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Abstract: Liver cancer is one of the dominant causes of cancer-related mortality, and the survival
rate of liver cancer is among the lowest for all cancers. Immunotherapy for hepatocellular carcinoma
(HCC) has yielded some encouraging results, but the percentage of patients responding to single-agent
therapies remains low. Therefore, potential directions for improved immunotherapies include identifying
new immune targets and checkpoints and customizing treatment procedures for individual patients.
The development of combination therapies for HCC is also crucial and urgent and, thus, further
studies are required. Mice have been utilized in immunotherapy research due to several advantages,
for example, being low in cost, having high success rates for inducing tumor growth, and so on.
Moreover, immune-competent mice are used in immunotherapy research to clarify the role that the
immune system plays in cancer growth. In this review paper, the advantages and disadvantages of
mouse models for immunotherapy, the equipment that are used for monitoring HCC, and the cell
strains used for inducing HCC are reviewed.
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1. Introduction

Liver cancer is one of the dominant causes of cancer-related mortality, and the survival rate of
liver cancer is among the lowest for all cancers [1]. In 2012, the highest incidences of liver cancer were
reported in East Asia and Southeastern Asia [2], and liver cancer is predicted to be the third most
lethal cancer by 2023 [3]. Hepatitis virus infection, excessive alcohol, aflatoxin B1 exposure, diabetes,
and obesity are the main risk factors correlated with the development of hepatocellular carcinoma
(HCC). The occurrence of HCC is generally initiated by necroinflammation that subsequently leads
to fibrosis, then cirrhosis, and ultimately to HCC [4]. Developing innovative HCC therapies has
been difficult due to the high intrinsic resistance of HCC, damaged functional reserves, and unclear
HCC driver genes [5]. As such, the current advanced HCC treatments only slightly increase patient
survival [6]. At the same time, immunotherapy has yielded some encouraging results suggesting that
new, more effective drugs may soon be developed for this difficult to treat cancer [7].

Sorafenib was first approved by the U.S. Food and Drug Administration (FDA) as a multikinase
inhibitor for advanced HCC treatment and was reported to be capable of improving patients’ overall
survival in comparison to placebo as a first-line treatment. Nevertheless, sorafenib resistance and side
effects are commonly observed. Regorafenib, cabozantinib, ramucirumab, nivolumab, and lenvatinib
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have also presented positive outcomes in clinical trials, and regorafenib, nivolumab, and ramucirumab
are currently suggested as second-line therapy options, whereas lenvatinib has potential as a first-line
treatment [8–10]. The agents mentioned above inhibit vascular endothelial growth factor (VEGF),
but their clinical benefits thus far remain limited [5,11]. Thus, the identification of new immune targets
and checkpoints and the customization of treatment procedures for individual patients are among the
prospective trends for future advances in immunotherapy [12]. Immune checkpoint inhibitors have
demonstrated encouraging therapeutic results in immunotherapy. However, only a small fraction of
patients has responded to single-agent therapies. Thus, further research leading to new combination
therapies, the development of additional immunotherapeutic drugs, and the improvement of clinical
trial success rates is urgently needed [13,14].

Mice are low in cost, have a short reproductive cycle and high tumor growth rate, and are
susceptible to genetic manipulation. Inbred strains of mice have been created that allow autologous
tumor transplantation from another same strain mice or from the cell line derived from the same
strain mice. Those benefits make mouse models a good approach to improve HCC therapy. However,
the translatability of discoveries in mouse research to human clinical trials is commonly questioned
given the high failure rate observed in human clinical trials subsequent to promising results in mouse
studies. Being capable of simulating the microenvironment of human cancer growth genetically,
physiologically, and anatomically is vital for the mouse models used for HCC immunotherapy
research [15]. Relatedly, immune-competent mice are utilized by immunologists in order to thoroughly
understand the function of the immune system in cancer growth [16]. Orthotopic-, diethylnitrosamine,
hepatitis B and C virus -induced mouse models are exclusive HCC mouse models.

Herein, we aim to review different applicable mouse models for immunotherapy (Figure 1), their
pros and cons (Table 1), details regarding the cell strains for inducing HCC growth (Table 2), and the
equipment that are extensively used for monitoring tumor growth (Figure 2).
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Table 1. The advantages and disadvantages of murine models for immunotherapy studies of hepatocellular carcinoma (HCC).

Mouse Model Advantages Disadvantages Reference

Syngeneic

• Not artificial • Lack of diverse cancer cell line and heterogeneity

[15,17–22]

• Easy to utilize • Mostly chemical induced cancer cell line

• Rapid tumor development
• Tumor does not develop from normal cells or develop in a natural

microenvironment

• Reproducible • Mouse and human immune systems have vital differences
• Low in cost • Might cause a vaccination effect

• Tumor can be accurately monitored without difficulty

•

• Human HCC cannot be completely recapitulated by mouse
cancer cells in terms of the complexity, histology, and natural
carcinogenesis characteristics

• Non-immunogenic • Short experimental window

Chemotoxic agent

• Easy to work with • Tumor formation is not initiated by chronic inflammation

[18–21,23]

• Sporadic cancer development
• Higher heterogeneity • Difficult to monitor a tumor

• Tumors generally progress in a natural microenvironment and develop
from normal cells • Variability in the time for tumor progression

• Available to incorporate with other approaches for tumor induction
• Larger sample sizes are needed for data interpretation due to the

high heterogeneity

GEMM

• Encompasses natural tumor microenvironments • Longer latency and time for tumor development

[15,17–22]

• The genetic and histopathological aspects of all stages of cancer can
be recapitulated • Difficult to monitor a tumor

• Low immunogenicity
• Costly and challenging for breeding and gene manipulation

• Tumors develop from normal cells • Homogeneous in the genomic aspect

Humanized

CD34+ • Immediately available for experiment • 4–8 weeks of experimental window [15,21,24,25]
• The complex human immune system and human HCC can be recapitulated • Difficult to set up

PBL
• The entire complex human immune system can be established • 10-12 weeks are required for HSC engraftment

[15,21,24,25]• Difficult to set up
• Human HCC can be recapitulated • High in cost
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Table 2. Mouse models used for immunotherapy in HCC. (CA, chemotoxic agent mouse model; SG, syngeneic mouse model; GEMM, genetically engineered mouse
model; HMM, humanized mouse model; DEN, diethylnitrosamine).

