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Sorafenib, a multi-kinase inhibitor with antiangiogenic, antiproliferative, and

proapoptotic properties, is the first-line treatment for patients with late-stage

hepatocellular carcinoma (HCC). However, the therapeutic effect remains

limited due to sorafenib resistance. Only about 30% of HCC patients

respond well to the treatment, and the resistance almost inevitably happens

within 6 months. Thus, it is critical to elucidate the underlying mechanisms and

identify effective approaches to improve the therapeutic outcome. According

to recent studies, tumor microenvironment (TME) and immune escape play

critical roles in tumor occurrence, metastasis and anti-cancer drug resistance.

The relevant mechanisms were focusing on hypoxia, tumor-associated

immune-suppressive cells, and immunosuppressive molecules. In this

review, we focus on sorafenib resistance and its relationship with liver

cancer immune microenvironment, highlighting the importance of breaking

sorafenib resistance in HCC.
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1 Introduction

According to the latest global cancer statistics, primary liver cancer (PLC) is the sixth

most common diagnosed cancer and the third leading cause of cancer death worldwide,

with report of 830,000 deaths in 2020 (Sung et al., 2021). Hepatocellular carcinoma (HCC)

is the most common histologic type of PLC, accounting for approximately 80–90% (Yang

W et al., 2019; Zhu W et al., 2020). Established risk factors for HCC include hepatitis B

and C virus infections, alcohol consumption, smoking, obesity, and aflatoxin

contamination (Ma et al., 2019). Currently, multidisciplinary treatment strategies are

used for HCC, including surgical resection, liver transplantation, transcatheter arterial

chemoembolization (TACE), chemotherapy, radiotherapy and molecular targeted

therapy (Gao Y et al., 2019). However, HCC is a highly invasive and metastatic

tumor with insidious early clinical manifestations. Therefore, most HCC patients lose
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the opporet tunity for surgery or acquire poor surgical outcomes

(Dang et al., 2017). Systemic therapy becomes only treatment

option for these patients. Meanwhile, sorafenib has been

recognized as a standard first-line treatment for advanced

HCC (Pinyol et al., 2019).

Sorafenib, an oral multi-kinase inhibitor, was permitted by

the U.S. Food and Drug Administration (FDA) for the treatment

of renal cell carcinoma, HCC, and thyroid cancer in 2009 (Yang

and Stockwell, 2016). Sorafenib exerts anti-proliferation and

anti-angiogenesis effects by inhibiting various kinases, such as

inhibiting the tyrosine kinase activity of the cell surface: vascular

endothelial growth factor receptor (VEGFR) family, platelet-

derived growth factor receptor (PDGFR) family, hepatocyte

factor receptor (c-Kit) and FMS-like tyrosine kinase (FLT-3)

and suppressing the intracellular Raf family kinase (Yang and

Stockwell, 2016). According to the phase III sorafenib Asia-

Pacific (AP) trial and the sorafenib HCC Assessment

Randomized Protocol (SHARP) trial, sorafenib was effective

in prolonging 3 months of median overall survival in patients

with late-stage HCC (Llovet et al., 2008; Cheng et al., 2009).

However, the therapeutic effect of sorafenib is mainly limited by

drug resistance. Only about 30% of HCC patients acquired

benefits from sorafenib and the resistance always arose within

6 months in HCC patients (Ford et al., 2009). Hence, it is critical

to identify underlying mechanisms and effective strategies to

improve its therapeutic outcome.

Tumorigenesis is a complex process requiring synergistic

changes in both tumor cells and tumor microenvironment

(TME) (Franco et al., 2015). TME has been shown to be

critical for tumor progression (Yao et al., 2020) and the

development of drug resistance (Borden, 2014). TME was

usually classified into cellular and non-cellular components,

both of which have been reported to significantly influence

drug resistance. In this review, we discuss the relationship

between different immune-associated components of TME

and sorafenib resistance and provide potential targets that

could improve the resistance.

2 Sorafenib resistance

It has widely been accepted that sorafenib resistance is

classified as primary (intrinsic) and secondary (acquired)

resistance. Primary resistance denotes that due to the

genetic heterogeneity of tumor cells, liver cancer cells

already have the resistance factor(s) before sorafenib

treatment, which leads to the insensitivity of sorafenib at

the early stage of treatment (Xu et al., 2019). Acquired

resistance refers to the phenomenon that tumor cells

become less sensitive to sorafenib after a period of

treatment, resulting in treatment failure (Niu et al., 2017;

Yu et al., 2020). Because primary and secondary resistances

greatly limit the therapeutic effect of sorafenib, it is important

and necessary to gain an in-depth understanding of them.

Published resistance mechanisms are presented in Figure 1.

2.1 Primary resistance

The molecular mechanisms behind the primary resistance of

sorafenib are poorly understood. Based on previous reports, the

primary resistance are mainly associated with following

molecules and cellular change: 1) EGFR (epidermal growth

factor receptor) belongs to the ErbB/EGFR family of receptor

tyrosine kinases (RTKs) (Yang Y. M. et al., 2020). The binding of

EGFRs to their ligands triggers a series of downstream signaling

pathways to promote cell proliferation, survival, and invasion

(Tan et al., 2020). Ezzoukhry et al. found that activating EGFR

contributed to the primary resistance of sorafenib in HCC by

activating the RAF-MEK-ERK cascade. Either inhibiting the

kinase activity of EGFR or down-regulating its expression

significantly increased the effects of sorafenib on the

resistance cells (Ezzoukhry et al., 2012). 2) Sestrin 2 is a

probable biomarker and therapeutic target for tumor

treatment that plays a vital role in the incidence and

development of malignance. Some studies identified sestrin

2 as a tumor suppressor gene, while others described it as an

oncogene (Qu et al., 2021). A previous study found that the

expression of SESN2 was positively associated with the IC50 of

sorafenib in HCC cell lines and Sestrin 2 could induce sorafenib

primary resistance by activation of the AKT and AMPK

pathways (Dai et al., 2018). 3) Yap, a transcriptional

coactivator, is a primary nuclear effector of the Hippo

signaling pathway (Sadek and Olson, 2020). Activation of the

Hippo/Yap pathway occurs early in the development of liver

cancer. Dysregulation of this pathway was detected in

approximately 65% of HCCs and associated with a much

worse prognosis (Lee et al., 2018). Accumulating studies

suggest that Yap play a critical role in sorafenib resistance.

For example, Wu et al. found that YAP, activating by SET

domain containing 1A (SETD1A), could lead to sorafenib

primary resistance in HCC (Wu et al., 2020). 4) FcRn

(neonatal Fc receptor) is a member of a family of receptors

for the Fc portion of IgG and is involved in the recycling and

endocytosis of IgG (Dalloneau et al., 2016). FcRn regulates

albumin homeostasis in the liver, where albumin is

synthesized (Kuo et al., 2010). Guan et al. found that

activation of FcRn triggered the primary resistance of

sorafenib in HCC by activating the HIF pathway (Guan et al.,

2021). 5) AFP (Alpha fetoprotein) is the most commonly used

biomarker for HCC (Zhang et al., 2018). It has been shown that

high level of AFP is associated with poor prognosis across stages

of HCC (Kelley et al., 2020). Negri et al. confirmed that the

adverse prognostic implications of elevated baseline serum AFP

and suggested that AFP contributed to the development of

sorafenib primary resistance (Negri et al., 2021). 6) CSCs
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(cancer stem cells) are a subpopulation of cells that have stem cell

characteristics and are in an embryonic stem cell state (Wang G

et al., 2020). A growing body of research has revealed the critical

role of CSCs in intratumoral heterogeneity and primary

resistance (Reya et al., 2001). IL-6/STAT3 signaling was

shown to be a major pathway to regulate CSCs leading to

sorafenib resistance in HCC (Li D et al., 2020).

CD133 promotes CSC-like properties by stimulating EGFR-

AKT signaling and further reduces the sensitivity to sorafenib

in HCC (Jang et al., 2017).

2.2 Acquired resistance

Compared with primary resistance, mechanisms for acquired

resistance have been widely discussed. Understanding the

mechanisms of acquired resistance often has vital therapeutic

implications. 1) ABC transporters. Overexpression of ATP

binding box (ABC) transporters is a major cause of multidrug

resistance (MDR) (Wu and Fu, 2018) For example, Heme

oxygenase 1 (HMOX1) reduces the sensitivity of HCC cells to

sorafenib via regulation of the expression of ABC transporters

(Zhu et al., 2022). In addition, SOX9 contributes to the resistance

of HCC to sorafenib by activation of the Akt/ABCG2 pathway

(Wang M et al., 2020). 2) Autophagy. Deregulated autophagy is

associated with cancer initiation and progression. A large

amount of evidence shows that autophagy is involved in

developing sorafenib resistance in HCC through various

mechanisms, and inhibition of autophagy restores sorafenib

sensitivity. For example, CD24 contributes to sorafenib

resistance via activating autophagy in HCC. In addition,

through FOXO3-mediated autophagy, RNAm 6) A

methylation leads to sorafenib resistance in HCC (Lu et al.,

2018; Lin H et al., 2020; Li et al., 2021). 3) Exosomes. Exosomes,

as material transport carriers, play a vital role in the exchange of

biological information and the regulation of the cellular

microenvironment (Jiang et al., 2019). Qu et al. showed that

HCC cell-derived exosomes induced sorafenib resistance both in

vivo and in vitro via the HGF/c-Met/Akt pathway in HCC (Qu

et al., 2016). 4) Ferroptosis. Ferroptosis is an iron-dependent type

of non-apoptotic cell death (Youssef et al., 2018). Sorafenib can

induce ferroptosis in HCC (Nie et al., 2018). Therefore,

inhibition of ferroptosis may induce sorafenib resistance. For

example, YAP/TAZ and ATF4 trigger sorafenib resistance by

preventing ferroptosis in HCC (Gao et al., 2021b). In addition,

Metallothionein-1G leads to sorafenib resistance by inhibition of

ferroptosis (Sun et al., 2016). 5) EMT. A number of investigations

have shown that EMT is associated with poor survival in patients

with HCC because it facilitates tumor development and

progression through driving metastasis (Fukusumi et al.,

2018). Moreover, EMT is a significant contributor to sorafenib

resistance in HCC. For example, VanMalenstein et al. found that

continuing exposure to sorafenib of HCC cells triggered the

resistance with EMT (van Malenstein et al., 2013). In addition,

EMT induced from overexpression of Snails facilitates sorafenib

resistance in HCC (Dong et al., 2017). 6) lncRNAs. Long non-

coding RNAs (lncRNAs) are a class of non-coding RNAs that

participate in an extensive range of biological processes,

FIGURE 1
Major determinants of the primary and acquired resistance (edited by Figdraw software).
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including cellular proliferation, differentiation and development,

exerting a significant influence on normal physiology and disease

development (Rodriguez-Mateo et al., 2017). Accumulating

studies have shown that some lncRNAs are dysregulated and

significantly associated with initiation, metastasis, recurrence,

prognosis and drug resistance in HCC (Wei L et al., 2019). Recent

studies have confirmed that some lncRNAs participate in

sorafenib resistance in HCC. For example, overexpression of

LncRNA SNHG1 leads to sorafenib resistance by activation of the

Akt pathway (Li et al., 2019). Further, LncRNA NIFK-AS1 was

shown to promote sorafenib resistance by m6A methylation in

HCC (Chen et al., 2021). Another lncRNA, SNHG3, induces

sorafenib resistance by regulating the miR-128/CD151 pathway

in HCC (Zhang et al., 2019). 7) MicroRNAs. MicroRNAs

(miRNAs) are endogenous small non-coding RNAs consisting

of 19–23 nucleotides that regulate eukaryotic gene expression

(Asano et al., 2019). Recently, the aberrant regulation of

microRNA has been reported to associate with

hepatocarcinogenesis and HCC progression (Feng L et al.,

2020; Zha and Li, 2020). It was also identified that a variety

of miRNAs were involved in sorafenib resistance. For instance,

miR-181a contributes to sorafenib resistance by downregulating

RASSF1 expression (Azumi et al., 2016). In addition, over-

expressed miR-221 leads to sorafenib resistance by inhibiting

caspase-3-mediated apoptosis in HCC (Fornari et al., 2017). 8)

TME. Development and progression of HCC are a complex

process and rely on interactions between the HCC cell and

TME. It is generally accepted that TME is linked to aggressive

tumor behavior, drug resistance and poor prognosis for cancer

patients. Emerging evidence has revealed that various parts of the

TME play pivotal roles in sorafenib resistance in HCC (Tang W

et al., 2020; Ju et al., 2021). However, these are not the only

mechanisms of primary and secondary resistance of sorafenib;

the other causes were also being investigated.

3 Tumor microenvironment

TME is a unique internal environment for tumor cells to

survive and proliferate. It is a complex network composed of

tumor cells, various immune cells, extracellular matrix (ECM)

and a variety of cytokines and chemokines (Mao et al., 2021). The

composition of the TME is shown in Figure 2. Studies have

highlighted that TME tends to be a hypoxic and acidic

environment, which can affect the tumor phenotype and

promotes the metastasis and proliferation of tumor cells

(Abou Khouzam et al., 2022).

In general, TME is infiltrated with many tumor-related

immune cells, including anti-tumor immune cells, such as

CD8+ cytotoxic T lymphocytes (CTL) and natural killer cells

(NK), and immunosuppressive cells. However, these immune

cells are presented at a weakened or non-functional state

(Binnewies et al., 2018). A large number of CTLs are limited

to the border of tumor mass or segmented by fibrotic nests and

are exhibited to hamper the killing activity of tumor cells

(Binnewies et al., 2018). Meanwhile, regulatory T cells (Treg),

myeloid-derived suppressor cells (MDSCs), and tumor-

associated macrophages (TAMs) are activated and proliferate

FIGURE 2
Constituents of the TME (edited by Figdraw software).
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in large numbers in TME to inhibit the function of anti-tumor

effector cells and promote the immune escape and metastasis of

tumor cells (Khalaf et al., 2021).

Emerging investigations have demonstrated that ECM, a

complex network composed of protein crosslinks, provides

physical support for cell growth within TME. Hyaluronic acid

and collagen are the major compositions of ECM, which increase

solid stress and interstitial fluid pressure, compress the tumor

vascular system, and participate in tumor growth, angiogenesis,

immunosuppression, and chemoradiotherapy resistance (Zhang

et al., 2022). Interestingly, ECM deposition was shown to

generate “fibrotic nests” that enclose CTLs to a poor

immunological state, forming a barrier that prevents CTLs

infiltration into the tumor core (Binnewies et al., 2018).

In TME, cancer-associated fibroblasts (CAFs), the most

abundant cells, are able to interact with adjacent tumor cells

mediating by paracrine signals (cytokines, exosomes, and

metabolites) or the ECM. Moreover, CAFs secret matrixmetallo

proteinases (MMPs) to reshape the ECM. Moreover, by releasing

chemokines, growth factors, and angiogenic factors, they also

contribute to the abnormalities and functional defects of vascular

structure, thereby accelerating tumor invasion and metastasis and

promoting the occurrence of drug resistance (Mao et al., 2021). A

recent study found that the exosomes released by gemcitabine-

exposed CAFs couldmore effectively accelerate of tumor cell growth

(Richards et al., 2017), suggesting the potential role of CAFs in drug

resistance.

In addition, the interactions between cytokines released from

the local TME and their receptors make the tumor form an

immunosuppressive network, which promotes tumor

progression. Several studies have demonstrated that

interleukin-6 (IL-6), transforming growth factor-β (TGF-β),
TNF-α, CCL2, CCL17, CCL22, and other immune-regulatory

cytokines have significant changes in TME and are closely related

to tumor grade, invasiveness and sorafenib resistance.

Until now, it has been well established that TME is a complex

and dynamic network driving tumor growth and progression.

Although regulated by the combined actions of many factors,

TME maintains relative stability. Of note, TME-mediated drug

resistance is usually the result of the continuous interactions

between tumor cells and components of the TME. In this way,

targeting various parts of the tumor microenvironment could be

one of the effective strategies to overcome the drug resistance.

4 Relationships between sorafenib
resistance and tumor
microenvironment

4.1 Hypoxia

As a common pathophysiological phenomenon, hypoxia is

present in most solid tumors, including HCC (Curtis et al., 2019)

(Chiu et al., 2017). The median partial pressure of O2 (pO2) is

barely 6 mmHg in human liver tumors. However, in normal

human liver tissue, the pO2 is 30 mm Hg (Bao and Wong, 2021).

Tumors have developed a variety of mechanisms to cope with

hypoxic stress. Among the various regulatory pathways, hypoxia-

inducible factors (HIFs) are the most important transcription

factors that regulate a couple of dozen genes in response to a

decrease in intracellular oxygen concentration (Wang and Liu,

2020). HIFs are heterodimers composed of a HIF-α subunit

(HIF-1α, HIF-2α, or HIF-3α) and a HIF-1β subunit (Bulle

and Lim, 2020). As a negative regulator of HIF-mediated gene

expression, HIF-3α is not closely related to HIF-1α and HIF-2α
(Zou et al., 2011). Therefore, we will primarily discuss HIF-1α
and HIF-2α. The HIF-α subunits are tightly regulated by cellular

oxygen concentration, whereas the HIFβ-subunit is persistently
expressed (Lee et al., 2020). Under normoxic condition, HIF-1α
and HIF-2α are catalyzed to be degraded by von Hippel-Lindau

tumor suppressor protein (VHL) and cannot activate the

transcription of their target genes (Shi et al., 2009). However,

HIF-1α and HIF-2α are stabilized under hypoxic conditions

leading to transcriptionally inducing the target genes involved

in energy metabolism, angiogenesis, proliferation, apoptosis and

drug resistance (Shih et al., 2017; Vanhove et al., 2019).

