
progenitor cells (HPCs), which are regarded as a source of
LTICs, are reported to differentiate into matrix-secreting
myofibroblasts upon lipopolysaccharide stimulation.85

Intrasplenic co-injection of the HPC cell line enhanced
tumorigenesis in DEN-treated rats, and this occurred in the
context of a pronounced inflammatory and fibrotic
response. Further investigation showed that primary Oval
Cell Marker Antibody (OV-6) (OV6)þ HPCs isolated from 2-
acetylaminofluorene and partial hepatectomized rats pro-
moted liver tumor formation in DEA-treated animals and
that this too was associated with liver fibrosis. HPC with
tumor-initiating properties differentiated into myofibro-
blasts when activated by lipopolysaccharide/TLR4
signaling, which led to the production of IL6 and TNF-a.
This, in turn, promoted HPC proliferation and created a
tumorigenic fibrotic environment. These findings highlight
the positive role of liver fibrosis as a target of TME modi-
fication by LTICs.

In addition to the DEN-induced HCC model, another
group used YAPS127A-induced liver tumorigenesis86 to
identify interactive tumor-vascular signaling hubs that
sensitized cells to migration. The YAP/Transcriptional
enhancer factor TEF-3 (TEAD4) signaling axis in the YAP-
mutated TICs triggered osteopontin production to stimu-
late c-Met signaling in endothelial cells that induced prom-
igratory properties. In human liver cancer samples,
endothelial c-Met expression was associated with poor
clinical outcome. This study indicates the LTIC subset car-
rying the YAP mutation can modify vascular endothelial
cells within the TME that promote tumor progression.

Lastly, it was found that exosomes from TIC-enriched
spheroids promoted resistance of HCC cells to the multi-
kinase inhibitor regorafenib compared with cells grown in
2-dimensional culture.87 Regorafenib chemoresistance was
dependent on Ras-Related Protein Rab-27A (RAB27A),
which regulates exosome secretion. RAB27A knockout
suppressed TIC expression of the stemness gene Nanog, as
well as sphere formation, and sensitized subcutaneous HCC
xenografts to regorafenib. More importantly, Nanog
expression in adherent non-TIC HCC cells was suppressed
upon treatment with exosomes derived from RAB27A-
knockout spheroids as compared with those receiving
treatment of exosomes derived from control cells. This in-
dicates that TICs release exosomes that modulate stemness
gene expression and chemoresistance in non-TIC tumor
cells, thus identifying a TIC-dependent paracrine stimulation
pathway in the TME.
Translational Applications and Therapeutic
Perspectives

Multiple therapeutic strategies targeting LTICs have
been suggested and are under further investigation.
Targeting LTIC Dormancy
Antiproliferative chemotherapy or radiotherapy eradi-

cates proliferating tumor cells and induces senescence,
leading to tumor growth arrest.23,88 Induction of mitotic
quiescence in the surviving LTICs induces a dormant
metabolic state that is reversible, implicating cell-cycle ar-
rest but not necessarily growth arrest.88 In this setting, LTIC
plasticity combined with senescence escape and stemness-
related pathway activation may trigger tumor relapse and
metastasis.23,88 In a related study, ischemic HCC cells that
survive treatment of transarterial chemoembolization
(±chemotherapy) were shown to be reliant on autophagy to
sustain quiescence/dormancy and that an autophagy in-
hibitor promoted tumor cell death.89 Therefore, autophagy
inhibitors may be a potential tool for co-treatment with
antiproliferative tyrosine kinase inhibitors such as sorafenib
and regorafenib.
Targeting the LTIC Niche in TME
Targeting the LTIC niche is another promising thera-

peutic strategy for HCC that targets LTIC.90 However, a
better understanding of how the niche controls LTIC
dormancy, resistance to chemotherapy and immunothera-
peutics, and stemness property maintenance, still is needed.
Nonetheless, immunologic approaches that target interplay
between LTICs and tumor immune milieu recently were
explored. These include vaccination against LTIC-specific
antigens, adoptive transfer of chimeric antigen receptor
(CAR) T cells, treatment with immune checkpoint inhibitors,
and antibody-based LTIC marker blockade.23

One approach involved vaccination of dendritic cells
loaded with LTIC-specific antigens with the aim of stimu-
lating immune-mediated elimination of LTICs.22 There are
ongoing clinical trials that use CAR T cells to target other
LTIC markers/antigens in HCC patients, include CD133-
targeting CAR T cells (NCT02541370), and EpCAM-
directed CAR T cells in primary (NCT03013712) and
relapsed HCC patients (NCT02729493).23 The LTIC-directed
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CAR T cells in the earlier-described clinical trials were
generated in an autologous manner from the same patient.