Model Growth Site Mice Background Inducer Dose Tumor Harvest References

CA Orthotopic C57BL/6 DEN 10~35 mg/kg/once 8~12 months [23,26–28]
DEN+ thioacetamide 20 mg/kg/weekly 2 months [29]

DEN+ carbon tetrachloride 8 mL/kg/twice a week 6 months [30]
BALB/c Tamoxifen 1 mg/mice/once 4~5 months [31]

SG Orthotopic C3H; C57BL/6 HCA-1; RIL-175 1 × 106; 1 × 105 No data; 3 weeks [32,33]
BALB/c; C57BL/6 Hepa1 -6; BNL-1MEA 2 × 106 1 week [26,32,34]

Subcutaneous C57BL/6 RIL-175 1 × 106 150 mm3 [33]
BALB/c BNL-1MEA 1 × 106 200 mm3 [33]

GEMM Orthotopic C57BL/6 Alb-cre Pten 9 months [26]
Alb-cre Shp2 2 months [35]

Akt1−/−,Akt2 −/− 5~6 months [23]
Alb-IKKβ 20 months [36]
Alb-HBV 28 weeks [37]

BALB/c Alb-floxStop-SV40 7(20) weeks [31]
C57BL/6 P14 [38]

HMM Subcutaneous NSG Patient-derived tumor 8~10 weeks [39]
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Figure 1. Murine models for immunotherapy studies of HCC. (A) Syngeneic mouse models: Mouse
tumor cells are implanted in immune-competent mice. (B) Chemotoxic agent mouse models: Chemicals
are administered to induce HCC growth. (C) Genetically engineered mouse models: Tumor suppressor
gene deletion or oncogene activation is built into mice. (D) Human cell line and patient-derived
xenograft in humanized mouse models: Human peripheral blood mononuclear cells (PBMC) or
human CD34+ cells are given to immunodeficient mice. (PDX, patient-derived xenografts; Hu-PBL,
PBMC-humanized mouse model; HSC, hematopoietic stem cells).
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Figure 2. Equipment or methods used for in vivo tumor monitoring. Micro-PET, Micro-CT, MRI,
ultrasound, and bioluminescence are the commonly used methods for monitoring tumors non-invasively.
Besides the imaging of tumors and surrounding tissues that they can provide, based on their imaging
mechanism, other parameters can be provided to determine the status of a tumor. For example, the blood
flow and the hypoxic regions can be used to identify the degree of angiogenesis in a tumor. Biopsy
(and liquid biopsy) are also methods used for monitoring tumors, with analysis of the cells (tumor or
immune cells), proteins, DNA, or any detectable tumor-related marker being used to understand or
predict the tumor condition.

2. Syngeneic Mouse Models

Syngeneic mouse models, also known as allograft mouse tumor systems, are mouse models that
utilize immune-competent mice as the recipient mice for the implantation of mouse tumor cells. Tumor
cells can be injected orthotopically or ectopically. Orthotopic mouse models provide more precise
tumor microenvironments, whereas subcutaneous mouse models allow for the easy monitoring of and
operations on tumors. For HCC induction, tumor cells are injected in the liver for orthotopic models,
while ectopic models most commonly receive subcutaneous injections in the flanks [26] (see Table 2).

The benefits of syngeneic mouse models include their fast tumor growth, reproducibility, low cost,
ease of tumor progression monitoring, and comparative ease of utilization. A statistically meaningful
number of syngeneic mice needed for an experiment can be produced within a short period of
time. Thus, syngeneic mouse models are commonly used in survival analysis, observational studies,
and experiments that require a large sample size [40]. Another advantage of using syngeneic tumor
models is that the tumor cell lines can be generated to express or not express specific biomarkers by
vector transferring, which is important for immunotherapy studies in terms of identifying therapy
targets and predictive and prognostic factors [34]. However, the complexity and heterogeneity of
human HCC might not be completely replicated in such models, and a vaccination effect might be
caused due to the existence of dead cancer cells after injection. Other drawbacks are that the tumors
develop rapidly rather than growing in a natural setting with chronic inflammation and that the
tumors do not develop from natural cells [41]. Moreover, the available selection of mouse cancer cell
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lines is comparably less diverse than that of human cancer cell lines, and many of the mouse cancer
cells were triggered by chemicals [17,42]. In addition, since the time for tumor progression is fast,
the experimental window is short [18–22]. At the same time, since important differences between
mouse and human immune systems exist in the signaling pathways in T cells, receptor expression
in immune cells, and antigen processing and presentation machinery [17,43], various improvements
have been made to mouse models to increase their heterogeneity and better reflect human cancer
microenvironments. For example, Reiberger et al. [32] utilized tetrachloride for liver cirrhosis induction
in an orthotopic mouse model.

C57BL/6J is the colony maintained in the Jackson Laboratory, and C57BL/6N substrain was
established in the National Institutes of Health. Many phenotypic differences between C57BL/6J
and C57BL/6N substrains have been reported [44]. The wildly used and established HCC cell line,
Hepa 1-6, is derived from C57BL/6J mice. Hence, if Hepa 1-6 cell line is transplanted into any mice
strain besides C57BL/6J, it cannot be called as a syngeneic mouse model. By utilizing syngeneic
mouse models, Chen et al. [45] revealed the improvement of anti-programmed death receptor-1 (PD-1)
immunotherapy by CXCR4 inhibition in a sorafenib-treated C3H orthotopic model; Lu et al. [46]
demonstrated that exosomes, derived from dendritic cells, can function as a vaccine to promote tumor
regression in a C57BL/6 orthotopic model; Li et al. [40] showed that RIP3 deficiency in the liver drives
myeloid-derived suppressor cell (MDSC) recruitment in a C57BL/6 orthotopic model; and Ou et al. [47]
found that lenalidomide combined with sorafenib demonstrates potential synergistic anti-tumor effects
in a BALB/c orthotopic model. In still other studies, Yu et al. [33] reported that MDSC levels were
increased in response to cytokine-induced killer cell therapy, a therapy performed by administering
a mixture of immune cells to eliminate cancer cells, while Ou et al. [34] reported that PD-L1 can be
expressed in an orthotopic model to clarify the role of PD-L1 in various immunotherapies.

3. Chemotoxic Agent Mouse Models

The chemicals applied to encourage tumor growth in mouse models of HCC are considered
carcinogens [48]. Direct DNA damage or the promotion of preneoplastic cell growth after hepatotoxic
compound initiation are the two mechanisms for tumor formation after carcinogen induction.
Diethylnitrosamine (N-nitrosodiethylamine, DEN) is a chemotoxic agent that causes DNA damage
through the alkylation of DNA or oxidative stress promotion [21,49–51]. The liver is mainly targeted
by DEN due to its activation by cytochrome P450, an enzyme highly active in the liver. DEN is also
able to increase the production of IL-6 in Kupffer cells. The IL-6 trans-signaling in turn promotes
angiogenesis and oncogenesis by enhancing tumor proliferation through β-catenin promotion and
suppressing apoptosis via p53 inhibition [52,53]. Besides DEN, peroxisome proliferators, aflatoxin
B1, CCl4, choline deficient diets, and thioacetamide also promote carcinogenicity [26]. Furthermore,
Schietinger et al. [31] reported that tamoxifen induced HCC after about 5 months in BALB/c mouse.