Increasing evidence indicates that hypoxia plays a prominent

role in the drug resistance, including sorafenib resistance in

various cancers and different therapies resistance in HCC

(Alsaab et al., 2018; Wu et al., 2019). Compared with

sorafenib-sensitive patients, sorafenib-resistant tumors

typically show higher intratumoral hypoxia (Liang et al.,

2013). It is worth noting that long-term sorafenib treatment

also exacerbates the hypoxic microenvironment of HCC by

suppressing tumor angiogenesis (Mo et al., 2021). Sorafenib-

induced hypoxia stabilizes HIF-1α and HIF-2α and strengthens

the transcription of their downstream target genes (Song et al.,

2019). This process acts as an adaptive cytoprotective response to

induce sorafenib resistance in liver cancer cells. In addition,

sorafenib also triggers the HIF-1α-to-Hif-2α pathway switch,

further promoting this adaptive cytoprotective response (Ma

et al., 2014). The entire process can enhance the effect via

positive feedback loop and form a vicious cycle, accelerating

the resistance to sorafenib. Accordingly, inhibition of hypoxia is a

promising strategy for overcoming sorafenib resistance. In this

section, we mainly discuss the relationship between hypoxia and

sorafenib resistance in HCC. The mechanism details are

described in Figure 3.

4.1.1 HIF-1α
HIF-1a is frequently upregulated in patients with HCC, and

its overexpression is largely related to poor prognosis of HCC

patients (Kai et al., 2016). An increasing body of evidence

suggests that metabolic alterations in the glycolytic pathway

play an essential role in drug resistance (Mondal et al., 2019).

Glycolysis-mediated drug resistance is frequently associated with
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the upregulation of glycolysis-related vital enzymes, including

pyruvate kinase type M2 (PKM2), Hexokinase II (HK2), glucose

transporter 1 (GLUT1), and PFKFB3 (Xia et al., 2020). Indeed,

HIF-1a occupies a significant position in regulating these

glycolysis enzymes. For example, the activity of PKM2, which

is highly upregulated and initiates sorafenib resistance in HCC, is

mediated by HIF-1a (Chen J et al., 2018) In contrast, Simvastatin,

a medicine to lower lipid level, can overcome sorafenib resistance

by inhibiting HIF-1α/PPAR-γ/PKM2-mediated glycolysis (Feng

J et al., 2020). Another drug flavonoid proanthocyanidin B2 was

shown to enhance the efficiency of sorafenib by targeting PKM2

(Feng et al., 2019). HK2, which catalyzes glucose to glucose 6-

phosphate (G6P) in the glycolytic pathway, is negatively related

to poor prognosis in patients with HCC and is also mediated by

HIF-1a (Agnihotri and Zadeh, 2016; DeWaal et al., 2018).

Compared with the responders, sorafenib-resistant patients

showed an elevated level of HK2 (Gao et al., 2021b). Whereas

HK2 knockdown synergistically inhibited tumor growth with

sorafenib, suggesting that HK2 inhibition significantly improves

the efficacy of sorafenib (DeWaal et al., 2018). In addition, HIF-

1α was shown to reduce the expression of miR-199a that directly

targets PKM2 and HK2 in liver cancer (Guo et al., 2015). As a

HIF target gene, GLUT1 expression is associated with resistance

to multiple drugs in various cancers (Chigaev, 2015; Sawayama

et al., 2019; Guo et al., 2020). It has been demonstrated that

genistein inhibited HK2 and GLUT1 to suppress

aerobic glycolysis and improve sorafenib sensitivity by

downregulation of HIF-1α (Li et al., 2017). PFKFB3 is a

member of the 6-phosphofructo-2-kinase/fructose-2,6-

bisphosphatases (PFKFB) family and is closely related to

many aspects of cancer including cell proliferation, vessel

aggressiveness, drug resistance and TME (Shi et al., 2017).

The expression of PFKFB3 is markedly induced under

hypoxia condition (Niskanen et al., 2018; Sun et al., 2019).

Meanwhile, PFKFB3 was found to be elevated after sorafenib

treatment and the increased PFKFB3 markedly hampered

sorafenib sensitivity in HCC cells. Interestingly, the inhibition

of HIF-1α overcomes sorafenib resistance by modulating

PFKFB3 in HCC (Long et al., 2019). Ras-like-without-CAAX-

1 (RIT1), a member of the Ras family of GTPases, has emerged as

an important cause of Noonan syndrome and cancer (Castel

et al., 2019). It has been revealed that hypoxia significantly

upregulates RIT1 expression in HCC cells via HIF-1α and the

over-expressed RIT1 attributes to sorafenib resistance in HCC

(Song et al., 2019). A study found that RIT1 was able to promote

cell proliferation by activation of AKT. As a result, the

combination of sorafenib and AKT inhibitor enhances

sorafenib sensitivity in HCC (Sun et al., 2022). Bcl-2

interacting protein 3 (BNIP3), a member of the BH3-only

Bcl-2 family, is a hypoxia-regulated protein. HIF-1α increases

BNIP3 expression by binding to a hypoxia response element

(HRE) within the promoter region of BNIP3 (Burton et al., 2006).

The methylation BNIP3 promoter was observed in sorafenib

resistant HCC cells under hypoxia (Mendez-Blanco et al., 2019).

Galectin-1, belonging to the galectin protein family, is suggested

to be a predictive marker of poor prognosis and a potential

FIGURE 3
The mechanism of hypoxia induces sorafenib resistance in HCC (edited by Figdraw software). Sustained sorafenib treatment induces
dysregulation of HIF-1a and HIF-2a expression and promotes transcription of their downstream genes, thereby causing resistance to sorafenib
in HCC.
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therapeutic target for malignant tumors (Wu et al., 2012). As a

downstream target of the AKT/mTOR/HIF-1α signaling

pathway, Galectin-1 is a possible biomarker for predicting

resistance of sorafenib in HCC in vitro and in vivo (Yeh et al.,

2015). Furthermore, Galectin-1 was shown to induce sorafenib

resistance in liver cancer by activation of the FAK/PI3K/AKT

signaling (Zhang P.F et al., 2016). YAP is activated and

translocated into the nucleus under hypoxia (Li et al., 2018).

It has been reported that the Hippo/YAP/TAZ pathway is

involved in drug resistance, cancer cell stemness and EMT

(Gao et al., 2021b). Of note, YAP/TAZ drives sorafenib

resistance in HCC by preventing ferroptosis (Gao et al.,

2021b). YAP promotes sorafenib resistance in HCC by

inducing survival as well (Sun et al., 2021). Furthermore,

cirrhotic stiffness induces sorafenib resistance in HCC via

YAP (Gao J et al., 2019). Additionally, it has been shown that

YAP–IGF1R signaling plays a vital role in sorafenib resistance

and targeting YAP–IGF-1R is an effective measure for treating

sorafenib-resistant HCC (Ngo et al., 2021). Due to the crucial role

of HIF-1a in regulating sorafenib resistance, previous studies

have demonstrated that a dozen of drugs improve sorafenib

resistance in HCC by indirect targeting HIF-1a. For instance,

melatonin reduces HIF-1α protein synthesis by inhibiting the

mTORC1/p70S6K/RP-S6 pathway, thereby improving sorafenib

sensitivity (Prieto-Dominguez et al., 2017). Rhizoma Paridis

saponins extracted from the herb Paris polyphylla decreases

mRNA and protein levels of HIF- 1a and the combination

with sorafenib reduces the resistance (Yao et al., 2018). In

summary, a deeper understanding of HIF-1a in sorafenib

resistance provides a potential therapeutic target for

overcoming the resistance. In addition, glycolysis-related

pathways seem to be the central element, and further

investigation is warranted for metabolomics in sorafenib

resistance.

4.1.2 HIF-2a
HIF-1α and HIF-2α have been suggested to exist the

reciprocal compensatory mechanism, by which the expression

of HIF-2α can be upregulated when HIF-1α is inhibited (Menrad

et al., 2010). This switch is conducive to generate dynamic

cytokines for tumors’ aggressive growth under hypoxia (Koh

et al., 2011). Similar to HIF-1α, the expression of HIF-2α is also

induced by sorafenib, leading to the insensitivity to sorafenib in

HCC cells (Zhao et al., 2014). As such, the re-sensitization of the

resistant HCC cells to sorafenib can be improved by regulating

HIF-2α and its downstream genes. For example, Ma et al. showed

that sorafenib-induced upregulation of HIF-2α and increased

expression of vascular endothelial growth factor (VEGF) and

cyclin D1 contribute to the resistance of hypoxic HCC cells to

sorafenib. Both HIF-1α and HIF-2α, as well as their downstream
genes, including VEGF, lactate dehydrogenase A (LDHA) and

cyclin D1, are significantly reduced by 2ME2, an antitumor and

antiangiogenic agent (Ma et al., 2014). In addition, sodium

orthovanadate also overcomes sorafenib resistance in HCC

cells by reduction of HIF-1α/HIF-2α protein expression and

their nuclear translocation, resulting in downregulation of

their downstream genes, including VEGF, LDHA and GLUT1

(Jiang et al., 2018). Interestingly, sorafenib treatment-

upregulated HIF-2α by sorafenib feedback enhances sorafenib

resistance by activating the TGF-α/EGFR pathway (Zhao et al.,

2014). HIF-2α activity mediated by the COX2/PGE2 axis was

found to be associated with the activation of TGF-α/EGFR, which
in turn promotes HCC development and reduces the sensitivity

to sorafenib. The β-catenin/c-Myc pathway is an essential

signaling pathway in tumors (Bai et al., 2020). Liu et al. found

that activation of β-catenin/c-Myc signaling enhances glycolysis

and glutaminolysis, and promotes hepatocarcinogenesis,

metastasis, and drug resistance (Liu et al., 2019). Notably,

downregulation of HIF-2α improves the antitumor activity of

sorafenib in HCC via the β-catenin/C-Myc-dependent pathway

(Liu et al., 2015). A 30-kDa Tat-interacting protein (TIP30), a

tumor suppressor gene and a downstream target of HIF-2α, was
shown to inhibit EMT. TIP30 downregulated by the

overexpression of HIF-2α has been identified to result in EMT

(Zhu et al., 2015). Surprisingly, metformin was found to enhance

the anti-tumor activity of sorafenib by regulation the expression

of HIF-2α and TIP30 (You et al., 2016).

4.2 Tumor-associated immune-
suppressive cells

The extensive infiltration of tumor-associated immune-

suppressive cells in TME is considered a principal factor

affecting cancer progression and hindering treatment (Gorgun

et al., 2013). When tumor-associated immunosuppressive cells

are recruited into TME, they promote the malignant phenotypes

of HCC (Riscal et al., 2019). In addition, these

immunosuppressive cells establish a complex of interaction

network that maintains the immunosuppressive

microenvironment and promotes the immune escape of tumor

cells (LaGory and Giaccia, 2016). A growing body of literature

has recently shown that the infiltration of tumor-associated

immunosuppressive cells is a vital link in sorafenib resistance.

Therefore, clarification of the relationship between tumor-

associated immunosuppressive cells and sorafenib resistance is

crucial. The mechanisms of tumor-associated

immunosuppressive cells contributing to sorafenib resistance

are presented in Figure 4.

4.2.1 Tumor-associated macrophages
TAMs, whose functions are determined by their polarization

state, are one of the most abundant types of immune cells in TME

(Le et al., 2018). Polarized macrophages have been identified into

two broad types: M1 (classically activated macrophages) and M2

(alternatively activated macrophages). TAMs frequently convert
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M1 to M2 during tumor progression, supporting tumor growth

and metastasis by various functions (Zhu Z et al., 2020).

Mantovani et al. found that abundant TAMs are associated

with poor prognosis in various cancers, especially liver cancer

(Mantovani et al., 2006). Furthermore, TAMs are closely related

to sorafenib resistance as well. For example, Wei et al.

demonstrated that TAMs promoted proliferation, migration

and invasion of sorafenib-resistant liver cancer cells (Wei

et al., 2017). A recent study showed that TAMs mediated liver

cancer resistance to sorafenib by activating the MAPK, PI3K/

AKT and HGF/c-Met signaling pathways (Dong et al., 2019).

Additionally, a growing number of studies have shown that

autophagy that was induced by M2 macrophages is a

significant causing factor of sorafenib resistance in HCC

(Prieto-Dominguez et al., 2016; Wu et al., 2016; Lin Z et al.,

2020). For example, Wei et al. found that M2 macrophages boost

autophagy when sorafenib acts on tumor cells; however, this

autophagy renders tumor cells resistance to sorafenib (Wei F

et al., 2019). Compared with traditional treatments, targeting

macrophages has become a new strategy in cancer

immunotherapy (Cassetta and Kitamura, 2018; Gunassekaran

et al., 2021). The photoimmunotherapy utilizing a TAM-targeted

probe IRD-αCD206 was found to suppress the growth and

metastasis of sorafenib-resistant tumor (Zhang C et al., 2016).

In addition to eliminating TAM cells, repolarizing TAM from

M2 to M1 phenotype is another promising intervention

approach in cancer (Snuderl et al., 2013). For example, IFN-α,
as an immunomodulator, was shown to increase the therapeutic

efficacy of sorafenib via a shift in TAM polarization (Zhang et al.,

2021). In addition, the compound Kushen, the dried roots of

Sophora flavescens Aiton, injection was found to induce

polarization TAMs to M1 and thus reverse sorafenib

resistance (Yang Y. et al., 2020). Notably, CCL2, a member of

the C-C chemokine family, promotes the recruitment of TAMs

by activating CCR2, leading to cancer progression (Yang Z et al.,

2019). CCR2 antagonist, 747, was able to block TAM recruitment

and enhance the efficiency of sorafenib by modulating the CCL2/

CCR2 axis, providing a novel therapeutic approach for HCC

(Yao et al., 2017). These results indicate the importance of TAMs

in sorafenib resistance in HCC.

4.2.2 Cancer-associated fibroblasts
A large number of CAFs in the tumor tissue create a favorable

environment for tumor development (Pein et al., 2020). CAFs

not only boost tumor growth and metastasis but also mediate

immunosuppression and drug resistance by directly interacting

with cancer cells or by secreting a wide variety of factors and

nutrients (Multhaupt et al., 2016). Mechanistically, CAFs lead to

the resistance by impairing drug delivery and biochemical

signaling (Meads et al., 2009). In addition, ECM remodeling

by CAFs inhibits anti-cancer drug uptake through increasing

intratumoral interstitial fluid pressure and vascular collapse

(Paraiso and Smalley, 2013). Liu et al. showed that the co-

culture of liver tumor organoids with CAFs could decrease the

efficiency of sorafenib, 5-FU and regorafenib (Liu et al., 2021). It

has also been demonstrated that CAFs induce sorafenib

resistance by activation of the BAFF/NF-κB axis in liver

cancer cells (Gao L et al., 2021). Another report demonstrated

FIGURE 4
Mechanisms by which tumor-associated immune-suppressive cells promote sorafenib resistance in TME (edited by Figdraw software).
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that HGF secreted by CAFs regulates the expression of CD73 to

promote the sorafenib resistance of HCC bymodulating theMet-

ERK1/2 pathway (Peng et al., 2020). Therefore, CAF is of crucial

role in sorafenib resistance and could be a potential

immunotherapeutic target for overriding the resistance.

4.2.3 Tumor-associated neutrophils
Emerging evidence indicates that neutrophils, which have

been identified to regulate innate and adaptive immune

responses, also play essential roles in sorafenib resistance

(Gupta and Kaplan, 2016). It has been reported that

neutrophils display plasticity. Similar to TAMs, TANs can

either be polarized into an anti-tumorigenic “N1” phenotype

by IFNs or into a protumorigenic “N2” phenotype when TGF-

β is present (Strauss et al., 2021). In clinical trials, enriched

N2 TANs in HCC tumor tissues are not only a poor prognostic

marker but also a key indicator of the poor efficacy of

sorafenib in patients with HCC (Li et al., 2011; Bruix et al.,

2017). Clinical data have also shown that sorafenib is more

effective in treating patients with less N2 TANs infiltration

(Zhou et al., 2016). Hence, the overrepresentated N2 TANs is

closely related to sorafenib resistance in liver cancer. Further

study has highlighted that N2 TANs recruit macrophages and

Treg to promote resistance to sorafenib and the progression of

liver cancer (Zhou et al., 2016). Future investigations are

required to develop strategy aiming to suppress the

recruitment of immunosuppressive cells including

N2 TANs for conquering sorafenib resistance.

4.2.4 Myeloid-derived suppressor cells
MDSCs are a heterogeneous cell population comprising of

progenitors and precursors of myeloid cells with potent

immunosuppressive effect (Mulder et al., 2019). There are three

major types of MDSCs: polymorphonuclear MDSCs (PMN-

MDSCs), monocytic MDSCs (M-MDSCs) and early-stage

MDSCs (eMDSCs). Phenotypically and morphologically, PMN-

MDSCs resemble neutrophils, while M-MDSCs are similar to

monocytes. eMDSCs are primarily myeloid progenitors and

precursors, and represent less than 5% of MDSCs (Veglia et al.,

2018; Veglia et al., 2021). Although the phenotypic characteristics of

PNM-MDSCs and M-MDSCs differ, both possess potent

immunosuppressive properties. MDSCs promote the

development of liver cancer through a variety of mechanisms,

including inhibition of CD8+ T-cell response, induction of Treg

expansion and impairment of NK cell function (Hoechst et al., 2009;

Kalathil et al., 2013; de Oliveira et al., 2016). In addition, MDSCs are

associated with early recurrence and poor prognosis in HCC

patients who have undergone curative resection, radiotherapy

and hepatic arterial infusion chemotherapy (Deng et al., 2022).