Recently, tandem CAR T cells and universal tricistronic
transgene CAR T cells have come under intense research.
Tandem CAR T cells bear bispecific chimeric antigen re-
ceptors, targeting 2 or more antigens to increase antitumor
immunogenic efficacy. Universal tricistronic transgene CAR
T cells are generated from allogenic CAR T cells from
healthy individuals by gene editing, with the aim of mini-
mizing graft-versus-host disease, and thus enhancing
persistence and activity of the CAR T cells in cancer pa-
tients.91 Last but not least, blocking CD47, a do-not-eat-me
signal, with the use of anti-CD47 antibodies to enhance the
phagocytosis of CD47-expressing LTICs, is another new and
promising HCC treatment strategy.22
Targeting the LTICs
Targeting redox balance. Redox balance and
signaling have been reported to be pivotal in generating
cancer cell multidrug resistance.92 For example, a previous
study screened a library of small-molecule compounds that
disrupt the cellular redox balance for their ability to block
colony and sphere formation of ICC cell lines. This led to the
identification of a compound called Hinokitiol, that also
blocked expression of cancer stem cell–related genes, such
as Sox2, Oct4, Nanog, CD133, EpCAM, and c-myc.92 The
compound promoted apoptosis and markedly suppressed
ERK1/2 and p38 phosphorylation of the mitogen-activated
protein kinase pathway. Further studies using colony for-
mation and sphere formation assays as well as mouse
tumoroid models showed that Hinokitol sensitized ICC cells
to the inhibitory effects of palbociclib, a Cyclin-dependent
kinase 4/6 (CDK4/6) inhibitor. This study showed that
large-scale drug screening for redox-related compounds
may be a useful way to identify lead compounds targeting
LTICs.
Targeting various LTIC surface markers and
signaling pathways. Targeting LTIC surface markers is
another strategy that can be used to disrupt LTICs.22 One
study showed that a CD13-targeting peptide conjugated to
an antitumor agent enhances this agent’s efficacy against
TICs in HCC. The CD13 inhibitor ubenimex93 also was
shown to exert anticancer effects synergistically with mul-
tiple chemo-drugs in HCC. An anti-CD47 antibody also was
found to sensitize HCC cells to sorafenib treatment in
patient-derived mouse xenografts (PMID: 25902734). Clin-
ical trials using anti-CD47 antibodies already have been
performed in various solid tumors other than the liver,22,94

and trials in HCC patients are eagerly awaited. Another
strategy under consideration is the targeting of LTIC-related
signaling pathways such as the Wnt/b-catenin, Akt, and
Hippo pathways.22,93 A STAT3 inhibitor (napabucasin), a
NANOG inhibitor (amcasertib), a SH2-containing protein
tyrosine phosphatase 2 inhibitor (SHP099, TNO155, RMC-
4630, and RLY-1971), and a stearoyl-CoA desaturase-1 in-
hibitor (SSI-4, GSK1940029) have been tested either alone
or in combination with the anti-HCC agent sorafenib in
multiple clinical trials.22 Targeting fucosylation by specific
inhibitors has been shown to promote the efficacy of sor-
afenib through a mechanism thought to inhibit LTIC stem-
ness.93 Together, these tools against LTICs underline the
therapeutic potential of targeting LTIC surface markers and
the related signaling pathways.
Other strategies targeting LTICs. Various secretory
molecules, such as IL8, annexin A3, IL6, oncostatin M,
insulin-like growth factor, fibroblast growth factor,
angiopoietin-like protein 1, and cathepsin S, are known to
promote cancer stemness in HCC.22 Inhibiting these secre-
tory molecules is considered to be another potential means
to target LTICs. Supporting this idea, an annexin
A3–targeting antibody was shown to suppress LTIC self-
renewal and sensitize HCC cells to cisplatin and sorafenib/
regorafenib.95

Conclusions
LTICs play significant roles in the initiation, progression,

and metastasis stages of HCC development, however, the
optimal time and method for targeting LTICs requires
further investigation.22 This is especially important for
LTIC-related immunotherapy and combinations of different
targeting strategies. Biopsy-driven detection of LTICs for
precise diagnosis, post-treatment monitoring, and prognos-
tication also urgently are required because LTICs have great
plasticity with regard to differentiation, EMT status, and
metabolism. Finally, interpatient heterogeneity of LTICs96

will necessitate a personalized approach to targeting
different LTIC subtypes and/or subpopulations.
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