Besides the age, strain, and sex of the mice, the time at which tumor formation is induced by DEN
is also associated with the size of the dose administered [54,55]. The gender difference is caused by
the inhibition of IL-6 production in Kupffer cells mediated by estrogen [53], and the age difference is
due to the high hepatocyte proliferation rate in younger mice [52]. C57BL/6 male mice with an age
of 12–15 days are frequently subjected to 25 mg/kg doses of DEN via intraperitoneal injection since
cytochrome P450 levels in mice decrease after the 15th day of life. Subsequent analyses, meanwhile, are
generally conducted at around 8 months after injection (Table 2). However, human HCC is generally
identified in adults, and utilizing adult mice requires an additional tumor-promoting agent and takes
around 6–9 months to induce HCC. Combining DEN with other carcinogens can also speed up the
tumor formation [29]. The combination of DEN, carbon tetrachloride (CCl4), and alcohol, for example,
has caused adult mice older than 21 days to develop HCC within five months.

Chemical-induced models are easy to work with, and the tumors formed after carcinogen induction
can better reflect sporadic cancers in humans [19,50]. The HCC developed after DEN treatment in mice
has been shown to be similar to human HCC with a poor prognosis in terms of the gene expression [30].
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Therefore, DEN-induced models are often utilized in gene profile analysis [46]. However, unlike
typical human HCC initiated by chronic inflammation, HCC in mice treated with DEN is induced by
serious DNA damage [30].

DEN mouse models have been widely utilized for various research purposes. For example,
Lee et al. [23] reported that pIC acts as an inhibitor of HCC initiation through NK cell activation,
reprogramming M1 and M2 macrophages in DEN-treated mice. In the immunonutritional field,
Laparra et al. [29] reported that serine-type protease inhibitors have the ability to modulate innate
immunity and decrease HCC aggressiveness and progression in DEN-treated mice. With regard
to new reagent design, Li et al. [56] reported that nanoliposome C6-ceramide, a form of ceramide,
increases the anti-tumor immune response in a DEN-induced HCC mouse model. The effects of
specific genes on tumor progression can be revealed by giving DEN to mice with gene knockouts or
knock-ins. Wang et al. [28] reported that the inactivation of both Akt1 and Akt2 induced rapid HCC
formation in a DEN-induced model, and Li et al. [40] reported that the paucity of RIP3 encourages
MDSC recruitment within liver tumors by the CXCL1-CXCR2 axis. Another research direction consists
of seeking to understand the relationships among cell population dynamic changes within oncogenesis
after DEN injection. Shen et al. [57] reported the role of TGF-β in the induction of Treg cell polarization
in DEN-induced HCC, and Finkin et al. [36] reported that DNA damage might play a role in the
formation of ectopic lymphoid-like structures. Meanwhile, Suk et al. [27] presented the opposing roles
of liver fibrosis regulation played by cannabinoid receptors 1 and 2 in hepatocarcinogenesis.

4. Genetically Engineered Mouse Models (GEMMs)

Using transgenic technology, GEMMs are built with tumor suppressor gene deletion or oncogene
activation, and tumor development is thus induced. Longer tumor development times are required
with GEMMs; however, all the stages of cancers can be recapitulated in terms of their genetic and
histopathological aspects. Mice with single or multiple gene inactivation and hepatitis B virus (HBV)
and hepatitis C virus (HCV) genome activation have previously been reported as the GEMMs used
for HCC research [18,19,21]. The over-expression of oncogenes including Myc protein and β-catenin
with H-ras genes raises the chance of HCC induction, while the over-expression of growth factors,
e.g., transforming growth factor-α, epidermal growth factor, fibroblast growth factor 19, and simian
vacuolating virus 40, can also cause tumor development. Mice lacking alpha-1 antitrypsin, phosphatase
and tensin homolog, and glycine N-methyltransferase, or overly expressing platelet-derived growth
factor and transforming growth factor-beta, also develop HCC [26].

While GEMMs encompass the gene alterations participating in various pathways that are crucial
for cancer metastasis or development, the tumors in GEMMs are generally homogenous and do not
represent the tumor heterogeneity seen in humans. However, various tumor microenvironments
are effectively incorporated in GEMMs. For example, hepatic necrosis, inflammatory infiltration,
and periportal fibrosis, stages of liver injury similar to those in humans, are demonstrated in mice
with hepatocyte-specific ablation of Shp2 [35]. With albumin-CRE systems, tumor suppressor genes or
liver-specific oncogenes of interest can be studied [23,28]. Another commonly used system in inducing
HCC is tetracycline-controlled system, a tetracycline-controlled transactivator protein (tTA), driven by
the liver-enriched activator protein promoter. tTA expresses in liver only, and a tetracycline-responsive
promoter element (TerR) can turn the target gene on or off. In this case, Lai et al. [58] showed a
spontaneous HCC mice model that expressed oncogenes, Myc. Chung et al. [59] utilized hydrodynamic
transfection to develop a GEMM for mimicking human HCC. The cMyc expression, as well as p53
downregulation resulting from the expression of short hairpin RNA, were observed. In addition, carbon
tetrachloride was administered to cause liver fibrosis, a feature generally not shown in other current
GEMMs. Liu et al. [60] demonstrated that by delivering naked DNA via hydrodynamic injection into
liver cells, HCC can be induced in a mouse model. Based on a transposon system, it is possible to use
this model to test the different oncogene functions in several conditions. This transfection makes HCC
express bioluminescence and a tumor-specific antigen, and it is convenient for monitoring tumor-specific T
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cell statuses or metastasis. Also, this model will form diffuse or nodular liver tumors. This might suggest
the mechanism of a different type of tumor formation. Multidrug resistance 2 gene (Mdr2)-knockout
(Mdr2-KO) mouse model is a well characterized model of chronic liver inflammation, caused by
the lack of phospholipids in the bile. The increased biliary concentration of non-micellar-bound
free bile acids leads to the damage of the tight junctions of biliary epithelium with the basement
membrane. The damage will further cause bile leakage to the portal tract and induce inflammation
and fibrosis that eventually followed by HCC [61,62]. The model is a good strategy to induce chronic
inflammation-fibrosis-HCC. Barashi et al. [63] and Potikha et al. [64] showed that double knockout mice
can identify the important molecules that participated in inflammation-fibrosis-induced hepatocellular
carcinoma. Spontaneous metastasis in GEMMs would immensely benefit the field of GEMMs [22].
The current GEMMs have mostly failed to completely mimic the interactions between T cells and
tumor antigens [19]. Studies have reported that T cells are unsuccessful at responding to de novo
tumors due to tumor-induced T-cell tolerance [65–67]. Viral oncogenes playing the role of oncogenic
drivers and tumor-specific antigens can be used in studies aimed at improving the understanding of
antigen or effector cells [31]. In one study, a constitutively active IKKβ mouse model was reported to
form HCC [36]. It has also been demonstrated that a HBV antigen vaccination combined with immune
checkpoint blockade induced HCC in HBV antigen transgene mice, which created a suitable approach
for studying immunotherapy in HBV-induced HCC mouse models [37].

Besides being utilized for tumor formation, GEMMs can also serve as models for understanding
the interactions between tumor antigens and CD8 T cells. For example, Li et al. [68] reported the
mechanism of CD8 T cell exhaustion driven by B7 superfamily member 1, and Goel et al. [38] showed
that CDK4/6 inhibitors induce tumor regression and increase antigen expression by T cell receptor
modified mouse models.