Deng et al. found thatMDSCs facilitated CAF activation, resulting in

tumor growth, angiogenesis and sorafenib resistance by inducing

FGF1 expression (Deng et al., 2022).

4.2.5 Regulatory T cells
Treg cells are defined as a FoxP3+ CD25+ CD4+ T

lymphocyte subset (Konopacki et al., 2019). They protect

hosts from developing autoimmune diseases and allergies,

whereas in malignancies, they promote tumor progression by

suppressing effective antitumor immunity. FoxP3+ Treg is a

potential therapeutic target to enhance the effect of antitumor

immunity (Whiteside, 2018). Gao et al. found that intratumoral

CCR4+ Tregs were the leading type of Tregs and closely

associated with sorafenib resistance in hepatitis B-related

HCC. Moreover, interfering with a CCR4 antagonist or a

N-terminus recombinant protein of CCR4 (N-CCR4-Fc)

exerts a prominent effect on conquering sorafenib resistance

and sensitizes liver cancer to PD-1 checkpoint inhibitor (Gao

et al., 2022). It is of considerable interest to identify new

approaches that target Tregs for overcoming sorafenib

resistance in HCC.

4.3 Immunosuppressive factors

Numerous studies have revealed that some

immunosuppressive factors, that were secreted by tumor cells

or stromal cells, infiltrate into the tumor site through specific

recognition. These immunosuppressive molecules, together with

other components of the TME, form a stable immunosuppressive

microenvironment to mediate the immune escape of tumor cells

and sorafenib resistance. The mechanisms of these factors in

sorafenib resistance are shown in Table 1.

4.3.1 PD-L1
Programmed cell death 1-ligand 1 (PD-L1), also known as B7-

H1 or CD274, is one of the most critical immune inhibitory

molecules in the TME and plays a vital role in tumor cell

immune escape (Theodoraki et al., 2018). It has been widely

reported that PD-L1 regulates drug resistance and other

malignant phenotypes in many types of cancer (Nowicki et al.,

2018; Shen et al., 2019; Chen et al., 2020). PD-L1 was found to be

overexpressed in sorafenib-resistant HCC cell lines and tumor

tissues (Zhang et al., 2020). Liu et al. showed that overexpression

of DNA methyltransferase1 (DNMT1) is positively associated with

elevated level of PD-L1 in sorafenib-resistant HCC cells, and PD-L1

is able to regulate DNMT1 via the STAT3 signaling pathway.

Furthermore, the inhibition of either PD-L1 or

DNMT1 sensitizes HCC cells to sorafenib (Liu et al., 2017). In

addition, c-Met and PD-L1 were shown to be co-overexpressed in

sorafenib-resistant cell lines, and c-Met promoted the expression of

PD-L1 through the MAPK/NF-κBp65 cascade. The overexpressed

PD-L1 in turn facilitates sorafenib resistance (Xu et al., 2022). By

activating Sterol regulatory element-binding protein 1 (SREBP-1)

via the PI3K/AKT signaling, PD-L1 promoted EMT in sorafenib-

resistant HCC cell lines (Xu et al., 2020). Accordingly, inhibiting
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PD-L1 is an excellent approach to overcome sorafenib resistance. A

previous study revealed that microRNA-1 overcame sorafenib

resistance and suppressed the malignant progression of liver

cancer cells through inhibition of PD-L1 (Li D et al., 2020).

Similar to EMT inhibition, silencing PD-L1 was also shown to

sensitize cells to sorafenib (Shrestha et al., 2021b). Strikingly, it has

been reported that combination with EMT inhibition, blockade of

PD-L1 expression exhibits potent effects on sorafenib resistance by

targeting the liver cancer stem cell subpopulation (Shrestha et al.,

2021a). Clinical studies have also provided evidence that avelumab,

an anti-PD-L1 antibody, shows moderate efficacy and is well

tolerated in advanced HCC patients previously treated with

sorafenib (Lee et al., 2021). Based on these findings, the

combination of PD-L1 inhibitor with sorafenib could be an

effective therapeutic strategy for advanced HCC.

4.3.2 TGF-β
It is well known that transforming growth factor-β (TGF-β)

exerts dual effects on tumor cells, both positive and negative

functions (Massague, 2008). In the early stage of cancer

development, TGF-β acts as a tumor suppressor to inhibit cell

proliferation and stimulate apoptosis. However, in the late stage

of cancer development, TGF-β becomes a tumor-promoting

factor to induce EMT, invasion and metastasis. In addition,

TGF-β is a key regulator of T cell response. It also regulates

the responses mediated by the innate and adaptive immune cells,

including dendritic cells, B cells, NK cells, innate lymphocytes,

and granulocytes (Tu et al., 2019). In bioinformatic studies, Lin

et al. found that mRNA levels of TGF-β were elevated in

sorafenib-acquired resistant HCC tissues (Lin H et al., 2020).

Numerous studies have shown that overexpressed TGF-β is

TABLE 1 Immunosuppressive factors and sorafenib resistance in HCC.

Immunosuppressive
factor

Cell involved Pathway Effects on the
tumor

References

PD-L1 HepG2 and Huh7 sorafenib-resistance cells PD-L1/STAT3/DNMT1 Promote sorafenib
resistance

Liu et al., (2017)

Huh7 sorafenib-resistance cells c-MET/PD-L1/RAS/RAF/
MEK/ERK1/2

Promote sorafenib
resistance

Xu et al., (2022)

HepG2 and Huh7 sorafenib-resistance cells PI3K/AKT/SREBP-1 Promote sorafenib
resistance

Xu et al., (2020)

TGF-β Hep3B and PLC/PRF/5 cells TGF-β/EMT/PD-L1 Promote sorafenib
resistance

Shrestha et al.,
(2021b)

Hep-3B, Huh7, SK-Hep-1, SNU-182, SNU-398 and
SNU-449 cells

TGF-β/P38 Inhibit sorafenib
resistance

Kang et al., (2017)

HepG2, Huh7 and PLC/PRF/5 cells TGF-β/ERK/ETS1/PXR Promote sorafenib
resistance

Bhagyaraj et al.,
(2019)

PLC/PRF/5, Hep3B and Huh7 cells TGF-β/RTK Promote sorafenib
resistance

Ungerleider et al.,
(2017)

IL-6 PLC/PRF/5 sorafenib-resistance cells LCSCs/IL-6/STAT3 Promote sorafenib
resistance

Li Y et al., (2020)

Hep3B, HepG2, Huh7 and HepG2.2.15 Hep3B and
HepG2.2.15 sorafenib-resistance cells

IL-6/STAT3/DNMT3b/OCT4 Promote sorafenib
resistance

Lai S.C et al., (2019)

HEK-293T, Huh7 and Hep3B cells Huh7 and Hep3B
sorafenib-resistance cells

PSMD10/IL-6/STAT3/DANCR Promote sorafenib
resistance

Liu et al., (2020)

CCL2 HepG2, PLC/PRF/5, MHCC97H, HCCLM3, Hepa1-6
and H22cells

CCL2/CCR4/TAM Promote sorafenib
resistance

Zhou et al., (2016)

CCL17 HepG2, PLC/PRF/5, MHCC97H, HCCLM3, Hepa1-6
and H22cells

CCL17/CCR4/Treg Promote sorafenib
resistance

Zhou et al., (2016)

CXCR3 Huh7 sorafenib-resistant cells CXCR3/MAPK pathway/
adipocytokine signaling

Promote sorafenib
resistance

Ren et al., (2020)

SDF-1α HCA-1 cells SDF-1α/CXCR4 Promote sorafenib
resistance

Chen et al., (2014)
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associated with HCC progression and sorafenib resistance (Lin

et al., 2015; Sharma et al., 2017). Bhagyaraj et al. found that TGF-

β increased pregnane X receptor (PXR) expression via the ERK-

ETS1 axis and contributed to sorafenib resistance (Bhagyaraj

et al., 2019). In addition, TGF-β induces the expression of

receptor tyrosine kinases (RTKs) that contribute to sorafenib

resistance in HCC (Ungerleider et al., 2017). Therefore, TGF-β
plays a crucial role in the process of sorafenib resistance. As EMT

is a critical process of drug resistance and as TGF-β is a major

signal transduction pathway in EMT (Hahne and Valeri, 2018;

Kouno et al., 2019), the sorafenib resistance induced by TGF-β
could be closely related to EMT. In addition, Shrestha et al.

revealed that TGF-β1-induced EMT increased PD-L1 expression

in HCC cells, leading to the resistance of sorafenib. In line with

these findings, the combination of targeting PD-L1 and TGF-β1
signals was shown to have a synergic effect on conquering

sorafenib resistance (Shrestha et al., 2021b). Another study

showed that knockdown of TGF-β could reinforce the

phosphorylation of p38 and enhance the sensitivity of HCC

cells to sorafenib (Kang et al., 2017). TGF-β has also been shown

to induce sorafenib resistance through the ERK/AKT signaling

pathway, and valproic acid increases sorafenib sensitivity by

suppressing TGF-β-induced ERK/AKT signaling (Matsuda

et al., 2014). In addition, miR-101 improves the anti-tumor

effect of sorafenib in HCC cells by targeting dual-specificity

phosphatase 1 (DUSP1) and inhibiting TGF-β activation (Wei

et al., 2015). Consequently, the desensitization of TGF-β is a

potential strategy for overcoming sorafenib resistance.

4.3.3 TNF-α
TNF-α, an important pro-inflammatory cytokine, is

produced by activated macrophages/monocytes (Yu et al.,

2020). Numerous clinical and experimental studies have

revealed that patients with liver damage produce large

amounts of TNF-α, which are closely related to the

incidence and progression of hepatitis, liver cirrhosis and

liver cancer (Huang et al., 2017). Liu et al. showed that

overexpression of TNF-α was related to poor prognosis in

HCC patients (Liu et al., 2013). The elevated level of TNF-α is

also associated with the weakened effect of sorafenib

treatment (Tan et al., 2019). TNF-α was found to accelerate

sorafenib resistance by inducing EMT in HCC cells.

Moreover, ulinastatin, an urinary trypsin inhibitor,

improves the antitumor effect of sorafenib by inhibition of

TNF-α expression and secretion (Tan et al., 2019). A recent

study has shown that TNF-α derived from the inflammatory

microenvironment of the fibrotic liver promotes sorafenib

resistance via STAT3 activation and that STAT3 antagonists

reverse HCC resistance to sorafenib (Jiang et al., 2021).

Additionally, sorafenib was demonstrated to promote

CCL22 expression via the TNF-α/RIP1/NF-κB signaling,

and the sorafenib resistance was reversed by inhibition of

CCL22 signaling, suggesting CCL22 as a possible therapeutic

target for hampering sorafenib resistance (Gao et al., 2020;

Marshall et al., 2020).

4.3.4 IL-6
IL-6, a significant driver of hepatocellular carcinogenesis, is

involved in tumor progression, metastasis and chemoresistance

in HCC (Bharti et al., 2016). A growing body of evidence suggests

that HCC cancer stem cells (CSCs) are responsible for the tumor

recurrence and sorafenib resistance (Lai Y et al., 2019). Liver

cancer stem cells (LCSCs) were shown to accelerate sorafenib

resistance via the IL-6/STAT3 signaling pathway, and targeting

IL-6 relieves this resistance (Li Y et al., 2020). The IL-6/

STAT3 signaling pathway also mediates sorafenib resistance

by increasing expression of DNA methyltransferase 3b

(DNMT3b) and octamer-binding transcription factor 4

(OCT4). Combination of targeting DNMT3b with

nanaomycin A and sorafenib treatment manifested a

synergistic inhibitory effect on sorafenib-resistant HCC cells

(Lai S.C et al., 2019). In addition, a long-noncoding RNA

(lncRNA) DANCR was shown to promote sorafenib resistance

by activating the IL-6/STAT3 pathway. Similarly, the activation

of the IL-6/STAT3 pathway feedback enhances DANCR

expression (Liu et al., 2020). A previous report also

demonstrated that celecoxib, an anti-inflammatory medicine,

overcame sorafenib resistance by inhibition of the IL-6/

STAT3 signaling cascade (Liu et al., 2011). In summary, these

findings indicate that the IL-6/STAT3 pathway plays a vital role

in promoting sorafenib resistance and could be critical

therapeutic targets for defeating the resistance.

4.3.5 Chemokines
Chemokines are a class of cytokines that have similar

structures and chemotactic functions. Based on the sequence

of cysteine residues at the N-terminus, chemokines are divided

into four subtypes: CC-chemokines, CXC-chemokines,

C-chemokines and CX3C-chemokines (Affo et al., 2014; Chen

W et al., 2018). Chemokines and their receptors, which have been

identified to play a critical role in the development andmetastasis

of cancers, have altered expression in a variety of tumors (Gao

et al., 2018; Vela et al., 2019). Recently, an increasing number of

studies have reported that CC chemokines and CC receptors

(CCRs) are involved in sorafenib resistance. For example, Zhou

et al. found that CCL2/CCR2 and CCL17/CCR4 secreted from

TANs are responsible for sorafenib resistance by recruiting

macrophages and Tregs (Zhou et al., 2016). A

CCR2 antagonist, 747, enhances the anti-cancer efficacy of

sorafenib by blocking TAMs (Yao et al., 2017). Similar to

CCR2, CCR4 is a therapeutic target for sorafenib resistance as

well. It has been shown that CCR4 antagonism enhances anti-

cancer efficiency of sorafenib and overcomes sorafenib resistance

via targeting CCR4+TIL-Tregs (Gao et al., 2022). Sorafenib also

increases CCL22 expression by activation of TNF-α/RIP1/NF-κB
signaling. In contrast, inhibition of CCL22 surmounts sorafenib
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TABLE 2 Therapeutic approaches target TME to overcome sorafenib resistance in HCC.

Drugs Targets Cell lines/animal models/patients References

miR-374b PKM2-mediated glycolysis
pathway

Hep3B-sorafenib resistance cells and HCCLM3-sorafenib resistance cells Hep3B-
sorafenib resistant SCID mice subcutaneous HCC model

Zhang et al., (2019)

Simvastatin HIF-1α/PPAR-γ/PKM2-
mediated glycolysis

LM3-sorafenib resistance cells, LM3-sorafenib resistant nude mice subcutaneous
HCC model

Feng J et al., (2020)

Proanthocyanidin B2 PKM2/HSP90/HIF-1α LO2, HCC-LM3, SMMC-7721, Bel-7402, Huh-7 and HepG2 cells LM3 BALB/C
nude mice subcutaneous HCC model

Feng et al., (2019)

Dauricine PKM2, HK2 HepG2, Huh-7, Hep3B, Hepa1-6, H22andHL-7702 cells Huh-7 cells athymic
nude mice subcutaneous HCC model

Li et al., (2018)

Genistein GLUT1,HK2 HCC-LM3, SMMC-7721, Hep3B, Bel-7402, Huh-7 and LO2 cells HCC-LM3 cells
BALB/C nu/nu mice subcutaneous HCC model

Li et al., (2017)

Aspirin PFKFB3 HCC-LM3, SMMC-7721, Hep3B, Bel-7402, Huh7, QSG-7701 and LO2 cells Li et al., (2017)

MK2206-2HCI RIT1/PI3K/P38MAPK/AKT CRL-8024 cells CRL-8024 (EV/RIT1 overexpression)cells BALB/C nude mice
subcutaneous HCCmodel Huh7 (EV/RIT1 knockdown) cells BALB/C nude mice
subcutaneous HCC model

Sun et al., (2022)

Verteporfin YAP-IGF-1R signaling HepG2215 and Hep3B cells/HepG2215-sorafenib resistance and Hep3B-
sorafenib resistance cells HepG2215-sorafenib resistant NOD-SCID mice
subcutaneous HCC models

Ngo et al., (2021)

Melatonin mTORC1/p70S6K/HIF-1α Hep3B cells Prieto-Dominguez
et al., (2017)

Rhizoma Paridis
saponins

mRNA of HIF-1α H22 cells Kunming mice subcutaneous HCC model Yao et al., (2018)

2ME2 HIF-1α,HIF-2α Huh-7 and HepG2 cells Huh-7 cells BALB/c nude mice subcutaneous HCC
model

Ma et al., (2014)

Sodium orthovanadate HIF-1α,HIF-2α HepG2, Hep3B and SK-Hep-1 cells/HepG2-sorafenib resistance and Huh7-
sorafenib resistance cells Huh7-sorafenib resistant BALB/c-nu/nu mice
subcutaneous HCC model

Jiang et al., (2018)

Celecoxib and
Meloxicam

COX-2/PGE2/COX-2 Huh-7, Hep3B, HepG2 and SMMC-7721 cells Huh-7 and Hep3B cells nude mice
subcutaneous HCC model

Dong et al., (2019)

Metformin HIF-2α MHCC97H cells/MHCC97H cells orthotopic xenograft model You et al., (2016)

MK2206-2HCI RIT1/PI3K/P38MAPK/AKT CRL-8024 cells CRL-8024 (EV/RIT1 overexpression)cells BALB/C nude mice
subcutaneous HCCmodel Huh7 (EV/RIT1 knockdown) cells BALB/C nude mice
subcutaneous HCC model

Sun et al., (2022)