HBV or HCV infection is one of the unique approaches used to induce HCC that cannot be used
to induce most other cancers. HBV and HCV are two viruses associated with the development of
HCC [69]. It is possible to create a GEMM model through viral product expression in liver cells to
simulate a viral infection in the liver, such as through the expression of the surface antigen (HBsAg) or
the gene X (HBx) of HBV. HBx was shown to have the ability to bind to p53 to increase proliferation and
survival rate of HCC cells by compromising DNA damage checkpoints and activating various growth
control genes, such as tyrosine kinases, Ras, Raf, MAPK, ERK, and JNK, in infected liver cells [69].

HBx transgenic mice have been reported to develop HCC at a rate of 80%~90%; however, it takes
them 15 to 24 months to do so [53,69]. To speed up the HCC development process, additional
carcinogens, such as DEN, should be provided [70]. In other words, HBx expression sensitizes liver
cells to carcinogen-induced cancer formation.

Due to their relatively long tumor progression time, HBx transgenic mice models are utilized as
an approach to understand the relationship between HBV infection and HCC and are not the first
choice for experiments that do not require viral infection to answer the research question. However,
for experiments focused on the mechanisms by which viral products induce HCC [71] and the
consequences of their interactions with other oncogenes [72], viral gene transgenic mice models are
more suitable.

5. Humanized Mouse Models

Humanized mouse models can serve as immunodeficient mice with peripheral blood mononuclear
cells (PBMCs) or human CD34+ cells injected, or as immunocompetent mice with human gene
expressions enabled through transgenesis [14]. Mice with the IL-2rγnull mutation are identified as
having impaired T and B cell development, NK cell deficiency, and limited lymph node growth. They
allow for hematopoietic cell growth after the transfer of human hematopoietic stem cells (HSCs) [73].

The PBMC-humanized mouse model (Hu-PBL) is appropriate for short-term research and immune
function investigation of patients suffering from immune dysfunction since the lymphocytes separated
from peripheral blood are mature. The mice can be utilized instantly upon PBMC engraftment [24].
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Xenogeneic graft-versus-host-like disease generally occurs in engrafted IL-2rγnull mice after a few
weeks and is expedited by subjecting the mice to irradiation before PBMC engraftment. Although only
a short investigation window is allowed, human CD3+ T cells can rapidly engraft into the Hu-PBL
model within one week [25,73].

The CD34+-humanized mouse model (Hu-CD34+) supports studies of immune system
development since the human stem cells injected in the mouse differentiate into T and B cells
under negative selection. At least 10 to 12 weeks are required for HSCs to engraft in mice. Irradiation
is required to ensure cell engraftment into the impaired bone marrow [24,74]. HSCs are accessible in
granulocyte colony-stimulating factor-mobilized PBMCs, adult bone marrow, fetal liver, and umbilical
cord blood [14]. Human umbilical cord blood leads to better engraftment percentages than adult
bone marrow, with 4 × 104 umbilical cord blood cells attaining an equal degree of engraftment as
2 × 104 adult bone marrow cells [73]. Newborn mice demonstrate better HSC engraftment than
adult mice, and besides the age of mice, the strain and route of engraftment are other variables that
control the HSC engraftment ability [75]. The entire human immune system can be established in
CD34+-humanized mice; however, the process of human unconventional T lineage development
cannot be completely simulated since additional human-specific factors are demanded in the murine
thymus [72]. The deficiency in human Foxp3+ T cell formation in humanized mice was observed to be
the most noteworthy difference between human and murine thymuses [76].

Patient-derived xenografts (PDXs) are also important mouse models in the study of HCC. The lack
of an accurate reflection of the heterogeneity in tumors is always one of the primary disadvantages of
syngeneic mouse models and GEMMs, and the implantation of tumors derived directly from patients
is one way to solve this problem [39]. Moreover, the given graft can come from a surgical resection or
biopsy, making it suitable for stage-related experiments [77]. However, without the human immune
system, PDX mouse models may not be able to precisely represent the status of tumors [20]. Therefore,
it is only by combining the humanized mouse and the PDX model to form a PDX in humanized
mouse model that both of their limitations can be overcome, resulting in a mouse model with a tumor
derived from patient that also has a human immune system to interact with. A humanized liver with
human immune system mouse model could further advance the degree to which the model accurately
reflects HCC in humans [78], and the ability to create ectopic livers in mice might even provide greater
feasibility for the study of tumor microenvironments [79].

6. Equipment for In Vivo Tumor Monitoring

Various methods can be utilized to track the conditions of tumors in mouse models. Micro-computed
tomography (micro-CT), micro-positron emission tomography (micro-PET), and nuclear magnetic
resonance imaging (MRI) are three methods that are widely used for acquiring tumor images in
patients, and they can also be utilized in mouse models. These techniques can provide a full view of
a tumor and its surrounding tissue. However, there are drawbacks to their use. Mice that undergo
micro-CT and micro-PET imaging are exposed to radioactive tracers, treatment results might be affected,
and all three approaches are time-consuming to perform [80].

Ultrasound is also commonly used for monitoring the conditions of tumors. It is cheaper in
cost than the aforementioned methods, and the imaging can be performed in real-time while other
experimental procedures are being conducted simultaneously. Despite lacking the detailed information
that micro-CT/PET or MRI can provide, the high soft-tissue contrast of ultrasound is sufficient to locate
the tumor for injection or surgery. Bioluminescence imaging is useful, meanwhile, for non-invasively
detecting the spread pattern of an implanted tumor. However, it requires tumor cell lines that have
already transfected the luciferase gene, and it might underestimate the size of a tumor at the late stage
because of the decline of bioluminescence reaction that is caused by the hypoxia status occurring in the
tumor which decreases the ATP and oxygen partial pressure level [81].

In vivo tumor imaging is not sufficient for immunotherapy research or diagnosis. Immune
signatures for cancer, such as immune cell profiles, the immune-related markers expressed, and DNA,
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RNA, and tumor or immune cells that travel within the blood stream, can provide vast information for
immunotherapy study. Based on the principles of PET and MRI imaging, it is possible to connect an
antibody to a specific immune-related marker with a magnetic agent or radionuclide [82]. In this way,
the immune-related markers can be detected with the same equipment and maintain their benefits.
Natarajan et al. [83] demonstrated that a 64Cu-labeled anti-mouse PD-1 antibody was detected by
PET, providing the potential ability to evaluate the prognostic marker in mouse models and immune
checkpoints in related research. Han et al. [84] further improved upon this method by creating a
tag-antibody-drug complex, which can directly show the effectiveness of drug delivery and therapy.

Besides in vivo tumor imaging techniques, non-imaging tests are also crucial for monitoring
the statuses of tumors. Blood flow is an important factor for determining ongoing angiogenesis.
The effects of a treatment can be evaluated by detecting the performance of blood vessels, which can
be easily done by ultrasound. MRI can detect the blood oxygenation level-dependent contrast change
within a tumor, meaning that the degree of hypoxia, a significant factor in tumor progression, can
also be calculated [85]. Other immune signatures can be detected by monitoring methods such as
flow cytometry or mass cytometry, and fluorescent or metal-mass based antibodies are utilized to
identify specific markers [86,87]. Single-cell RNA sequencing can also provide information about
immune signatures [88], and the greater the number of cell subtypes that are identified, the better
the understanding of immunotherapy that can be achieved. Epigenomic profiling can be tissue- and
status-specific, making it suitable for monitoring tumor profile changes and distinguishing a tumor
from normal tissues [89]. All the non-imaging techniques reviewed above require biopsy procedures.
The liquid biopsy process is much easier than the process for traditional biopsies since only blood is
required for the former process, and a great amount of bio-markers can be examined in cells, cell-free
DNA, or RNA and exosomes. Cell-free DNA can provide a vast amount of information [90], but
its representative ability has been questioned, with the answers to a number of specific questions
remaining unclear. For example, should the liquid biopsy sample come from the tumor? When is
the appropriate time to perform a liquid biopsy after a treatment? Does the change in substance
concentration relate to treatment, or are there other unknown factors? Are there any other informative
substances that are neglected? To answer whether the response information gathered from a liquid
biopsy is associated with a therapy or other factors, the answers to the questions above have to be
clarified first. There is no single method, however, that can be used to solve all of the associated
problems. Thus, combining techniques is a good way to overcome the limitation of some methods and
to further understand the mechanisms of immunotherapy.

7. Conclusions and Future Perspectives

The advent of immune checkpoint inhibitors and adaptive cell therapies has revolutionized cancer
therapy, and associated preliminary trials regarding HCC have shown encouraging results.

The mouse models used in related research have various pros and cons. In order to identify the
appropriate model for a given study, one should determine exactly what experimental questions one is
seeking to answer. To improve the heterogeneity and microenvironment of a syngeneic mouse model,
various cancer cell lines can be injected into the model; for example, Calbo et al. [91] injected various
small cell lung cancer cells.

The shorter the amount of time required for a protocol to result in tumor development, the higher
the death rate among the mice subjected to the protocol. However, adjusting the dosing by
monitoring the features of the mice, such as body weight loss, might be one way to prevent mice from
dying unnecessarily.

As noted in the preceding sections of this review, there are several advantages and disadvantages
to the various models that can be chosen as the model for inducing HCC in mice. Through unique
mechanisms, tumors can be induced in mice in ways that allow researchers to choose from different
time scales of progression, lesion sites, and tumor microenvironments. Although the different models
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have different profiles, analyzing their shared features might yield many clues to help researchers
better understand the mechanisms underlying HCC formation.

Author Contributions: E.L. and L.L. conducted literature search, figures design and writing. The two authors
contributed equally. C.-W.C. conducted literature search and review. D.-L.O. conducted the conceptualization,
manuscript design and review. All authors approved the final version of the manuscript.

Funding: This work was financially supported by the Centers of Genomic and Precision Medicine, National Taiwan
University, Taipei, Taiwan. This study was also supported by the following research grants: NTU-107L9014,
NTU-108L901403 (from Ministry of Education, Taiwan), MOST 106-2314-B-002-229-MY3, MOST 107-3017-F-002-002-,
MOST 107-2314-B-002 -210 -MY3, 108-2314-B-002 -075 -MY3, MOST 108-3017-F-002-004 (from Ministry of Science
and Technology, Taiwan), YongLin Chair Grant S-01, (from National Taiwan University), NTUH-107-S3837,
and NTUH-108-010 (from National Taiwan University Hospital).

Acknowledgments: We would like to thank Professor Chiun Hsu for discussions of the manuscript. We also
thank NJE (Nova Journal Experts) for editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the writing of the manuscript, or in the decision to publish the results.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef]
[PubMed]

2. Wong, M.C.S.; Jiang, J.Y.; Goggins, W.B.; Liang, M.; Fang, Y.; Fung, F.D.H.; Leung, C.; Wang, H.H.X.;
Wong, G.L.H.; Wong, V.W.S.; et al. International incidence and mortality trends of liver cancer: A global
profile. Sci. Rep. 2017, 7, 45846. [CrossRef] [PubMed]

3. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer
Incidence and Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the
United States. Cancer Res. 2014, 74, 2913. [CrossRef] [PubMed]

4. Ramakrishna, G.; Rastogi, A.; Trehanpati, N.; Sen, B.; Khosla, R.; Sarin, S.K. From cirrhosis to hepatocellular
carcinoma: New molecular insights on inflammation and cellular senescence. Liver Cancer 2013, 2, 367–383.
[CrossRef]

5. Lin, Y.-Y.; Tan, C.-T.; Chen, C.-W.; Ou, D.-L.; Cheng, A.-L.; Hsu, C. Immunomodulatory Effects of Current
Targeted Therapies on Hepatocellular Carcinoma: Implication for the Future of Immunotherapy. Semin. Liver
Dis. 2018, 38, 379–388. [CrossRef]

6. Daher, S.; Massarwa, M.; Benson, A.A.; Khoury, T. Current and Future Treatment of Hepatocellular Carcinoma:
An Updated Comprehensive Review. J. Clin. Transl. Hepatol. 2018, 6, 69–78. [CrossRef]

7. Greten, T.F.; Sangro, B. Targets for immunotherapy of liver cancer. J. Hepatol. 2018, 68, 157–166. [CrossRef]
8. Longo, L.; de Freitas, L.B.R.; Santos, D.; Grivicich, I.; Álvares-da-Silva, M.R. Sorafenib for Advanced

Hepatocellular Carcinoma: A Real-Life Experience. Dig. Dis. 2018, 36, 377–384. [CrossRef]
9. Kudo, M.; Finn, R.S.; Qin, S.; Han, K.-H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.-W.; Han, G.; Jassem, J.; et al.

Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
A randomised phase 3 non-inferiority trial. Lancet 2018, 391, 1163–1173. [CrossRef]

10. Zhu, A.X.; Kang, Y.-K.; Yen, C.-J.; Finn, R.S.; Galle, P.R.; Llovet, J.M.; Assenat, E.; Brandi, G.; Pracht, M.;
Lim, H.Y.; et al. Ramucirumab after sorafenib in patients with advanced hepatocellular carcinoma and
increased α-fetoprotein concentrations (REACH-2): A randomised, double-blind, placebo-controlled, phase
3 trial. Lancet Oncol. 2019, 20, 282–296. [CrossRef]

11. Abou-Alfa, G.K.; Meyer, T.; Cheng, A.-L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.-Y.; Cicin, I.; Merle, P.;
Chen, Y.; Park, J.-W.; et al. Cabozantinib in Patients with Advanced and Progressing Hepatocellular
Carcinoma. N. Engl. J. Med. 2018, 379, 54–63. [CrossRef] [PubMed]

12. Xie, Y.; Xiang, Y.; Sheng, J.; Zhang, D.; Yao, X.; Yang, Y.; Zhang, X. Immunotherapy for Hepatocellular
Carcinoma: Current Advances and Future Expectations. J. Immunol. Res. 2018, 2018, 8. [CrossRef] [PubMed]