Verteporfin YAP-IGF-1R signaling HepG2215 and Hep3B cells/HepG2215-sorafenib resistance and Hep3B-
sorafenib resistance cells HepG2215-sorafenib resistant NOD-SCID mice
subcutaneous HCC models

Ngo et al., (2021)

Melatonin mTORC1/p70S6K/HIF-1α Hep3B cells Prieto-Dominguez
et al., (2017)

Rhizoma Paridis
saponins

mRNA of HIF-1α H22 cells Kunming mice subcutaneous HCC model Yao et al., (2018)

IRD-αCD206 TAMs 4T1cells, 4T1 cells female BALB/c mice subcutaneous breast cancer model Zhang C et al., (2016)

IFN-α Shifting the M2-like
polarization of TAM

Hepa1-6 HCC and Huh7 HCC cells Hepa1-6 cells C57BL/6 mice subcutaneous
HCC model

Zhang et al., (2021)

Compound kushen
injection

Polarization TAMs to M1 Hepa1-6 tumor cells orthotopic HCC model Hepa1-6 and LPC-H12 cells nude
mice subcutaneous HCC models

Yang et al., (2020a)

NRF-2/MicroRNA-1 NRF-2/miR-1/PD-L1 Hep3B and HepG2 cells/Hep3B sorafenib resistance cells and HepG2 sorafenib
resistance cells Hep3B sorafenib resistant and HepG2 sorafenib resistant BALB/C
nude mice subcutaneous HCC model

Li D et al., (2020)

Avelumab PD-L1 Advanced HCC patients Lee et al., (2021)

SB431542 TGF-β1-Mediated EMT Hep3B and PLC/PRF/5 cells Shrestha
et al., (2021b)

Valproic acid TGF-β/ERK/AKT HepG2 and PLC/PRF/5 cells Matsuda
et al., (2014)

MiR-101 DUSP1/TGF-β HepG2 and Huh7 cells Wei et al., (2015)

Ulinastatin TNF-α/NF-κB/EMT HepG2, SK-HEP-1, and Huh-7 Hep3B and PLC/PRF/5 HCC cells SK-HEP-
1 cells BALB/c athymic nude mice subcutaneous HCC model

Tan et al., (2019)

S3I-201 STAT3 Hepa1-6, Huh7 and Hep3B cells Orthotopic HCC mouse model with chronic
liver injury

Jiang et al., (2021)

(Continued on following page)
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resistance (Gao et al., 2020). Furthermore, sorafenib-resistant

cells exhibited higher levels of CXC chemokines and CXC-

chemokine receptors (CXCRs) (Wu et al., 2017). For example,

Ren et al. showed that CXCR3 played a critical role in resistance

to sorafenib therapy by modifying the AMPK pathway,

adipocytokine signaling and lipid peroxidation (Ren et al.,

2020). In addition, sorafenib treatment was found to increase

hypoxia and SDF1α/CXCR4 expression in HCC cells and animal

tumor models, whereas inhibition of the SDF1α/CXCR4 pathway
overcame the sorafenib resistance in HCC (Chen et al., 2014;

Chen et al., 2015). Moreover, co-delivery of sorafenib and

mifepristone using CXCR4-targeted PLGA-PEG nanoparticles

vanishs sorafenib resistance in CXCR4-expressing HCC (Zheng

et al., 2019). Recently, a newly discovered CXCR4 antagonist,

BPRCX807, enhances the clinical efficacy of sorafenib (Song

et al., 2021). Further studies are warranted to determine

whether other chemokines are involved in sorafenib resistance.

5 Conclusions and perspectives

Although sorafenib resistance is an important clinical

challenge for liver cancer treatment, the underlying

mechanisms of sorafenib resistance are complex and still need

to be explored. It has been reported that EMT, epigenetic

regulation, cancer stem cells, transport processes, autophagy

and the crosstalk between the PI3K/AKT and JAK-STAT

pathways are involved in sorafenib resistance (Tovar et al.,

2017; Tang J et al., 2020). Emerging evidence suggests that the

TME plays an essential role in sorafenib resistance. It is worth

noting that the therapeutic effect of sorafenib is significantly

improved when combined with the drugs targeting hypoxic

TME, tumor-associated immune suppressor cells or

immunosuppressive factors (Table 2). However, the

combination therapy is far from satisfactory since there are

several reasons that may affect the poor clinical efficacy: 1)

TME is a complex network participated by many elements.

However, current studies tend to focus on a single cell type or

factor and ignore the mutual regulation of the entire TME,

especially the immunosuppressive microenvironment. Thus,

the conclusions drawn from these studies are often incomplete

or even contradictory. 2) The constructed drug-resistant cell lines

and in vivo drug-resistant models often differ from the actual

drug resistance observed in patients, which is also the most

prominent problem in our study. Therefore, sorafenib resistance

model should be improved or reestablished.

Since sorafenib is still the primary treatment for advanced

HCC, it is of great importance to continue investigating the

potential mechanisms of sorafenib resistance in HCC treatment.

We believe that the combination therapy using sorafenib and

TME-targeting drugs will be an effective strategy to overcome

sorafenib resistance and improve outcome in patients with HCC.
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subcutaneous HCC models DEN/CCl4-induced liver fibrosis associated HCC
model

Song et al., (2021)

Frontiers in Pharmacology frontiersin.org13

Tian et al. 10.3389/fphar.2022.991052

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


(grant no. ZR2019MH058) and the Young Taishan Scholars

Program of Shandong Province (grant no. tsqn201909200).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their

affiliated organizations, or those of the publisher, the

editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the

publisher.

References

Abou Khouzam, R., Zaarour, R. F., Brodaczewska, K., Azakir, B., Venkatesh, G.
H., Thiery, J., et al. (2022). The effect of hypoxia and hypoxia-associated pathways
in the regulation of antitumor response: Friends or foes? Front. Immunol. 13,
828875. doi:10.3389/fimmu.2022.828875

Affo, S., Morales-Ibanez, O., Rodrigo-Torres, D., Altamirano, J., Blaya, D., Dapito,
D. H., et al. (2014). CCL20 mediates lipopolysaccharide induced liver injury and is a
potential driver of inflammation and fibrosis in alcoholic hepatitis. Gut 63 (11),
1782–1792. doi:10.1136/gutjnl-2013-306098

Agnihotri, S., and Zadeh, G. (2016). Metabolic reprogramming in glioblastoma:
the influence of cancer metabolism on epigenetics and unanswered questions.
Neuro. Oncol. 18 (2), 160–172. doi:10.1093/neuonc/nov125

Alsaab, H. O., Sau, S., Alzhrani, R. M., Cheriyan, V. T., Polin, L. A.,
Vaishampayan, U., et al. (2018). Tumor hypoxia directed multimodal
nanotherapy for overcoming drug resistance in renal cell carcinoma and
reprogramming macrophages. Biomaterials 183, 280–294. doi:10.1016/j.
biomaterials.2018.08.053

Asano, N., Matsuzaki, J., Ichikawa, M., Kawauchi, J., Takizawa, S., Aoki, Y., et al.
(2019). A serum microRNA classifier for the diagnosis of sarcomas of various
histological subtypes. Nat. Commun. 10 (1), 1299. doi:10.1038/s41467-019-09143-8

Azumi, J., Tsubota, T., Sakabe, T., and Shiota, G. (2016). miR-181a induces
sorafenib resistance of hepatocellular carcinoma cells through downregulation of
RASSF1 expression. Cancer Sci. 107 (9), 1256–1262. doi:10.1111/cas.13006

Bai, N., Xia, F., Wang, W., Lei, Y., Bo, J., and Li, X. (2020). CDK12 promotes
papillary thyroid cancer progression through regulating the c-myc/β-catenin
pathway. J. Cancer 11 (15), 4308–4315. doi:10.7150/jca.42849

Bao, M. H., and Wong, C. C. (2021). Hypoxia, metabolic reprogramming, and
drug resistance in liver cancer. Cells 10 (7), 1715. doi:10.3390/cells10071715

Bhagyaraj, E., Ahuja, N., Kumar, S., Tiwari, D., Gupta, S., Nanduri, R., et al.
(2019). TGF-beta induced chemoresistance in liver cancer is modulated by
xenobiotic nuclear receptor PXR. Cell Cycle 18 (24), 3589–3602. doi:10.1080/
15384101.2019.1693120

Bharti, R., Dey, G., and Mandal, M. (2016). Cancer development,
chemoresistance, epithelial to mesenchymal transition and stem cells: A
snapshot of IL-6 mediated involvement. Cancer Lett. 375 (1), 51–61. doi:10.
1016/j.canlet.2016.02.048

Binnewies, M., Roberts, E. W., Kersten, K., Chan, V., Fearon, D. F., Merad, M.,
et al. (2018). Understanding the tumor immune microenvironment (TIME) for
effective therapy. Nat. Med. 24 (5), 541–550. doi:10.1038/s41591-018-0014-x

Borden, K. L. (2014). When will resistance be futile? Cancer Res. 74 (24),
7175–7180. doi:10.1158/0008-5472.CAN-14-2607

Bruix, J., Cheng, A. L., Meinhardt, G., Nakajima, K., De Sanctis, Y., and Llovet, J.
(2017). Prognostic factors and predictors of sorafenib benefit in patients with
hepatocellular carcinoma: Analysis of two phase III studies. J. Hepatol. 67 (5),
999–1008. doi:10.1016/j.jhep.2017.06.026

Bulle, A., and Lim, K. H. (2020). Beyond just a tight fortress: contribution of
stroma to epithelial-mesenchymal transition in pancreatic cancer. Signal Transduct.
Target. Ther. 5 (1), 249. doi:10.1038/s41392-020-00341-1

Burton, T. R., Henson, E. S., Baijal, P., Eisenstat, D. D., and Gibson, S. B. (2006).
The pro-cell death Bcl-2 family member, BNIP3, is localized to the nucleus of
human glial cells: Implications for glioblastoma multiforme tumor cell survival
under hypoxia. Int. J. Cancer 118 (7), 1660–1669. doi:10.1002/ijc.21547

Cassetta, L., and Kitamura, T. (2018). Macrophage targeting: opening new
possibilities for cancer immunotherapy. Immunology 155 (3), 285–293. doi:10.
1111/imm.12976

Castel, P., Cheng, A., Cuevas-Navarro, A., Everman, D. B., Papageorge, A. G.,
Simanshu, D. K., et al. (2019). RIT1 oncoproteins escape LZTR1-mediated
proteolysis. Science 363 (6432), 1226–1230. doi:10.1126/science.aav1444

Chen, J., Yu, Y., Chen, X., He, Y., Hu, Q., Li, H., et al. (2018). MiR-139-5p is
associated with poor prognosis and regulates glycolysis by repressing PKM2 in
gallbladder carcinoma. Cell Prolif. 51 (6), e12510. doi:10.1111/cpr.12510

Chen, M., Zhao, Z., Meng, Q., Liang, P., Su, Z., Wu, Y., et al. (2020).
TRIM14 promotes noncanonical NF-κB activation by modulating p100/
p52 stability via selective autophagy. Adv. Sci. 7 (1), 1901261. doi:10.1002/advs.
201901261

Chen, W., Zhang, J., Fan, H. N., and Zhu, J. S. (2018). Function and therapeutic
advances of chemokine and its receptor in nonalcoholic fatty liver disease. Ther.
Adv. Gastroenterol. 11, 1756284818815184. doi:10.1177/1756284818815184

Chen, Y., Huang, Y., Reiberger, T., Duyverman, A.M., Huang, P., Samuel, R., et al.
(2014). Differential effects of sorafenib on liver versus tumor fibrosis mediated by
stromal-derived factor 1 alpha/C-X-C receptor type 4 axis and myeloid
differentiation antigen-positive myeloid cell infiltration in mice. Hepatology 59
(4), 1435–1447. doi:10.1002/hep.26790

Chen, Y., Ramjiawan, R. R., Reiberger, T., Ng, M. R., Hato, T., Huang, Y., et al.
(2015). CXCR4 inhibition in tumor microenvironment facilitates anti-programmed
death receptor-1 immunotherapy in sorafenib-treated hepatocellular carcinoma in
mice. Hepatology 61 (5), 1591–1602. doi:10.1002/hep.27665

Chen, Y. T., Xiang, D., Zhao, X. Y., and Chu, X. Y. (2021). Upregulation of
lncRNA NIFK-AS1 in hepatocellular carcinoma by m(6)A methylation promotes
disease progression and sorafenib resistance. Hum. Cell 34 (6), 1800–1811. doi:10.
1007/s13577-021-00587-z

Cheng, A. L., Kang, Y. K., Chen, Z., Tsao, C. J., Qin, S., Kim, J. S., et al. (2009).
Efficacy and safety of sorafenib in patients in the asia-pacific region with advanced
hepatocellular carcinoma: a phase III randomised, double-blind, placebo-controlled
trial. Lancet. Oncol. 10 (1), 25–34. doi:10.1016/S1470-2045(08)70285-7

Chigaev, A. (2015). Does aberrant membrane transport contribute to poor
outcome in adult acute myeloid leukemia? Front. Pharmacol. 6, 134. doi:10.
3389/fphar.2015.00134

Chiu, D. K., Tse, A. P., Xu, I. M., Di Cui, J., Lai, R. K., Li, L. L., et al. (2017).
Hypoxia inducible factor HIF-1 promotes myeloid-derived suppressor cells
accumulation through ENTPD2/CD39L1 in hepatocellular carcinoma. Nat.
Commun. 8 (1), 517. doi:10.1038/s41467-017-00530-7

Curtis, M., Kenny, H. A., Ashcroft, B., Mukherjee, A., Johnson, A., Zhang, Y., et al.
(2019). Fibroblasts mobilize tumor cell glycogen to promote proliferation and
metastasis. Cell Metab. 29 (1), 141–155. doi:10.1016/j.cmet.2018.08.007

Dai, J., Huang, Q., Niu, K., Wang, B., Li, Y., Dai, C., et al. (2018). Sestrin 2 confers
primary resistance to sorafenib by simultaneously activating AKT and AMPK in
hepatocellular carcinoma. Cancer Med. 7 (11), 5691–5703. doi:10.1002/cam4.1826

Dalloneau, E., Baroukh, N., Mavridis, K., Maillet, A., Gueugnon, F., Courty, Y.,
et al. (2016). Downregulation of the neonatal Fc receptor expression in non-small
cell lung cancer tissue is associated with a poor prognosis. Oncotarget 7 (34),
54415–54429. doi:10.18632/oncotarget.10074

Dang, H., Takai, A., Forgues, M., Pomyen, Y., Mou, H., Xue, W., et al. (2017).
Oncogenic activation of the RNA binding protein NELFE and MYC signaling in
hepatocellular carcinoma. Cancer Cell 32 (1), 101–114. doi:10.1016/j.ccell.2017.
06.002

de Oliveira, S., Rosowski, E. E., and Huttenlocher, A. (2016). Neutrophil
migration in infection and wound repair: going forward in reverse. Nat. Rev.
Immunol. 16 (6), 378–391. doi:10.1038/nri.2016.49

Frontiers in Pharmacology frontiersin.org14

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.3389/fimmu.2022.828875
https://doi.org/10.1136/gutjnl-2013-306098
https://doi.org/10.1093/neuonc/nov125
https://doi.org/10.1016/j.biomaterials.2018.08.053
https://doi.org/10.1016/j.biomaterials.2018.08.053
https://doi.org/10.1038/s41467-019-09143-8
https://doi.org/10.1111/cas.13006
https://doi.org/10.7150/jca.42849
https://doi.org/10.3390/cells10071715
https://doi.org/10.1080/15384101.2019.1693120
https://doi.org/10.1080/15384101.2019.1693120
https://doi.org/10.1016/j.canlet.2016.02.048
https://doi.org/10.1016/j.canlet.2016.02.048
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1158/0008-5472.CAN-14-2607
https://doi.org/10.1016/j.jhep.2017.06.026
https://doi.org/10.1038/s41392-020-00341-1
https://doi.org/10.1002/ijc.21547
https://doi.org/10.1111/imm.12976
https://doi.org/10.1111/imm.12976
https://doi.org/10.1126/science.aav1444
https://doi.org/10.1111/cpr.12510
https://doi.org/10.1002/advs.201901261
https://doi.org/10.1002/advs.201901261
https://doi.org/10.1177/1756284818815184
https://doi.org/10.1002/hep.26790
https://doi.org/10.1002/hep.27665
https://doi.org/10.1007/s13577-021-00587-z
https://doi.org/10.1007/s13577-021-00587-z
https://doi.org/10.1016/S1470-2045(08)70285-7
https://doi.org/10.3389/fphar.2015.00134
https://doi.org/10.3389/fphar.2015.00134
https://doi.org/10.1038/s41467-017-00530-7
https://doi.org/10.1016/j.cmet.2018.08.007
https://doi.org/10.1002/cam4.1826
https://doi.org/10.18632/oncotarget.10074
https://doi.org/10.1016/j.ccell.2017.06.002
https://doi.org/10.1016/j.ccell.2017.06.002
https://doi.org/10.1038/nri.2016.49
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


Deng, X., Li, X., Guo, X., Lu, Y., Xie, Y., Huang, X., et al. (2022). Myeloid-derived
suppressor cells promote tumor growth and sorafenib resistance by inducing
FGF1 upregulation and fibrosis. Neoplasia 28, 100788. doi:10.1016/j.neo.2022.
100788

DeWaal, D., Nogueira, V., Terry, A. R., Patra, K. C., Jeon, S. M., Guzman, G., et al.
(2018). Hexokinase-2 depletion inhibits glycolysis and induces oxidative
phosphorylation in hepatocellular carcinoma and sensitizes to metformin. Nat.
Commun. 9 (1), 446. doi:10.1038/s41467-017-02733-4