13. Xu, F.; Jin, T.; Zhu, Y.; Dai, C. Immune checkpoint therapy in liver cancer. J. Exp. Clin. Cancer Res. 2018, 37,
110. [CrossRef] [PubMed]

14. De La Rochere, P.; Guil-Luna, S.; Decaudin, D.; Azar, G.; Sidhu, S.S.; Piaggio, E. Humanized Mice for the
Study of Immuno-Oncology. Trends Immunol. 2018, 39, 748–763. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
http://dx.doi.org/10.1038/srep45846
http://www.ncbi.nlm.nih.gov/pubmed/28361988
http://dx.doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://dx.doi.org/10.1159/000343852
http://dx.doi.org/10.1055/s-0038-1673621
http://dx.doi.org/10.14218/JCTH.2017.00031
http://dx.doi.org/10.1016/j.jhep.2017.09.007
http://dx.doi.org/10.1159/000490378
http://dx.doi.org/10.1016/S0140-6736(18)30207-1
http://dx.doi.org/10.1016/S1470-2045(18)30937-9
http://dx.doi.org/10.1056/NEJMoa1717002
http://www.ncbi.nlm.nih.gov/pubmed/29972759
http://dx.doi.org/10.1155/2018/8740976
http://www.ncbi.nlm.nih.gov/pubmed/29785403
http://dx.doi.org/10.1186/s13046-018-0777-4
http://www.ncbi.nlm.nih.gov/pubmed/29843754
http://dx.doi.org/10.1016/j.it.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30077656


Cancers 2019, 11, 1800 13 of 16

15. Olson, B.; Li, Y.; Lin, Y.; Liu, E.T.; Patnaik, A. Mouse Models for Cancer Immunotherapy Research.
Cancer Discov. 2018, 8, 1358–1365. [CrossRef] [PubMed]

16. Budhu, S.; Wolchok, J.; Merghoub, T. The importance of animal models in tumor immunity and
immunotherapy. Curr. Opin. Genet. Dev. 2014, 24, 46–51. [CrossRef] [PubMed]

17. Gould, S.E.; Junttila, M.R.; de Sauvage, F.J. Translational value of mouse models in oncology drug development.
Nat. Med. 2015, 21, 431. [CrossRef] [PubMed]

18. DuPage, M.; Jacks, T. Genetically engineered mouse models of cancer reveal new insights about the antitumor
immune response. Curr. Opin. Immunol. 2013, 25, 192–199. [CrossRef]

19. Ngiow, S.F.; Loi, S.; Thomas, D.; Smyth, M.J. Chapter One—Mouse Models of Tumor Immunotherapy.
In Advances in Immunology; Schreiber, R.D., Ed.; Academic Press: Cambridge, MA, USA, 2016; pp. 1–24.

20. Zitvogel, L.; Pitt, J.M.; Daillère, R.; Smyth, M.J.; Kroemer, G. Mouse models in oncoimmunology. Nat. Rev.
Cancer 2016, 16, 759. [CrossRef]

21. Brown, Z.J.; Heinrich, B.; Greten, T.F. Mouse models of hepatocellular carcinoma: An overview and highlights
for immunotherapy research. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 536–554. [CrossRef]

22. Ibarrola-Villava, M.; Cervantes, A.; Bardelli, A. Preclinical models for precision oncology. Biochim. Biophys.
Acta BBA Rev. Cancer 2018, 1870, 239–246. [CrossRef] [PubMed]

23. Lee, J.; Liao, R.; Wang, G.; Yang, B.-H.; Luo, X.; Varki, N.M.; Qiu, S.-J.; Ren, B.; Fu, W.; Feng, G.-S. Preventive
Inhibition of Liver Tumorigenesis by Systemic Activation of Innate Immune Functions. Cell Rep. 2017, 21,
1870–1882. [CrossRef] [PubMed]

24. Pearson, T.; Greiner, D.L.; Shultz, L.D. Creation of “Humanized” Mice to Study Human Immunity. Curr. Protoc.
Immunol. 2008, 81, 15–21.

25. Walsh, N.C.; Kenney, L.L.; Jangalwe, S.; Aryee, K.-E.; Greiner, D.L.; Brehm, M.A.; Shultz, L.D. Humanized
Mouse Models of Clinical Disease. Annu. Rev. Pathol. Mech. Dis. 2017, 12, 187–215. [CrossRef] [PubMed]

26. Heindryckx, F.; Colle, I.; Van Vlierberghe, H. Experimental mouse models for hepatocellular carcinoma
research. Int. J. Exp. Pathol. 2009, 90, 367–386. [CrossRef]

27. Suk, K.-T.; Mederacke, I.; Gwak, G.-Y.; Cho, S.W.; Adeyemi, A.; Friedman, R.; Schwabe, R.F. Opposite roles of
cannabinoid receptors 1 and 2 in hepatocarcinogenesis. Gut 2016, 65, 1721–1732. [CrossRef]

28. Wang, Q.; Yu, W.-N.; Chen, X.; Peng, X.-D.; Jeon, S.-M.; Birnbaum, M.J.; Guzman, G.; Hay, N. Spontaneous
Hepatocellular Carcinoma after the Combined Deletion of Akt Isoforms. Cancer Cell 2016, 29, 523–535.
[CrossRef]

29. Laparra, J.; Fotschki, B.; Haros, C. Immunonutritional consequences of different serine-type protease
inhibitors in a C57BL/6 hepatocarcinoma model. Oncotarget 2019, 10, 760–772. [CrossRef]

30. Connor, F.; Rayner, T.F.; Aitken, S.J.; Feig, C.; Lukk, M.; Santoyo-Lopez, J.; Odom, D.T. Mutational landscape
of a chemically-induced mouse model of liver cancer. J. Hepatol. 2018, 69, 840–850. [CrossRef]

31. Schietinger, A.; Philip, M.; Krisnawan, V.E.; Chiu, E.Y.; Delrow, J.J.; Basom, R.S.; Lauer, P.; Brockstedt, D.G.;
Knoblaugh, S.E.; Hämmerling, G.J.; et al. Tumor-Specific T Cell Dysfunction Is a Dynamic Antigen-Driven
Differentiation Program Initiated Early during Tumorigenesis. Immunity 2016, 45, 389–401. [CrossRef]

32. Reiberger, T.; Chen, Y.; Ramjiawan, R.R.; Hato, T.; Fan, C.; Samuel, R.; Roberge, S.; Huang, P.; Lauwers, G.Y.;
Zhu, A.X.; et al. An orthotopic mouse model of hepatocellular carcinoma with underlying liver cirrhosis.
Nat. Protoc. 2015, 10, 1264. [CrossRef] [PubMed]

33. Yu, S.J.; Ma, C.; Heinrich, B.; Brown, Z.J.; Sandhu, M.; Zhang, Q.; Fu, Q.; Agdashian, D.; Rosato, U.; Korangy, F.;
et al. Targeting the crosstalk between cytokine-induced killer cells and myeloid-derived suppressor cells in
hepatocellular carcinoma. J. Hepatol. 2019, 70, 449–457. [CrossRef]

34. Ou, D.L.; Lin, Y.Y.; Hsu, C.L.; Lin, Y.Y.; Chen, C.W.; Yu, J.S.; Miaw, S.C.; Hsu, P.N.; Cheng, A.L.; Hsu, C.
Development of a PD-L1-Expressing Orthotopic Liver Cancer Model: Implications for Immunotherapy for
Hepatocellular Carcinoma. Liver Cancer 2019, 8, 155–171. [CrossRef] [PubMed]

35. Li, S.; Hsu, D.D.; Li, B.; Luo, X.; Alderson, N.; Qiao, L.; Ma, L.; Zhu, H.H.; He, Z.; Suino-Powell, K.; et al.
Cytoplasmic Tyrosine Phosphatase Shp2 Coordinates Hepatic Regulation of Bile Acid and FGF15/19 Signaling
to Repress Bile Acid Synthesis. Cell Metab. 2014, 20, 320–332. [CrossRef] [PubMed]

36. Finkin, S.; Yuan, D.; Stein, I.; Taniguchi, K.; Weber, A.; Unger, K.; Browning, J.L.; Goossens, N.; Nakagawa, S.;
Gunasekaran, G.; et al. Ectopic lymphoid structures function as microniches for tumor progenitor cells in
hepatocellular carcinoma. Nat. Immunol. 2015, 16, 1235. [CrossRef]

http://dx.doi.org/10.1158/2159-8290.CD-18-0044
http://www.ncbi.nlm.nih.gov/pubmed/30309862
http://dx.doi.org/10.1016/j.gde.2013.11.008
http://www.ncbi.nlm.nih.gov/pubmed/24657536
http://dx.doi.org/10.1038/nm.3853
http://www.ncbi.nlm.nih.gov/pubmed/25951530
http://dx.doi.org/10.1016/j.coi.2013.02.005
http://dx.doi.org/10.1038/nrc.2016.91
http://dx.doi.org/10.1038/s41575-018-0033-6
http://dx.doi.org/10.1016/j.bbcan.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29959990
http://dx.doi.org/10.1016/j.celrep.2017.10.064
http://www.ncbi.nlm.nih.gov/pubmed/29141219
http://dx.doi.org/10.1146/annurev-pathol-052016-100332
http://www.ncbi.nlm.nih.gov/pubmed/27959627
http://dx.doi.org/10.1111/j.1365-2613.2009.00656.x
http://dx.doi.org/10.1136/gutjnl-2015-310212
http://dx.doi.org/10.1016/j.ccell.2016.02.008
http://dx.doi.org/10.18632/oncotarget.26605
http://dx.doi.org/10.1016/j.jhep.2018.06.009
http://dx.doi.org/10.1016/j.immuni.2016.07.011
http://dx.doi.org/10.1038/nprot.2015.080
http://www.ncbi.nlm.nih.gov/pubmed/26203823
http://dx.doi.org/10.1016/j.jhep.2018.10.040
http://dx.doi.org/10.1159/000489318
http://www.ncbi.nlm.nih.gov/pubmed/31192153
http://dx.doi.org/10.1016/j.cmet.2014.05.020
http://www.ncbi.nlm.nih.gov/pubmed/24981838
http://dx.doi.org/10.1038/ni.3290


Cancers 2019, 11, 1800 14 of 16

37. Zong, L.; Peng, H.; Sun, C.; Li, F.; Zheng, M.; Chen, Y.; Wei, H.; Sun, R.; Tian, Z. Breakdown of adaptive
immunotolerance induces hepatocellular carcinoma in HBsAg-tg mice. Nat. Commun. 2019, 10, 221.
[CrossRef]

38. Goel, S.; DeCristo, M.J.; Watt, A.C.; BrinJones, H.; Sceneay, J.; Li, B.B.; Khan, N.; Ubellacker, J.M.; Xie, S.;
Metzger-Filho, O.; et al. CDK4/6 inhibition triggers anti-tumour immunity. Nature 2017, 548, 471. [CrossRef]

39. Zhao, Y.; Shuen, T.W.H.; Toh, T.B.; Chan, X.Y.; Liu, M.; Tan, S.Y.; Fan, Y.; Yang, H.; Lyer, S.G.; Bonney, G.K.;
et al. Development of a new patient-derived xenograft humanised mouse model to study human-specific
tumour microenvironment and immunotherapy. Gut 2018, 67, 1845–1854. [CrossRef]

40. Li, Y.-M.; Liu, Z.-Y.; Wang, J.-C.; Yu, J.-M.; Li, Z.-C.; Yang, H.-J.; Tang, J.; Chen, Z.-N. Receptor-Interacting
Protein Kinase 3 Deficiency Recruits Myeloid-Derived Suppressor Cells to Hepatocellular Carcinoma
Through the Chemokine (C-X-C Motif) Ligand 1–Chemokine (C-X-C Motif) Receptor 2 Axis. Hepatology
2019, 70, 1564–1581. [CrossRef]

41. Sanmamed, M.F.; Chester, C.; Melero, I.; Kohrt, H. Defining the optimal murine models to investigate
immune checkpoint blockers and their combination with other immunotherapies. Ann. Oncol. 2016, 27,
1190–1198. [CrossRef]

42. Westcott, P.M.K.; Halliwill, K.D.; To, M.D.; Rashid, M.; Rust, A.G.; Keane, T.M.; Delrosario, R.; Jen, K.-Y.;
Gurley, K.E.; Kemp, C.J.; et al. The mutational landscapes of genetic and chemical models of Kras-driven
lung cancer. Nature 2014, 517, 489. [CrossRef] [PubMed]

43. Platzer, B.; Stout, M.; Fiebiger, E. Antigen cross-presentation of immune complexes. Front. Immunol. 2014, 5,
140. [CrossRef] [PubMed]

44. Simon, M.M.; Greenaway, S.; White, J.K.; Fuchs, H.; Gailus-Durner, V.; Wells, S.; Sorg, T.; Wong, K.; Bedu, E.;
Cartwright, E.J.; et al. A comparative phenotypic and genomic analysis of C57BL/6J and C57BL/6N mouse
strains. Genome Biol. 2013, 14, 82. [CrossRef] [PubMed]

45. Chen, Y.; Ramjiawan, R.R.; Reiberger, T.; Ng, M.R.; Hato, T.; Huang, Y.; Ochiai, H.; Kitahara, S.; Unan, E.C.;
Reddy, T.P.; et al. CXCR4 inhibition in tumor microenvironment facilitates anti-programmed death receptor-1
immunotherapy in sorafenib-treated hepatocellular carcinoma in mice. Hepatology 2015, 61, 1591–1602.
[CrossRef]

46. Lu, Z.; Zuo, B.; Jing, R.; Gao, X.; Rao, Q.; Liu, Z.; Qi, H.; Guo, H.; Yin, H. Dendritic cell-derived exosomes elicit
tumor regression in autochthonous hepatocellular carcinoma mouse models. J. Hepatol. 2017, 67, 739–748.
[CrossRef]