Dong, J., Zhai, B., Sun, W., Hu, F., Cheng, H., and Xu, J. (2017). Activation of
phosphatidylinositol 3-kinase/AKT/snail signaling pathway contributes to
epithelial-mesenchymal transition-induced multi-drug resistance to sorafenib in
hepatocellular carcinoma cells. PLoS One 12 (9), e0185088. doi:10.1371/journal.
pone.0185088

Dong, N., Shi, X., Wang, S., Gao, Y., Kuang, Z., Xie, Q., et al. (2019).
M2 macrophages mediate sorafenib resistance by secreting HGF in a feed-
forward manner in hepatocellular carcinoma. Br. J. Cancer 121 (1), 22–33.
doi:10.1038/s41416-019-0482-x

Ezzoukhry, Z., Louandre, C., Trecherel, E., Godin, C., Chauffert, B., Dupont, S.,
et al. (2012). EGFR activation is a potential determinant of primary resistance of
hepatocellular carcinoma cells to sorafenib. Int. J. Cancer 131 (12), 2961–2969.
doi:10.1002/ijc.27604

Feng, J., Dai, W., Mao, Y., Wu, L., Li, J., Chen, K., et al. (2020). Simvastatin re-
sensitizes hepatocellular carcinoma cells to sorafenib by inhibiting HIF-1α/PPAR-
γ/PKM2-mediated glycolysis. J. Exp. Clin. Cancer Res. 39 (1), 24. doi:10.1186/
s13046-020-1528-x

Feng, J., Wu, L., Ji, J., Chen, K., Yu, Q., Zhang, J., et al. (2019). PKM2 is the target
of proanthocyanidin B2 during the inhibition of hepatocellular carcinoma.
J. Exp. Clin. Cancer Res. 38 (1), 204. doi:10.1186/s13046-019-1194-z

Feng, L., Zhang, Y., Yang, Q., Guo, L., and Yang, F. (2020). MicroRNA-885
regulates the growth and epithelial mesenchymal transition of human liver cancer
cells by suppressing tropomodulin 1 expression. Arch. Biochem. Biophys. 693,
108588. doi:10.1016/j.abb.2020.108588

Ford, R., Schwartz, L., Dancey, J., Dodd, L. E., Eisenhauer, E. A., Gwyther, S., et al.
(2009). Lessons learned from independent central review. Eur. J. Cancer 45 (2),
268–274. doi:10.1016/j.ejca.2008.10.031

Fornari, F., Pollutri, D., Patrizi, C., La Bella, T., Marinelli, S., Casadei Gardini, A.,
et al. (2017). In hepatocellular carcinoma miR-221 modulates sorafenib resistance
through inhibition of caspase-3-mediated apoptosis. Clin. Cancer Res. 23 (14),
3953–3965. doi:10.1158/1078-0432.CCR-16-1464

Franco, A. T., Corken, A., and Ware, J. (2015). Platelets at the interface of
thrombosis, inflammation, and cancer. Blood 126 (5), 582–588. doi:10.1182/blood-
2014-08-531582

Fukusumi, T., Guo, T. W., Sakai, A., Ando, M., Ren, S., Haft, S., et al. (2018). The
NOTCH4-HEY1 pathway induces epithelial-mesenchymal transition in head and
neck squamous cell carcinoma. Clin. Cancer Res. 24 (3), 619–633. doi:10.1158/1078-
0432.CCR-17-1366

Gao, J., Rong, Y., Huang, Y., Shi, P., Wang, X., Meng, X., et al. (2019). Cirrhotic
stiffness affects the migration of hepatocellular carcinoma cells and induces
sorafenib resistance through YAP. J. Cell. Physiol. 234 (3), 2639–2648. doi:10.
1002/jcp.27078

Gao, L., Morine, Y., Yamada, S., Saito, Y., Ikemoto, T., Tokuda, K., et al. (2021).
The BAFF/NFκB axis is crucial to interactions between sorafenib-resistant HCC
cells and cancer-associated fibroblasts. Cancer Sci. 112 (9), 3545–3554. doi:10.1111/
cas.15041

Gao, R., Kalathur, R. K. R., Coto-Llerena, M., Ercan, C., Buechel, D., Shuang, S.,
et al. (2021b). YAP/TAZ and ATF4 drive resistance to Sorafenib in hepatocellular
carcinoma by preventing ferroptosis. EMBO Mol. Med. 13 (12), e14351. doi:10.
15252/emmm.202114351

Gao, Y., Fan, X., Li, N., Du, C., Yang, B., Qin, W., et al. (2020). CCL22 signaling
contributes to sorafenib resistance in Hepatitis B virus-associated hepatocellular
carcinoma. Pharmacol. Res. 157, 104800. doi:10.1016/j.phrs.2020.104800

Gao, Y. J., Liu, L., Li, S., Yuan, G. F., Li, L., Zhu, H. Y., et al. (2018). Down-
regulation of CXCL11 inhibits colorectal cancer cell growth and epithelial-
mesenchymal transition. Onco. Targets. Ther. 11, 7333–7343. doi:10.2147/OTT.
S167872

Gao, Y., You, M., Fu, J., Tian, M., Zhong, X., Du, C., et al. (2022). Intratumoral
stem-like CCR4+ regulatory T cells orchestrate the immunosuppressive
microenvironment in HCC associated with Hepatitis B. J. Hepatol. 76 (1),
148–159. doi:10.1016/j.jhep.2021.08.029

Gao, Y., Zheng, Q. C., Xu, S., Yuan, Y., Cheng, X., Jiang, S., et al. (2019).
Theranostic nanodots with aggregation-induced emission characteristic for
targeted and image-guided photodynamic therapy of hepatocellular carcinoma.
Theranostics 9 (5), 1264–1279. doi:10.7150/thno.29101

Gorgun, G. T., Whitehill, G., Anderson, J. L., Hideshima, T., Maguire, C.,
Laubach, J., et al. (2013). Tumor-promoting immune-suppressive myeloid-
derived suppressor cells in the multiple myeloma microenvironment in humans.
Blood 121 (15), 2975–2987. doi:10.1182/blood-2012-08-448548

Guan, X., Wu, Y., Zhang, S., Liu, Z., Fan, Q., Fang, S., et al. (2021). Activation of
FcRn mediates a primary resistance response to sorafenib in hepatocellular
carcinoma by single-cell RNA sequencing. Front. Pharmacol. 12, 709343. doi:10.
3389/fphar.2021.709343

Gunassekaran, G. R., Poongkavithai Vadevoo, S. M., Baek, M. C., and Lee, B.
(2021). M1 macrophage exosomes engineered to foster M1 polarization and target
the IL-4 receptor inhibit tumor growth by reprogramming tumor-associated
macrophages into M1-like macrophages. Biomaterials 278, 121137. doi:10.1016/
j.biomaterials.2021.121137

Guo, Q. R., Wang, H., Yan, Y. D., Liu, Y., Su, C. Y., Chen, H. B., et al. (2020). The
role of exosomal microRNA in cancer drug resistance. Front. Oncol. 10, 472. doi:10.
3389/fonc.2020.00472

Guo, W., Qiu, Z., Wang, Z., Wang, Q., Tan, N., Chen, T., et al. (2015). MiR-199a-
5p is negatively associated with malignancies and regulates glycolysis and lactate
production by targeting hexokinase 2 in liver cancer. Hepatology 62 (4), 1132–1144.
doi:10.1002/hep.27929

Gupta, S., and Kaplan, M. J. (2016). The role of neutrophils and NETosis in
autoimmune and renal diseases. Nat. Rev. Nephrol. 12 (7), 402–413. doi:10.1038/
nrneph.2016.71

Hahne, J. C., and Valeri, N. (2018). Non-coding RNAs and resistance to
anticancer drugs in gastrointestinal tumors. Front. Oncol. 8, 226. doi:10.3389/
fonc.2018.00226

Hoechst, B., Voigtlaender, T., Ormandy, L., Gamrekelashvili, J., Zhao, F.,
Wedemeyer, H., et al. (2009). Myeloid derived suppressor cells inhibit natural
killer cells in patients with hepatocellular carcinoma via the NKp30 receptor.
Hepatology 50 (3), 799–807. doi:10.1002/hep.23054

Huang, S., Li, C., Wang, W., Li, H., Sun, Z., Song, C., et al. (2017). A54 peptide-
mediated functionalized gold nanocages for targeted delivery of DOX as a
combinational photothermal-chemotherapy for liver cancer. Int.
J. Nanomedicine 12, 5163–5176. doi:10.2147/IJN.S131089

Jang, J. W., Song, Y., Kim, S. H., Kim, J. S., Kim, K. M., Choi, E. K., et al. (2017).
CD133 confers cancer stem-like cell properties by stabilizing EGFR-AKT signaling
in hepatocellular carcinoma. Cancer Lett. 389, 1–10. doi:10.1016/j.canlet.2016.
12.023

Jiang, W., Li, G., Li, W., Wang, P., Xiu, P., Jiang, X., et al. (2018). Sodium
orthovanadate overcomes sorafenib resistance of hepatocellular carcinoma cells by
inhibiting Na(+)/K(+)-ATPase activity and hypoxia-inducible pathways. Sci. Rep. 8
(1), 9706. doi:10.1038/s41598-018-28010-y

Jiang, Y., Chen, P., Hu, K., Dai, G., Li, J., Zheng, D., et al. (2021). Inflammatory
microenvironment of fibrotic liver promotes hepatocellular carcinoma growth,
metastasis and sorafenib resistance through STAT3 activation. J. Cell. Mol. Med. 25
(3), 1568–1582. doi:10.1111/jcmm.16256

Jiang, Y., Han, Q. J., and Zhang, J. (2019). Hepatocellular carcinoma: Mechanisms
of progression and immunotherapy. World J. Gastroenterol. 25 (25), 3151–3167.
doi:10.3748/wjg.v25.i25.3151

Ju, M., Jiang, L., Wei, Q., Yu, L., Chen, L., Wang, Y., et al. (2021). A immune-
related signature associated with TME can serve as a potential biomarker for
survival and sorafenib resistance in liver cancer.Onco. Targets. Ther. 14, 5065–5083.
doi:10.2147/OTT.S326784

Kai, A. K., Chan, L. K., Lo, R. C., Lee, J. M., Wong, C. C., Wong, J. C., et al. (2016).
Down-regulation of TIMP2 by HIF-1α/miR-210/HIF-3α regulatory feedback
circuit enhances cancer metastasis in hepatocellular carcinoma. Hepatology 64
(2), 473–487. doi:10.1002/hep.28577

Kalathil, S., Lugade, A. A., Miller, A., Iyer, R., and Thanavala, Y. (2013). Higher
frequencies of GARP(+)CTLA-4(+)Foxp3(+) T regulatory cells and myeloid-
derived suppressor cells in hepatocellular carcinoma patients are associated with
impaired T-cell functionality. Cancer Res. 73 (8), 2435–2444. doi:10.1158/0008-
5472.CAN-12-3381

Kang, D., Han, Z., Oh, G. H., Joo, Y., Choi, H. J., and Song, J. J. (2017). Down-
regulation of TGF-beta expression sensitizes the resistance of hepatocellular
carcinoma cells to sorafenib. Yonsei Med. J. 58 (5), 899–909. doi:10.3349/ymj.
2017.58.5.899

Kelley, R. K., Meyer, T., Rimassa, L., Merle, P., Park, J. W., Yau, T., et al. (2020). Serum
alpha-fetoprotein levels and clinical outcomes in the phase III CELESTIAL study of
cabozantinib versus placebo in patients with advanced hepatocellular carcinoma. Clin.
Cancer Res. 26 (18), 4795–4804. doi:10.1158/1078-0432.CCR-19-3884

Khalaf, K., Hana, D., Chou, J. T., Singh, C., Mackiewicz, A., and Kaczmarek, M.
(2021). Aspects of the tumor microenvironment involved in immune resistance and
drug resistance. Front. Immunol. 12, 656364. doi:10.3389/fimmu.2021.656364

Frontiers in Pharmacology frontiersin.org15

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.1016/j.neo.2022.100788
https://doi.org/10.1016/j.neo.2022.100788
https://doi.org/10.1038/s41467-017-02733-4
https://doi.org/10.1371/journal.pone.0185088
https://doi.org/10.1371/journal.pone.0185088
https://doi.org/10.1038/s41416-019-0482-x
https://doi.org/10.1002/ijc.27604
https://doi.org/10.1186/s13046-020-1528-x
https://doi.org/10.1186/s13046-020-1528-x
https://doi.org/10.1186/s13046-019-1194-z
https://doi.org/10.1016/j.abb.2020.108588
https://doi.org/10.1016/j.ejca.2008.10.031
https://doi.org/10.1158/1078-0432.CCR-16-1464
https://doi.org/10.1182/blood-2014-08-531582
https://doi.org/10.1182/blood-2014-08-531582
https://doi.org/10.1158/1078-0432.CCR-17-1366
https://doi.org/10.1158/1078-0432.CCR-17-1366
https://doi.org/10.1002/jcp.27078
https://doi.org/10.1002/jcp.27078
https://doi.org/10.1111/cas.15041
https://doi.org/10.1111/cas.15041
https://doi.org/10.15252/emmm.202114351
https://doi.org/10.15252/emmm.202114351
https://doi.org/10.1016/j.phrs.2020.104800
https://doi.org/10.2147/OTT.S167872
https://doi.org/10.2147/OTT.S167872
https://doi.org/10.1016/j.jhep.2021.08.029
https://doi.org/10.7150/thno.29101
https://doi.org/10.1182/blood-2012-08-448548
https://doi.org/10.3389/fphar.2021.709343
https://doi.org/10.3389/fphar.2021.709343
https://doi.org/10.1016/j.biomaterials.2021.121137
https://doi.org/10.1016/j.biomaterials.2021.121137
https://doi.org/10.3389/fonc.2020.00472
https://doi.org/10.3389/fonc.2020.00472
https://doi.org/10.1002/hep.27929
https://doi.org/10.1038/nrneph.2016.71
https://doi.org/10.1038/nrneph.2016.71
https://doi.org/10.3389/fonc.2018.00226
https://doi.org/10.3389/fonc.2018.00226
https://doi.org/10.1002/hep.23054
https://doi.org/10.2147/IJN.S131089
https://doi.org/10.1016/j.canlet.2016.12.023
https://doi.org/10.1016/j.canlet.2016.12.023
https://doi.org/10.1038/s41598-018-28010-y
https://doi.org/10.1111/jcmm.16256
https://doi.org/10.3748/wjg.v25.i25.3151
https://doi.org/10.2147/OTT.S326784
https://doi.org/10.1002/hep.28577
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.3349/ymj.2017.58.5.899
https://doi.org/10.3349/ymj.2017.58.5.899
https://doi.org/10.1158/1078-0432.CCR-19-3884
https://doi.org/10.3389/fimmu.2021.656364
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


Koh, M. Y., Lemos, R., Jr., Liu, X., and Powis, G. (2011). The hypoxia-associated
factor switches cells from HIF-1α- to HIF-2α-dependent signaling promoting stem
cell characteristics, aggressive tumor growth and invasion. Cancer Res. 71 (11),
4015–4027. doi:10.1158/0008-5472.CAN-10-4142

Konopacki, C., Pritykin, Y., Rubtsov, Y., Leslie, C. S., and Rudensky, A. Y. (2019).
Transcription factor Foxp1 regulates Foxp3 chromatin binding and coordinates
regulatory T cell function. Nat. Immunol. 20 (2), 232–242. doi:10.1038/s41590-018-
0291-z

Kouno, T., Moody, J., Kwon, A. T., Shibayama, Y., Kato, S., Huang, Y., et al.
(2019). C1 CAGE detects transcription start sites and enhancer activity at single-cell
resolution. Nat. Commun. 10 (1), 360. doi:10.1038/s41467-018-08126-5

Kuo, T. T., Baker, K., Yoshida, M., Qiao, S. W., Aveson, V. G., Lencer, W. I., et al.
(2010). Neonatal Fc receptor: from immunity to therapeutics. J. Clin. Immunol. 30
(6), 777–789. doi:10.1007/s10875-010-9468-4

LaGory, E. L., and Giaccia, A. J. (2016). The ever-expanding role of HIF in tumour
and stromal biology. Nat. Cell Biol. 18 (4), 356–365. doi:10.1038/ncb3330

Lai, S. C., Su, Y. T., Chi, C. C., Kuo, Y. C., Lee, K. F., Wu, Y. C., et al. (2019).
DNMT3b/OCT4 expression confers sorafenib resistance and poor prognosis of
hepatocellular carcinoma through IL-6/STAT3 regulation. J. Exp. Clin. Cancer Res.
38 (1), 474. doi:10.1186/s13046-019-1442-2

Lai, Y., Feng, B., Abudoureyimu, M., Zhi, Y., Zhou, H., Wang, T., et al. (2019).
Non-coding RNAs: Emerging regulators of sorafenib resistance in hepatocellular
carcinoma. Front. Oncol. 9, 1156. doi:10.3389/fonc.2019.01156

Le, Y., Gao, H., Bleday, R., and Zhu, Z. (2018). The homeobox protein VentX
reverts immune suppression in the tumor microenvironment. Nat. Commun. 9 (1),
2175. doi:10.1038/s41467-018-04567-0

Lee, D.W., Cho, E. J., Lee, J. H., Yu, S. J., Kim, Y. J., Yoon, J. H., et al. (2021). Phase
II study of avelumab in patients with advanced hepatocellular carcinoma previously
treated with sorafenib. Clin. Cancer Res. 27 (3), 713–718. doi:10.1158/1078-0432.
CCR-20-3094

Lee, P., Chandel, N. S., and Simon, M. C. (2020). Cellular adaptation to hypoxia
through hypoxia inducible factors and beyond. Nat. Rev. Mol. Cell Biol. 21 (5),
268–283. doi:10.1038/s41580-020-0227-y

Lee, Y. A., Noon, L. A., Akat, K. M., Ybanez, M. D., Lee, T. F., Berres, M. L., et al.
(2018). Autophagy is a gatekeeper of hepatic differentiation and carcinogenesis by
controlling the degradation of Yap. Nat. Commun. 9 (1), 4962. doi:10.1038/s41467-
018-07338-z

Li, B., Wei, S., Yang, L., Peng, X., Ma, Y., Wu, B., et al. (2021). CISD2 promotes
resistance to sorafenib-induced ferroptosis by regulating autophagy in
hepatocellular carcinoma. Front. Oncol. 11, 657723. doi:10.3389/fonc.2021.657723

Li, D., Sun, F. F., Wang, D., Wang, T., Peng, J. J., Feng, J. Q., et al. (2020).
Programmed death ligand-1 (PD-L1) regulated by NRF-2/MicroRNA-1 regulatory
Axis enhances drug resistance and promotes tumorigenic properties in sorafenib-
resistant hepatoma cells. Oncol. Res. 28 (5), 467–481. doi:10.3727/
096504020X15925659763817

Li, H., Li, X., Jing, X., Li, M., Ren, Y., Chen, J., et al. (2018). Hypoxia promotes
maintenance of the chondrogenic phenotype in rat growth plate chondrocytes
through the HIF-1α/YAP signaling pathway. Int. J. Mol. Med. 42 (6), 3181–3192.
doi:10.3892/ijmm.2018.3921

Li, S., Li, J., Dai, W., Zhang, Q., Feng, J., Wu, L., et al. (2017). Genistein suppresses
aerobic glycolysis and induces hepatocellular carcinoma cell death. Br. J. Cancer 117
(10), 1518–1528. doi:10.1038/bjc.2017.323

Li, W., Dong, X., He, C., Tan, G., Li, Z., Zhai, B., et al. (2019). LncRNA
SNHG1 contributes to sorafenib resistance by activating the Akt pathway and is
positively regulated by miR-21 in hepatocellular carcinoma cells. J. Exp. Clin.
Cancer Res. 38 (1), 183. doi:10.1186/s13046-019-1177-0

Li, Y., Chen, G., Han, Z., Cheng, H., Qiao, L., and Li, Y. (2020). IL-6/
STAT3 signaling contributes to sorafenib resistance in hepatocellular carcinoma
through targeting cancer stem cells. Onco. Targets. Ther. 13, 9721–9730. doi:10.
2147/OTT.S262089

Li, Y. W., Qiu, S. J., Fan, J., Zhou, J., Gao, Q., Xiao, Y. S., et al. (2011). Intratumoral
neutrophils: a poor prognostic factor for hepatocellular carcinoma following
resection. J. Hepatol. 54 (3), 497–505. doi:10.1016/j.jhep.2010.07.044

Liang, Y., Zheng, T., Song, R., Wang, J., Yin, D., Wang, L., et al. (2013). Hypoxia-
mediated sorafenib resistance can be overcome by EF24 through Von Hippel-
Lindau tumor suppressor-dependent HIF-1α inhibition in hepatocellular
carcinoma. Hepatology 57 (5), 1847–1857. doi:10.1002/hep.26224

Lin, H., Zhang, R., Wu, W., and Lei, L. (2020). Comprehensive network analysis
of the molecular mechanisms associated with sorafenib resistance in hepatocellular
carcinoma. Cancer Genet. 245, 27–34. doi:10.1016/j.cancergen.2020.04.076

Lin, T. H., Shao, Y. Y., Chan, S. Y., Huang, C. Y., Hsu, C. H., and Cheng, A. L.
(2015). High serum transforming growth factor-β1 levels predict outcome in

hepatocellular carcinoma patients treated with sorafenib. Clin. Cancer Res. 21
(16), 3678–3684. doi:10.1158/1078-0432.CCR-14-1954

Lin, Z., Niu, Y., Wan, A., Chen, D., Liang, H., Chen, X., et al. (2020). RNA m(6) A
methylation regulates sorafenib resistance in liver cancer through FOXO3-
mediated autophagy. EMBO J. 39 (12), e103181. doi:10.15252/embj.2019103181

Liu, F., Dong, X., Lv, H., Xiu, P., Li, T., Wang, F., et al. (2015). Targeting hypoxia-
inducible factor-2α enhances sorafenib antitumor activity via β-catenin/C-Myc-
dependent pathways in hepatocellular carcinoma. Oncol. Lett. 10 (2), 778–784.
doi:10.3892/ol.2015.3315

Liu, J., Li, P., Wang, L., Li, M., Ge, Z., Noordam, L., et al. (2021). Cancer-
associated fibroblasts provide a stromal niche for liver cancer organoids that confers
trophic effects and therapy resistance. Cell. Mol. Gastroenterol. Hepatol. 11 (2),
407–431. doi:10.1016/j.jcmgh.2020.09.003

Liu, J., Liu, Y., Meng, L., Liu, K., and Ji, B. (2017). Targeting the PD-L1/
DNMT1 axis in acquired resistance to sorafenib in human hepatocellular
carcinoma. Oncol. Rep. 38 (2), 899–907. doi:10.3892/or.2017.5722

Liu, R., Li, Y., Tian, L., Shi, H., Wang, J., Liang, Y., et al. (2019). Gankyrin
drives metabolic reprogramming to promote tumorigenesis, metastasis and
drug resistance through activating beta-catenin/c-Myc signaling in human
hepatocellular carcinoma. Cancer Lett. 443, 34–46. doi:10.1016/j.canlet.2018.
11.030

Liu, X. L., Li, F. Q., Liu, L. X., Li, B., and Zhou, Z. P. (2013). TNF-alpha, HGF and
macrophage in peritumoural liver tissue relate to major risk factors of HCC
Recurrence. Hepatogastroenterology. 60 (125), 1121–1126. doi:10.5754/hge12982

Liu, Y., Chen, L., Yuan, H., Guo, S., and Wu, G. (2020). LncRNA DANCR
promotes sorafenib resistance via activation of IL-6/STAT3 signaling in
hepatocellular carcinoma cells. Onco. Targets. Ther. 13, 1145–1157. doi:10.2147/
OTT.S229957

Liu, Y., Liu, A., Li, H., Li, C., and Lin, J. (2011). Celecoxib inhibits interleukin-6/
interleukin-6 receptor-induced JAK2/STAT3 phosphorylation in human
hepatocellular carcinoma cells. Cancer Prev. Res. 4 (8), 1296–1305. doi:10.1158/
1940-6207.CAPR-10-0317

Llovet, J. M., Ricci, S., Mazzaferro, V., Hilgard, P., Gane, E., Blanc, J. F., et al.
(2008). Sorafenib in advanced hepatocellular carcinoma. N. Engl. J. Med. 359 (4),
378–390. doi:10.1056/NEJMoa0708857

Long, Q., Zou, X., Song, Y., Duan, Z., and Liu, L. (2019). PFKFB3/HIF-1α
feedback loop modulates sorafenib resistance in hepatocellular carcinoma cells.
Biochem. Biophys. Res. Commun. 513 (3), 642–650. doi:10.1016/j.bbrc.2019.03.109

Lu, S., Yao, Y., Xu, G., Zhou, C., Zhang, Y., Sun, J., et al. (2018). CD24 regulates
sorafenib resistance via activating autophagy in hepatocellular carcinoma. Cell
Death Dis. 9 (6), 646. doi:10.1038/s41419-018-0681-z

Ma, L., Li, G., Zhu, H., Dong, X., Zhao, D., Jiang, X., et al. (2014). 2-
Methoxyestradiol synergizes with sorafenib to suppress hepatocellular carcinoma
by simultaneously dysregulating hypoxia-inducible factor-1 and -2. Cancer Lett. 355
(1), 96–105. doi:10.1016/j.canlet.2014.09.011

Ma, Y., Yang, W., Simon, T. G., Smith-Warner, S. A., Fung, T. T., Sui, J., et al.
(2019). Dietary patterns and risk of hepatocellular carcinoma among U.S. Men and
women. Hepatology 70 (2), 577–586. doi:10.1002/hep.30362

Mantovani, A., Schioppa, T., Porta, C., Allavena, P., and Sica, A. (2006). Role of
tumor-associated macrophages in tumor progression and invasion. Cancer
Metastasis Rev. 25 (3), 315–322. doi:10.1007/s10555-006-9001-7

Mao, X., Xu, J., Wang, W., Liang, C., Hua, J., Liu, J., et al. (2021). Crosstalk
between cancer-associated fibroblasts and immune cells in the tumor
microenvironment: new findings and future perspectives. Mol. Cancer 20 (1),
131. doi:10.1186/s12943-021-01428-1

Marshall, L. A., Marubayashi, S., Jorapur, A., Jacobson, S., Zibinsky, M., Robles,
O., et al. (2020). Tumors establish resistance to immunotherapy by regulating Treg
recruitment via CCR4. J. Immunother. Cancer 8 (2), e000764. doi:10.1136/jitc-2020-
000764

Massague, J. (2008). TGFbeta in cancer. Cell 134 (2), 215–230. doi:10.1016/j.cell.
2008.07.001

Matsuda, Y., Wakai, T., Kubota, M., Osawa, M., Hirose, Y., Sakata, J., et al. (2014).
Valproic acid overcomes transforming growth factor-beta-mediated sorafenib
resistance in hepatocellular carcinoma. Int. J. Clin. Exp. Pathol. 7 (4), 1299–1313.

Meads, M. B., Gatenby, R. A., and Dalton, W. S. (2009). Environment-mediated
drug resistance: a major contributor to minimal residual disease. Nat. Rev. Cancer 9
(9), 665–674. doi:10.1038/nrc2714

Mendez-Blanco, C., Fondevila, F., Fernandez-Palanca, P., Garcia-Palomo, A.,
Pelt, J. V., Verslype, C., et al. (2019). Stabilization of hypoxia-inducible factors and
BNIP3 promoter methylation contribute to acquired sorafenib resistance in human
hepatocarcinoma cells. Cancers (Basel) 11 (12), E1984. doi:10.3390/
cancers11121984

Frontiers in Pharmacology frontiersin.org16

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.1158/0008-5472.CAN-10-4142
https://doi.org/10.1038/s41590-018-0291-z
https://doi.org/10.1038/s41590-018-0291-z
https://doi.org/10.1038/s41467-018-08126-5
https://doi.org/10.1007/s10875-010-9468-4
https://doi.org/10.1038/ncb3330
https://doi.org/10.1186/s13046-019-1442-2
https://doi.org/10.3389/fonc.2019.01156
https://doi.org/10.1038/s41467-018-04567-0
https://doi.org/10.1158/1078-0432.CCR-20-3094
https://doi.org/10.1158/1078-0432.CCR-20-3094
https://doi.org/10.1038/s41580-020-0227-y
https://doi.org/10.1038/s41467-018-07338-z
https://doi.org/10.1038/s41467-018-07338-z
https://doi.org/10.3389/fonc.2021.657723
https://doi.org/10.3727/096504020X15925659763817
https://doi.org/10.3727/096504020X15925659763817
https://doi.org/10.3892/ijmm.2018.3921
https://doi.org/10.1038/bjc.2017.323
https://doi.org/10.1186/s13046-019-1177-0
https://doi.org/10.2147/OTT.S262089
https://doi.org/10.2147/OTT.S262089
https://doi.org/10.1016/j.jhep.2010.07.044
https://doi.org/10.1002/hep.26224
https://doi.org/10.1016/j.cancergen.2020.04.076
https://doi.org/10.1158/1078-0432.CCR-14-1954
https://doi.org/10.15252/embj.2019103181
https://doi.org/10.3892/ol.2015.3315
https://doi.org/10.1016/j.jcmgh.2020.09.003
https://doi.org/10.3892/or.2017.5722
https://doi.org/10.1016/j.canlet.2018.11.030
https://doi.org/10.1016/j.canlet.2018.11.030
https://doi.org/10.5754/hge12982
https://doi.org/10.2147/OTT.S229957
https://doi.org/10.2147/OTT.S229957
https://doi.org/10.1158/1940-6207.CAPR-10-0317
https://doi.org/10.1158/1940-6207.CAPR-10-0317
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1016/j.bbrc.2019.03.109
https://doi.org/10.1038/s41419-018-0681-z
https://doi.org/10.1016/j.canlet.2014.09.011
https://doi.org/10.1002/hep.30362
https://doi.org/10.1007/s10555-006-9001-7
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1136/jitc-2020-000764
https://doi.org/10.1136/jitc-2020-000764
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1016/j.cell.2008.07.001
https://doi.org/10.1038/nrc2714
https://doi.org/10.3390/cancers11121984
https://doi.org/10.3390/cancers11121984
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


Menrad, H., Werno, C., Schmid, T., Copanaki, E., Deller, T., Dehne, N., et al.
(2010). Roles of hypoxia-inducible factor-1alpha (HIF-1alpha) versus HIF-2alpha
in the survival of hepatocellular tumor spheroids. Hepatology 51 (6), 2183–2192.
doi:10.1002/hep.23597

Mo, Z., Liu, D., Rong, D., and Zhang, S. (2021). Hypoxic characteristic in the
immunosuppressive microenvironment of hepatocellular carcinoma. Front.
Immunol. 12, 611058. doi:10.3389/fimmu.2021.611058

Mondal, S., Roy, D., Sarkar Bhattacharya, S., Jin, L., Jung, D., Zhang, S., et al.
(2019). Therapeutic targeting of PFKFB3 with a novel glycolytic inhibitor
PFK158 promotes lipophagy and chemosensitivity in gynecologic cancers. Int.
J. Cancer 144 (1), 178–189. doi:10.1002/ijc.31868

Mulder, W. J. M., Ochando, J., Joosten, L. A. B., Fayad, Z. A., and Netea, M. G.
(2019). Therapeutic targeting of trained immunity. Nat. Rev. Drug Discov. 18 (7),
553–566. doi:10.1038/s41573-019-0025-4

Multhaupt, H. A., Leitinger, B., Gullberg, D., and Couchman, J. R. (2016).
Extracellular matrix component signaling in cancer. Adv. Drug Deliv. Rev. 97,
28–40. doi:10.1016/j.addr.2015.10.013

Negri, F., Gnetti, L., Pedrazzi, G., Silini, E. M., and Porta, C. (2021). Sorafenib and
hepatocellular carcinoma: is alpha-fetoprotein a biomarker predictive of tumor
biology and primary resistance? Future Oncol. 17 (27), 3579–3584. doi:10.2217/fon-
2021-0083

Ngo, M. T., Peng, S. W., Kuo, Y. C., Lin, C. Y., Wu, M. H., Chuang, C. H., et al.
(2021). A yes-associated protein (YAP) and insulin-like growth factor 1 receptor
(IGF-1R) signaling loop is involved in sorafenib resistance in hepatocellular
carcinoma. Cancers (Basel) 13 (15), 3812. doi:10.3390/cancers13153812

Nie, J., Lin, B., Zhou, M., Wu, L., and Zheng, T. (2018). Role of ferroptosis in
hepatocellular carcinoma. J. Cancer Res. Clin. Oncol. 144 (12), 2329–2337. doi:10.
1007/s00432-018-2740-3

Niskanen, H., Tuszynska, I., Zaborowski, R., Heinaniemi, M., Yla-Herttuala, S.,
Wilczynski, B., et al. (2018). Endothelial cell differentiation is encompassed by
changes in long range interactions between inactive chromatin regions. Nucleic
Acids Res. 46 (4), 1724–1740. doi:10.1093/nar/gkx1214

Niu, L., Liu, L., Yang, S., Ren, J., Lai, P. B. S., and Chen, G. G. (2017). New insights
into sorafenib resistance in hepatocellular carcinoma: Responsible mechanisms and
promising strategies. Biochim. Biophys. Acta. Rev. Cancer 1868 (2), 564–570. doi:10.
1016/j.bbcan.2017.10.002

Nowicki, T. S., Hu-Lieskovan, S., and Ribas, A. (2018). Mechanisms of resistance
to PD-1 and PD-L1 blockade. Cancer J. 24 (1), 47–53. doi:10.1097/PPO.
0000000000000303

Paraiso, K. H., and Smalley, K. S. (2013). Fibroblast-mediated drug resistance in
cancer. Biochem. Pharmacol. 85 (8), 1033–1041. doi:10.1016/j.bcp.2013.01.018

Pein, M., Insua-Rodriguez, J., Hongu, T., Riedel, A., Meier, J., Wiedmann, L., et al.
(2020). Metastasis-initiating cells induce and exploit a fibroblast niche to fuel
malignant colonization of the lungs. Nat. Commun. 11 (1), 1494. doi:10.1038/
s41467-020-15188-x

Peng, H., Xue, R., Ju, Z., Qiu, J., Wang, J., Yan, W., et al. (2020). Cancer-associated
fibroblasts enhance the chemoresistance of CD73(+) hepatocellular carcinoma
cancer cells via HGF-Met-ERK1/2 pathway. Ann. Transl. Med. 8 (14), 856.
doi:10.21037/atm-20-1038

Pinyol, R., Montal, R., Bassaganyas, L., Sia, D., Takayama, T., Chau, G. Y., et al.
(2019). Molecular predictors of prevention of recurrence in HCC with sorafenib as
adjuvant treatment and prognostic factors in the phase 3 STORM trial. Gut 68 (6),
1065–1075. doi:10.1136/gutjnl-2018-316408

Prieto-Dominguez, N., Mendez-Blanco, C., Carbajo-Pescador, S., Fondevila, F.,
Garcia-Palomo, A., Gonzalez-Gallego, J., et al. (2017). Melatonin enhances
sorafenib actions in human hepatocarcinoma cells by inhibiting mTORC1/
p70S6K/HIF-1α and hypoxia-mediated mitophagy. Oncotarget 8 (53),
91402–91414. doi:10.18632/oncotarget.20592

Prieto-Dominguez, N., Ordonez, R., Fernandez, A., Garcia-Palomo, A., Muntane,
J., Gonzalez-Gallego, J., et al. (2016). Modulation of autophagy by sorafenib: Effects
on treatment response. Front. Pharmacol. 7, 151. doi:10.3389/fphar.2016.00151

Qu, J., Luo, M., Zhang, J., Han, F., Hou, N., Pan, R., et al. (2021). A paradoxical
role for sestrin 2 protein in tumor suppression and tumorigenesis. Cancer Cell Int.
21 (1), 606. doi:10.1186/s12935-021-02317-9

Qu, Z., Wu, J., Wu, J., Luo, D., Jiang, C., and Ding, Y. (2016). Exosomes derived
fromHCC cells induce sorafenib resistance in hepatocellular carcinoma both in vivo
and in vitro. J. Exp. Clin. Cancer Res. 35 (1), 159. doi:10.1186/s13046-016-0430-z

Ren, Y., Gu, Y. K., Li, Z., Xu, G. Z., Zhang, Y. M., Dong, M. X., et al. (2020).
CXCR3 confers sorafenib resistance of HCC cells through regulating metabolic
alteration and AMPK pathway. Am. J. Transl. Res. 12 (3), 825–836.

Reya, T., Morrison, S. J., Clarke, M. F., and Weissman, I. L. (2001). Stem cells,
cancer, and cancer stem cells. Nature 414 (6859), 105–111. doi:10.1038/35102167

Richards, K. E., Zeleniak, A. E., Fishel, M. L., Wu, J., Littlepage, L. E., and
Hill, R. (2017). Cancer-associated fibroblast exosomes regulate survival and
proliferation of pancreatic cancer cells. Oncogene 36 (13), 1770–1778. doi:10.
1038/onc.2016.353

Riscal, R., Skuli, N., and Simon, M. C. (2019). Even cancer cells watch their
cholesterol. Mol. Cell 76 (2), 220–231. doi:10.1016/j.molcel.2019.09.008

Rodriguez-Mateo, C., Torres, B., Gutierrez, G., and Pintor-Toro, J. A. (2017).
Downregulation of Lnc-Spry1 mediates TGF-beta-induced epithelial-mesenchymal
transition by transcriptional and posttranscriptional regulatory mechanisms. Cell
Death Differ. 24 (5), 785–797. doi:10.1038/cdd.2017.9

Sadek, H., and Olson, E. N. (2020). Toward the goal of human heart regeneration.
Cell Stem Cell 26 (1), 7–16. doi:10.1016/j.stem.2019.12.004

Sawayama, H., Ogata, Y., Ishimoto, T., Mima, K., Hiyoshi, Y., Iwatsuki, M., et al.
(2019). Glucose transporter 1 regulates the proliferation and cisplatin sensitivity of
esophageal cancer. Cancer Sci. 110 (5), 1705–1714. doi:10.1111/cas.13995

Sharma, P., Hu-Lieskovan, S., Wargo, J. A., and Ribas, A. (2017). Primary,
adaptive, and acquired resistance to cancer immunotherapy. Cell 168 (4), 707–723.
doi:10.1016/j.cell.2017.01.017

Shen, M., Xu, Z., Xu, W., Jiang, K., Zhang, F., Ding, Q., et al. (2019). Inhibition of
ATM reverses EMT and decreases metastatic potential of cisplatin-resistant lung
cancer cells through JAK/STAT3/PD-L1 pathway. J. Exp. Clin. Cancer Res. 38 (1),
149. doi:10.1186/s13046-019-1161-8

Shi, L., Pan, H., Liu, Z., Xie, J., and Han, W. (2017). Roles of PFKFB3 in cancer.
Signal Transduct. Target. Ther. 2, 17044. doi:10.1038/sigtrans.2017.44

Shi, S., Yoon, D. Y., Hodge-Bell, K. C., Bebenek, I. G., Whitekus, M. J., Zhang, R.,
et al. (2009). The aryl hydrocarbon receptor nuclear translocator (Arnt) is required
for tumor initiation by benzo[a]pyrene. Carcinogenesis 30 (11), 1957–1961. doi:10.
1093/carcin/bgp201

Shih, J. W., Chiang, W. F., Wu, A. T. H., Wu, M. H., Wang, L. Y., Yu, Y. L., et al.
(2017). Long noncoding RNA LncHIFCAR/MIR31HG is a HIF-1α co-activator
driving oral cancer progression. Nat. Commun. 8, 15874. doi:10.1038/
ncomms15874

Shrestha, R., Bridle, K. R., Cao, L., Crawford, D. H. G., and Jayachandran, A.
(2021a). Dual targeting of sorafenib-resistant HCC-derived cancer stem cells. Curr.
Oncol. 28 (3), 2150–2172. doi:10.3390/curroncol28030200

Shrestha, R., Prithviraj, P., Bridle, K. R., Crawford, D. H. G., and Jayachandran, A.
(2021b). Combined inhibition of TGF-β1-induced EMT and PD-L1 silencing Re-
sensitizes hepatocellular carcinoma to sorafenib treatment. J. Clin. Med. 10 (9),
1889. doi:10.3390/jcm10091889

Snuderl, M., Batista, A., Kirkpatrick, N. D., Ruiz de Almodovar, C., Riedemann,
L., Walsh, E. C., et al. (2013). Targeting placental growth factor/neuropilin
1 pathway inhibits growth and spread of medulloblastoma. Cell 152 (5),
1065–1076. doi:10.1016/j.cell.2013.01.036

Song, J. S., Chang, C. C., Wu, C. H., Dinh, T. K., Jan, J. J., Huang, K. W., et al.
(2021). A highly selective and potent CXCR4 antagonist for hepatocellular
carcinoma treatment. Proc. Natl. Acad. Sci. U. S. A. 118 (13), e2015433118.
doi:10.1073/pnas.2015433118

Song, Z., Liu, T., Chen, J., Ge, C., Zhao, F., Zhu, M., et al. (2019). HIF-1α-
induced RIT1 promotes liver cancer growth and metastasis and its deficiency
increases sensitivity to sorafenib. Cancer Lett. 460, 96–107. doi:10.1016/j.
canlet.2019.06.016

Strauss, L., Guarneri, V., Gennari, A., and Sica, A. (2021). Implications of
metabolism-driven myeloid dysfunctions in cancer therapy. Cell. Mol. Immunol.
18 (4), 829–841. doi:10.1038/s41423-020-00556-w

Sun, L., Xi, S., Zhou, Z., Zhang, F., Hu, P., Cui, Y., et al. (2022). Elevated
expression of RIT1 hyperactivates RAS/MAPK signal and sensitizes hepatocellular
carcinoma to combined treatment with sorafenib and AKT inhibitor. Oncogene 41
(5), 732–744. doi:10.1038/s41388-021-02130-8

Sun, R., Meng, X., Pu, Y., Sun, F., Man, Z., Zhang, J., et al. (2019). Overexpression
of HIF-1a could partially protect K562 cells from 1, 4-benzoquinone induced
toxicity by inhibiting ROS, apoptosis and enhancing glycolysis. Toxicol. Vitro 55,
18–23. doi:10.1016/j.tiv.2018.11.005

Sun, T., Mao, W., Peng, H., Wang, Q., and Jiao, L. (2021). YAP promotes
sorafenib resistance in hepatocellular carcinoma by upregulating survivin. Cell.
Oncol. 44 (3), 689–699. doi:10.1007/s13402-021-00595-z

Sun, X., Niu, X., Chen, R., He, W., Chen, D., Kang, R., et al. (2016).
Metallothionein-1G facilitates sorafenib resistance through inhibition of
ferroptosis. Hepatology 64 (2), 488–500. doi:10.1002/hep.28574

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71 (3),
209–249. doi:10.3322/caac.21660

Frontiers in Pharmacology frontiersin.org17

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.1002/hep.23597
https://doi.org/10.3389/fimmu.2021.611058
https://doi.org/10.1002/ijc.31868
https://doi.org/10.1038/s41573-019-0025-4
https://doi.org/10.1016/j.addr.2015.10.013
https://doi.org/10.2217/fon-2021-0083
https://doi.org/10.2217/fon-2021-0083
https://doi.org/10.3390/cancers13153812
https://doi.org/10.1007/s00432-018-2740-3
https://doi.org/10.1007/s00432-018-2740-3
https://doi.org/10.1093/nar/gkx1214
https://doi.org/10.1016/j.bbcan.2017.10.002
https://doi.org/10.1016/j.bbcan.2017.10.002
https://doi.org/10.1097/PPO.0000000000000303
https://doi.org/10.1097/PPO.0000000000000303
https://doi.org/10.1016/j.bcp.2013.01.018
https://doi.org/10.1038/s41467-020-15188-x
https://doi.org/10.1038/s41467-020-15188-x
https://doi.org/10.21037/atm-20-1038
https://doi.org/10.1136/gutjnl-2018-316408
https://doi.org/10.18632/oncotarget.20592
https://doi.org/10.3389/fphar.2016.00151
https://doi.org/10.1186/s12935-021-02317-9
https://doi.org/10.1186/s13046-016-0430-z
https://doi.org/10.1038/35102167
https://doi.org/10.1038/onc.2016.353
https://doi.org/10.1038/onc.2016.353
https://doi.org/10.1016/j.molcel.2019.09.008
https://doi.org/10.1038/cdd.2017.9
https://doi.org/10.1016/j.stem.2019.12.004
https://doi.org/10.1111/cas.13995
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1186/s13046-019-1161-8
https://doi.org/10.1038/sigtrans.2017.44
https://doi.org/10.1093/carcin/bgp201
https://doi.org/10.1093/carcin/bgp201
https://doi.org/10.1038/ncomms15874
https://doi.org/10.1038/ncomms15874
https://doi.org/10.3390/curroncol28030200
https://doi.org/10.3390/jcm10091889
https://doi.org/10.1016/j.cell.2013.01.036
https://doi.org/10.1073/pnas.2015433118
https://doi.org/10.1016/j.canlet.2019.06.016
https://doi.org/10.1016/j.canlet.2019.06.016
https://doi.org/10.1038/s41423-020-00556-w
https://doi.org/10.1038/s41388-021-02130-8
https://doi.org/10.1016/j.tiv.2018.11.005
https://doi.org/10.1007/s13402-021-00595-z
https://doi.org/10.1002/hep.28574
https://doi.org/10.3322/caac.21660
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


Tan, W., Luo, X., Li, W., Zhong, J., Cao, J., Zhu, S., et al. (2019). TNF-alpha is a
potential therapeutic target to overcome sorafenib resistance in hepatocellular
carcinoma. EBioMedicine 40, 446–456. doi:10.1016/j.ebiom.2018.12.047

Tan, Z., Gao, L., Wang, Y., Yin, H., Xi, Y., Wu, X., et al. (2020). PRSS contributes
to cetuximab resistance in colorectal cancer. Sci. Adv. 6 (1), eaax5576. doi:10.1126/
sciadv.aax5576

Tang, J., Sui, C. J., Wang, D. F., Lu, X. Y., Luo, G. J., Zhao, Q., et al. (2020).
Targeted sequencing reveals the mutational landscape responsible for sorafenib
therapy in advanced hepatocellular carcinoma. Theranostics 10 (12), 5384–5397.
doi:10.7150/thno.41616

Tang, W., Chen, Z., Zhang, W., Cheng, Y., Zhang, B., Wu, F., et al. (2020). The
mechanisms of sorafenib resistance in hepatocellular carcinoma: theoretical basis
and therapeutic aspects. Signal Transduct. Target. Ther. 5 (1), 87. doi:10.1038/
s41392-020-0187-x

Theodoraki, M. N., Yerneni, S. S., Hoffmann, T. K., Gooding, W. E., and
Whiteside, T. L. (2018). Clinical significance of PD-L1(+) exosomes in plasma
of head and neck cancer patients. Clin. Cancer Res. 24 (4), 896–905. doi:10.1158/
1078-0432.CCR-17-2664

Tovar, V., Cornella, H., Moeini, A., Vidal, S., Hoshida, Y., Sia, D., et al.
(2017). Tumour initiating cells and IGF/FGF signalling contribute to sorafenib
resistance in hepatocellular carcinoma. Gut 66 (3), 530–540. doi:10.1136/
gutjnl-2015-309501

Tu, S., Huang, W., Huang, C., Luo, Z., and Yan, X. (2019). Contextual
regulation of TGF-beta signaling in liver cancer. Cells 8 (10), E1235. doi:10.
3390/cells8101235

Ungerleider, N., Han, C., Zhang, J., Yao, L., and Wu, T. (2017). TGFβ signaling
confers sorafenib resistance via induction of multiple RTKs in hepatocellular
carcinoma cells. Mol. Carcinog. 56 (4), 1302–1311. doi:10.1002/mc.22592

van Malenstein, H., Dekervel, J., Verslype, C., Van Cutsem, E., Windmolders, P.,
Nevens, F., et al. (2013). Long-term exposure to sorafenib of liver cancer cells
induces resistance with epithelial-to-mesenchymal transition, increased invasion
and risk of rebound growth. Cancer Lett. 329 (1), 74–83. doi:10.1016/j.canlet.2012.
10.021

Vanhove, K., Graulus, G. J., Mesotten, L., Thomeer, M., Derveaux, E., Noben, J. P.,
et al. (2019). The metabolic landscape of lung cancer: New insights in a disturbed
glucose metabolism. Front. Oncol. 9, 1215. doi:10.3389/fonc.2019.01215

Veglia, F., Perego, M., and Gabrilovich, D. (2018). Myeloid-derived suppressor
cells coming of age.Nat. Immunol. 19 (2), 108–119. doi:10.1038/s41590-017-0022-x

Veglia, F., Sanseviero, E., and Gabrilovich, D. I. (2021). Myeloid-derived
suppressor cells in the era of increasing myeloid cell diversity. Nat. Rev.
Immunol. 21 (8), 485–498. doi:10.1038/s41577-020-00490-y

Vela, M., Bueno, D., Gonzalez-Navarro, P., Brito, A., Fernandez, L., Escudero, A.,
et al. (2019). Anti-CXCR4 antibody combined with activated and expanded natural
killer cells for sarcoma immunotherapy. Front. Immunol. 10, 1814. doi:10.3389/
fimmu.2019.01814

Wang, G., Xu, J., Zhao, J., Yin, W., Liu, D., Chen, W., et al. (2020). Arf1-mediated
lipid metabolism sustains cancer cells and its ablation induces anti-tumor immune
responses in mice. Nat. Commun. 11 (1), 220. doi:10.1038/s41467-019-14046-9

Wang, M., Wang, Z., Zhi, X., Ding, W., Xiong, J., Tao, T., et al. (2020).
SOX9 enhances sorafenib resistance through upregulating ABCG2 expression in
hepatocellular carcinoma. Biomed. Pharmacother. 129, 110315. doi:10.1016/j.
biopha.2020.110315

Wang, Y., and Liu, A. (2020). Carbon-fluorine bond cleavage mediated by
metalloenzymes. Chem. Soc. Rev. 49 (14), 4906–4925. doi:10.1039/c9cs00740g

Wei, F., Zong, S., Zhou, J., Fan, M., Wang, Y., Cheng, X., et al. (2019). Tumor-
associated macrophages attenuate apoptosis-inducing effect of sorafenib in
hepatoma cells by increasing autophagy. Nan Fang. Yi Ke Da Xue Xue Bao 39
(3), 264–270. doi:10.12122/j.issn.1673-4254.2019.03.02

Wei, L., Wang, X., Lv, L., Liu, J., Xing, H., Song, Y., et al. (2019). The emerging role
of microRNAs and long noncoding RNAs in drug resistance of hepatocellular
carcinoma. Mol. Cancer 18 (1), 147. doi:10.1186/s12943-019-1086-z

Wei, X., Pu, J., Guo, Z., Li, T., Zhu, D., and Wu, Z. (2017). Tumor-associated
macrophages promote the proliferation and migration as well as invasion of
sorafenib-resistant hepatocellular carcinoma cells. Xi Bao Yu Fen Zi Mian Yi
Xue Za Zhi 33 (5), 617–622.

Wei, X., Tang, C., Lu, X., Liu, R., Zhou, M., He, D., et al. (2015). MiR-101 targets
DUSP1 to regulate the TGF-beta secretion in sorafenib inhibits macrophage-
induced growth of hepatocarcinoma. Oncotarget 6 (21), 18389–18405. doi:10.
18632/oncotarget.4089

Whiteside, T. L. (2018). FOXP3+ Treg as a therapeutic target for promoting anti-
tumor immunity. Expert Opin. Ther. Targets 22 (4), 353–363. doi:10.1080/
14728222.2018.1451514

Wu, F. Q., Fang, T., Yu, L. X., Lv, G. S., Lv, H. W., Liang, D., et al. (2016).
ADRB2 signaling promotes HCC progression and sorafenib resistance by inhibiting
autophagic degradation of HIF1α. J. Hepatol. 65 (2), 314–324. doi:10.1016/j.jhep.
2016.04.019

Wu, H., Chen, P., Liao, R., Li, Y. W., Yi, Y., Wang, J. X., et al. (2012).
Overexpression of galectin-1 is associated with poor prognosis in human
hepatocellular carcinoma following resection. J. Gastroenterol. Hepatol. 27 (8),
1312–1319. doi:10.1111/j.1440-1746.2012.07130.x

Wu, J., Chai, H., Li, F., Ren, Q., and Gu, Y. (2020). SETD1A augments sorafenib
primary resistance via activating YAP in hepatocellular carcinoma. Life Sci. 260,
118406. doi:10.1016/j.lfs.2020.118406

Wu, Q., Zhou, W., Yin, S., Zhou, Y., Chen, T., Qian, J., et al. (2019). Blocking
triggering receptor expressed on myeloid cells-1-positive tumor-associated
macrophages induced by hypoxia reverses immunosuppression and anti-
programmed cell death ligand 1 resistance in liver cancer. Hepatology 70 (1),
198–214. doi:10.1002/hep.30593

Wu, S., and Fu, L. (2018). Tyrosine kinase inhibitors enhanced the efficacy of
conventional chemotherapeutic agent in multidrug resistant cancer cells. Mol.
Cancer 17 (1), 25. doi:10.1186/s12943-018-0775-3

Wu, S., Saxena, S., Varney, M. L., and Singh, R. K. (2017). CXCR1/2 chemokine
network regulates melanoma resistance to chemotherapies mediated by NF-κB.
Curr. Mol. Med. 17 (6), 436–449. doi:10.2174/1566524018666171219100158

Xia, S., Pan, Y., Liang, Y., Xu, J., and Cai, X. (2020). The microenvironmental and
metabolic aspects of sorafenib resistance in hepatocellular carcinoma. EBioMedicine
51, 102610. doi:10.1016/j.ebiom.2019.102610

Xu, G. L., Ni, C. F., Liang, H. S., Xu, Y. H., Wang, W. S., Shen, J., et al. (2020).
Upregulation of PD-L1 expression promotes epithelial-to-mesenchymal transition
in sorafenib-resistant hepatocellular carcinoma cells. Gastroenterol. Rep. 8 (5),
390–398. doi:10.1093/gastro/goaa049

Xu, L. X., He, M. H., Dai, Z. H., Yu, J., Wang, J. G., Li, X. C., et al. (2019). Genomic
and transcriptional heterogeneity of multifocal hepatocellular carcinoma. Ann.
Oncol. 30 (6), 990–997. doi:10.1093/annonc/mdz103

Xu, R., Liu, X., Li, A., Song, L., Liang, J., Gao, J., et al. (2022). c-Met up-regulates
the expression of PD-L1 through MAPK/NF-κBp65 pathway. J. Mol. Med. 100 (4),
585–598. doi:10.1007/s00109-022-02179-2

Yang, W., Ma, Y., Liu, Y., Smith-Warner, S. A., Simon, T. G., Chong, D. Q., et al.
(2019). Association of intake of whole grains and dietary fiber with risk of
hepatocellular carcinoma in US adults. JAMA Oncol. 5 (6), 879–886. doi:10.
1001/jamaoncol.2018.7159

Yang, W. S., and Stockwell, B. R. (2016). Ferroptosis: Death by lipid peroxidation.
Trends Cell Biol. 26 (3), 165–176. doi:10.1016/j.tcb.2015.10.014

Yang, Y., Sun, M., Yao, W., Wang, F., Li, X., Wang, W., et al. (2020a). Compound
kushen injection relieves tumor-associated macrophage-mediated
immunosuppression through TNFR1 and sensitizes hepatocellular carcinoma to
sorafenib. J. Immunother. Cancer 8 (1), e000317. doi:10.1136/jitc-2019-000317

Yang, Y. M., Hong, P., Xu, W. W., He, Q. Y., and Li, B. (2020b). Advances in
targeted therapy for esophageal cancer. Signal Transduct. Target. Ther. 5 (1), 229.
doi:10.1038/s41392-020-00323-3

Yang, Z., Li, H., Wang, W., Zhang, J., Jia, S., Wang, J., et al. (2019). CCL2/
CCR2 Axis promotes the progression of salivary adenoid cystic carcinoma via
recruiting and reprogramming the tumor-associated macrophages. Front. Oncol. 9,
231. doi:10.3389/fonc.2019.00231

Yao, J., Man, S., Dong, H., Yang, L., Ma, L., and Gao, W. (2018). Combinatorial
treatment of Rhizoma Paridis saponins and sorafenib overcomes the intolerance of
sorafenib. J. Steroid Biochem. Mol. Biol. 183, 159–166. doi:10.1016/j.jsbmb.2018.
06.010

Yao, M., Ventura, P. B., Jiang, Y., Rodriguez, F. J., Wang, L., Perry, J. S. A., et al.
(2020). Astrocytic trans-differentiation completes a multicellular paracrine
feedback loop required for medulloblastoma tumor growth. Cell 180 (3),
502–520. doi:10.1016/j.cell.2019.12.024

Yao, W., Ba, Q., Li, X., Li, H., Zhang, S., Yuan, Y., et al. (2017). A natural
CCR2 antagonist relieves tumor-associated macrophage-mediated
immunosuppression to produce a therapeutic effect for liver cancer.
EBioMedicine 22, 58–67. doi:10.1016/j.ebiom.2017.07.014

Yeh, C. C., Hsu, C. H., Shao, Y. Y., Ho, W. C., Tsai, M. H., Feng, W. C., et al.
(2015). Integrated stable isotope labeling by amino acids in cell culture (SILAC) and
isobaric tags for relative and absolute quantitation (iTRAQ) quantitative proteomic
analysis identifies galectin-1 as a potential biomarker for predicting sorafenib
resistance in liver cancer. Mol. Cell. Proteomics 14 (6), 1527–1545. doi:10.1074/
mcp.M114.046417

You, A., Cao, M., Guo, Z., Zuo, B., Gao, J., Zhou, H., et al. (2016). Metformin
sensitizes sorafenib to inhibit postoperative recurrence and metastasis of

Frontiers in Pharmacology frontiersin.org18

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.1016/j.ebiom.2018.12.047
https://doi.org/10.1126/sciadv.aax5576
https://doi.org/10.1126/sciadv.aax5576
https://doi.org/10.7150/thno.41616
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1158/1078-0432.CCR-17-2664
https://doi.org/10.1158/1078-0432.CCR-17-2664
https://doi.org/10.1136/gutjnl-2015-309501
https://doi.org/10.1136/gutjnl-2015-309501
https://doi.org/10.3390/cells8101235
https://doi.org/10.3390/cells8101235
https://doi.org/10.1002/mc.22592
https://doi.org/10.1016/j.canlet.2012.10.021
https://doi.org/10.1016/j.canlet.2012.10.021
https://doi.org/10.3389/fonc.2019.01215
https://doi.org/10.1038/s41590-017-0022-x
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.3389/fimmu.2019.01814
https://doi.org/10.3389/fimmu.2019.01814
https://doi.org/10.1038/s41467-019-14046-9
https://doi.org/10.1016/j.biopha.2020.110315
https://doi.org/10.1016/j.biopha.2020.110315
https://doi.org/10.1039/c9cs00740g
https://doi.org/10.12122/j.issn.1673-4254.2019.03.02
https://doi.org/10.1186/s12943-019-1086-z
https://doi.org/10.18632/oncotarget.4089
https://doi.org/10.18632/oncotarget.4089
https://doi.org/10.1080/14728222.2018.1451514
https://doi.org/10.1080/14728222.2018.1451514
https://doi.org/10.1016/j.jhep.2016.04.019
https://doi.org/10.1016/j.jhep.2016.04.019
https://doi.org/10.1111/j.1440-1746.2012.07130.x
https://doi.org/10.1016/j.lfs.2020.118406
https://doi.org/10.1002/hep.30593
https://doi.org/10.1186/s12943-018-0775-3
https://doi.org/10.2174/1566524018666171219100158
https://doi.org/10.1016/j.ebiom.2019.102610
https://doi.org/10.1093/gastro/goaa049
https://doi.org/10.1093/annonc/mdz103
https://doi.org/10.1007/s00109-022-02179-2
https://doi.org/10.1001/jamaoncol.2018.7159
https://doi.org/10.1001/jamaoncol.2018.7159
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1136/jitc-2019-000317
https://doi.org/10.1038/s41392-020-00323-3
https://doi.org/10.3389/fonc.2019.00231
https://doi.org/10.1016/j.jsbmb.2018.06.010
https://doi.org/10.1016/j.jsbmb.2018.06.010
https://doi.org/10.1016/j.cell.2019.12.024
https://doi.org/10.1016/j.ebiom.2017.07.014
https://doi.org/10.1074/mcp.M114.046417
https://doi.org/10.1074/mcp.M114.046417
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052


hepatocellular carcinoma in orthotopic mouse models. J. Hematol. Oncol. 9, 20.
doi:10.1186/s13045-016-0253-6

Youssef, L. A., Rebbaa, A., Pampou, S., Weisberg, S. P., Stockwell, B. R., Hod, E.
A., et al. (2018). Increased erythrophagocytosis induces ferroptosis in red pulp
macrophages in a mouse model of transfusion. Blood 131 (23), 2581–2593. doi:10.
1182/blood-2017-12-822619

Yu, W., Yang, W., Zhao, M. Y., and Meng, X. L. (2020). Functional
metabolomics analysis elucidating the metabolic biomarker and key
pathway change associated with the chronic glomerulonephritis and
revealing action mechanism of rhein. Front. Pharmacol. 11, 554783. doi:10.
3389/fphar.2020.554783

Zha, Z., and Li, J. (2020). MicroRNA125a5p regulates liver cancer cell growth,
migration and invasion and EMT by targeting HAX1. Int. J. Mol. Med. 46 (5),
1849–1861. doi:10.3892/ijmm.2020.4729

Zhang, C., Gao, L., Cai, Y., Liu, H., Gao, D., Lai, J., et al. (2016). Inhibition of
tumor growth and metastasis by photoimmunotherapy targeting tumor-associated
macrophage in a sorafenib-resistant tumor model. Biomaterials 84, 1–12. doi:10.
1016/j.biomaterials.2016.01.027

Zhang, J., Zhao, X., Ma, X., Yuan, Z., and Hu, M. (2020). KCNQ1OT1 contributes
to sorafenib resistance and programmed deathligand1mediated immune escape via
sponging miR506 in hepatocellular carcinoma cells. Int. J. Mol. Med. 46 (5),
1794–1804. doi:10.3892/ijmm.2020.4710

Zhang, P. F., Li, K. S., Shen, Y. H., Gao, P. T., Dong, Z. R., Cai, J. B., et al. (2016).
Galectin-1 induces hepatocellular carcinoma EMT and sorafenib resistance by
activating FAK/PI3K/AKT signaling. Cell Death Dis. 7, e2201. doi:10.1038/cddis.
2015.324

Zhang, P. F., Wang, F., Wu, J., Wu, Y., Huang, W., Liu, D., et al. (2019). LncRNA
SNHG3 induces EMT and sorafenib resistance by modulating the miR-128/
CD151 pathway in hepatocellular carcinoma. J. Cell. Physiol. 234 (3),
2788–2794. doi:10.1002/jcp.27095

Zhang, T., Jia, Y., Yu, Y., Zhang, B., Xu, F., and Guo, H. (2022). Targeting the
tumor biophysical microenvironment to reduce resistance to immunotherapy. Adv.
Drug Deliv. Rev. 186, 114319. doi:10.1016/j.addr.2022.114319

Zhang, X., Zhou, H., Jing, W., Luo, P., Qiu, S., Liu, X., et al. (2018). The circular
RNA hsa_circ_0001445 regulates the proliferation and migration of hepatocellular
carcinoma and may serve as a diagnostic biomarker. Dis. Markers 2018, 3073467.
doi:10.1155/2018/3073467

Zhang, Z., Zhu, Y., Xu, D., Li, T. E., Li, J. H., Xiao, Z. T., et al. (2021). IFN-alpha
facilitates the effect of sorafenib via shifting the M2-like polarization of TAM in
hepatocellular carcinoma. Am. J. Transl. Res. 13 (1), 301–313.

Zhao, D., Zhai, B., He, C., Tan, G., Jiang, X., Pan, S., et al. (2014). Upregulation of
HIF-2α induced by sorafenib contributes to the resistance by activating the TGF-α/
EGFR pathway in hepatocellular carcinoma cells. Cell. Signal. 26 (5), 1030–1039.
doi:10.1016/j.cellsig.2014.01.026

Zheng, N., Liu, W., Li, B., Nie, H., Liu, J., Cheng, Y., et al. (2019). Co-delivery of
sorafenib and metapristone encapsulated by CXCR4-targeted PLGA-PEG
nanoparticles overcomes hepatocellular carcinoma resistance to sorafenib.
J. Exp. Clin. Cancer Res. 38 (1), 232. doi:10.1186/s13046-019-1216-x

Zhou, S. L., Zhou, Z. J., Hu, Z. Q., Huang, X. W., Wang, Z., Chen, E. B., et al.
(2016). Tumor-associated neutrophils recruit macrophages and T-regulatory
cells to promote progression of hepatocellular carcinoma and resistance to
sorafenib. Gastroenterology 150 (7), 1646–1658. doi:10.1053/j.gastro.2016.
02.040

Zhu, M., Yin, F., Fan, X., Jing, W., Chen, R., Liu, L., et al. (2015). Decreased
TIP30 promotes Snail-mediated epithelial-mesenchymal transition and tumor-
initiating properties in hepatocellular carcinoma. Oncogene 34 (11), 1420–1431.
doi:10.1038/onc.2014.73

Zhu, W., Doubleday, P. F., Catlin, D. S., Weerawarna, P. M., Butrin, A., Shen, S.,
et al. (2020). A remarkable difference that one fluorine atom confers on the
mechanisms of inactivation of human ornithine aminotransferase by two
cyclohexene analogues of gamma-aminobutyric acid. J. Am. Chem. Soc. 142
(10), 4892–4903. doi:10.1021/jacs.0c00193

Zhu, X., Zhang, Y., Wu, Y., Diao, W., Deng, G., Li, Q., et al. (2022).
HMOX1 attenuates the sensitivity of hepatocellular carcinoma cells to sorafenib
via modulating the expression of ABC transporters. Int. J. Genomics 2022, 9451557.
doi:10.1155/2022/9451557

Zhu, Z., Zhu, X., Yang, S., Guo, Z., Li, K., Ren, C., et al. (2020). Yin-yang effect of
tumour cells in breast cancer: from mechanism of crosstalk between tumour-
associated macrophages and cancer-associated adipocytes. Am. J. Cancer Res. 10
(2), 383–392.

Zou, D., Han, W., You, S., Ye, D., Wang, L., Wang, S., et al. (2011). In vitro
study of enhanced osteogenesis induced by HIF-1α-transduced bone
marrow stem cells. Cell Prolif. 44 (3), 234–243. doi:10.1111/j.1365-2184.
2011.00747.x

Frontiers in Pharmacology frontiersin.org19

Tian et al. 10.3389/fphar.2022.991052

https://doi.org/10.1186/s13045-016-0253-6
https://doi.org/10.1182/blood-2017-12-822619
https://doi.org/10.1182/blood-2017-12-822619
https://doi.org/10.3389/fphar.2020.554783
https://doi.org/10.3389/fphar.2020.554783
https://doi.org/10.3892/ijmm.2020.4729
https://doi.org/10.1016/j.biomaterials.2016.01.027
https://doi.org/10.1016/j.biomaterials.2016.01.027
https://doi.org/10.3892/ijmm.2020.4710
https://doi.org/10.1038/cddis.2015.324
https://doi.org/10.1038/cddis.2015.324
https://doi.org/10.1002/jcp.27095
https://doi.org/10.1016/j.addr.2022.114319
https://doi.org/10.1155/2018/3073467
https://doi.org/10.1016/j.cellsig.2014.01.026
https://doi.org/10.1186/s13046-019-1216-x
https://doi.org/10.1053/j.gastro.2016.02.040
https://doi.org/10.1053/j.gastro.2016.02.040
https://doi.org/10.1038/onc.2014.73
https://doi.org/10.1021/jacs.0c00193
https://doi.org/10.1155/2022/9451557
https://doi.org/10.1111/j.1365-2184.2011.00747.x
https://doi.org/10.1111/j.1365-2184.2011.00747.x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.991052

	Link of sorafenib resistance with the tumor microenvironment in hepatocellular carcinoma: Mechanistic insights
	1 Introduction
	2 Sorafenib resistance
	2.1 Primary resistance
	2.2 Acquired resistance

	3 Tumor microenvironment
	4 Relationships between sorafenib resistance and tumor microenvironment
	4.1 Hypoxia
	4.1.1 HIF-1α
	4.1.2 HIF-2a

	4.2 Tumor-associated immune-suppressive cells
	4.2.1 Tumor-associated macrophages
	4.2.2 Cancer-associated fibroblasts
	4.2.3 Tumor-associated neutrophils
	4.2.4 Myeloid-derived suppressor cells
	4.2.5 Regulatory T cells

	4.3 Immunosuppressive factors
	4.3.1 PD-L1
	4.3.2 TGF-β
	4.3.3 TNF-α
	4.3.4 IL-6
	4.3.5 Chemokines


	5 Conclusions and perspectives
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