47. Ou, D.-L.; Chang, C.-J.; Jeng, Y.-M.; Lin, Y.-J.; Lin, Z.-Z.; Gandhi, A.K.; Liao, S.-C.; Huang, Z.-M.; Hsu, C.;
Cheng, A.-L. Potential synergistic anti-tumor activity between lenalidomide and sorafenib in hepatocellular
carcinoma. J. Gastroenterol. Hepatol. 2014, 29, 2021–2031. [CrossRef]

48. Yamagiwa, K.; Ichikawa, K. Experimental study of the pathogenesis of carcinoma. CA Cancer J. Clin. 1977,
27, 174–181. [CrossRef]

49. Verna, L.; Whysner, J.; Williams, G.M. N-Nitrosodiethylamine mechanistic data and risk assessment:
Bioactivation, DNA-adduct formation, mutagenicity, and tumor initiation. Pharmacol. Ther. 1996, 71, 57–81.
[CrossRef]

50. Qi, Y.; Chen, X.; Chan, C.-Y.; Li, D.; Yuan, C.; Yu, F.; Lin, M.C.; Yew, D.T.; Kung, H.-F.; Lai, L. Two-dimensional
differential gel electrophoresis/analysis of diethylnitrosamine induced rat hepatocellular carcinoma. Int. J.
Cancer 2008, 122, 2682–2688. [CrossRef]

51. Pitot, H.C.; Dragan, Y.P. Facts and theories concerning the mechanisms of carcinogenesis. FASEB J. 1991, 5,
2280–2286. [CrossRef]

52. Bergmann, J.; Müller, M.; Baumann, N.; Reichert, M.; Heneweer, C.; Bolik, J.; Lücke, K.; Gruber, S.;
Carambia, A.; Boretius, S.; et al. IL-6 trans-signaling is essential for the development of hepatocellular
carcinoma in mice. Hepatology 2017, 65, 89–103. [CrossRef]

53. Naugler, W.E.; Sakurai, T.; Kim, S.; Maeda, S.; Kim, K.; Elsharkawy, A.M.; Karin, M. Gender Disparity in Liver
Cancer Due to Sex Differences in MyD88-Dependent IL-6 Production. Science 2007, 317, 121–124. [CrossRef]

54. Li, Z.; Wang, Q.; Mi, W.; Han, M.; Gao, F.; Niu, G.; Ma, Y. Effects of negative-pressure wound therapy
combinedwith microplasma on treating wounds of ulcer and the expression of heat shock protein 90.
Exp. Ther. Med. 2017, 13, 2211–2216. [CrossRef] [PubMed]

55. Zhang, H.E.; Henderson, J.M.; Gorrell, M.D. Animal models for hepatocellular carcinoma. Biochim. Biophys.
Acta BBA Mol. Basis Dis. 2019, 1865, 993–1002. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41467-018-08096-8
http://dx.doi.org/10.1038/nature23465
http://dx.doi.org/10.1136/gutjnl-2017-315201
http://dx.doi.org/10.1002/hep.30676
http://dx.doi.org/10.1093/annonc/mdw041
http://dx.doi.org/10.1038/nature13898
http://www.ncbi.nlm.nih.gov/pubmed/25363767
http://dx.doi.org/10.3389/fimmu.2014.00140
http://www.ncbi.nlm.nih.gov/pubmed/24744762
http://dx.doi.org/10.1186/gb-2013-14-7-r82
http://www.ncbi.nlm.nih.gov/pubmed/23902802
http://dx.doi.org/10.1002/hep.27665
http://dx.doi.org/10.1016/j.jhep.2017.05.019
http://dx.doi.org/10.1111/jgh.12708
http://dx.doi.org/10.3322/canjclin.27.3.174
http://dx.doi.org/10.1016/0163-7258(96)00062-9
http://dx.doi.org/10.1002/ijc.23464
http://dx.doi.org/10.1096/fasebj.5.9.1860619
http://dx.doi.org/10.1002/hep.28874
http://dx.doi.org/10.1126/science.1140485
http://dx.doi.org/10.3892/etm.2017.4266
http://www.ncbi.nlm.nih.gov/pubmed/28565829
http://dx.doi.org/10.1016/j.bbadis.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/31007176


Cancers 2019, 11, 1800 15 of 16

56. Li, G.; Liu, D.; Kimchi, E.T.; Kaifi, J.T.; Qi, X.; Manjunath, Y.; Liu, X.; Deering, T.; Avella, D.M.; Fox, T.; et al.
Nanoliposome C6-Ceramide Increases the Anti-tumor Immune Response and Slows Growth of Liver Tumors
in Mice. Gastroenterology 2018, 154, 1024–1036. [CrossRef] [PubMed]

57. Shen, Y.; Wei, Y.; Wang, Z.; Jing, Y.; He, H.; Yuan, J.; Li, R.; Zhao, Q.; Wei, L.; Yang, T.; et al. TGF-β Regulates
Hepatocellular Carcinoma Progression by Inducing Treg Cell Polarization. Cell. Physiol. Biochem. 2015, 35,
1623–1632. [CrossRef]

58. Lai, I.; Swaminathan, S.; Baylot, V.; Mosley, A.; Dhanasekaran, R.; Gabay, M.; Felsher, D.W. Lipid nanoparticles
that deliver IL-12 messenger RNA suppress tumorigenesis in MYC oncogene-driven hepatocellular carcinoma.
J. Immunother. Cancer 2018, 6, 125. [CrossRef]

59. Chung, S.I.; Moon, H.; Kim, D.Y.; Cho, K.J.; Ju, H.-L.; Kim, D.Y.; Ahn, S.H.; Han, K.-H.; Ro, S.W. Development
of a transgenic mouse model of hepatocellular carcinoma with a liver fibrosis background. BMC Gastroenterol.
2016, 16, 13. [CrossRef]

60. Liu, Y.-T.; Tseng, T.-C.; Soong, R.-S.; Peng, C.-Y.; Cheng, Y.-H.; Huang, S.-F.; Chuang, T.-H.; Kao, J.-H.;
Huang, L.-R. A novel spontaneous hepatocellular carcinoma mouse model for studying T-cell exhaustion in
the tumor microenvironment. J. Immunother. Cancer 2018, 6, 144. [CrossRef]

61. Mariotti, V.; Strazzabosco, M.; Fabris, L.; Calvisi, D.F. Animal models of biliary injury and altered bile acid
metabolism. Biochim. Biophys. Acta Mol. Basis Dis 2018, 1864, 1254–1261. [CrossRef]

62. Popov, Y.; Patsenker, E.; Fickert, P.; Trauner, M.; Schuppan, D. Mdr2 (Abcb4)-/- mice spontaneously develop
severe biliary fibrosis via massive dysregulation of pro- and antifibrogenic genes. J. Hepatol. 2005, 43,
1045–1054. [CrossRef] [PubMed]

63. Barashi, N.; Weiss, I.D.; Wald, O.; Wald, H.; Beider, K.; Abraham, M.; Klein, S.; Goldenberg, D.; Axelrod, J.;
Pikarsky, E.; et al. Inflammation-induced hepatocellular carcinoma is dependent on CCR5 in mice. Hepatology
2013, 58, 1021–1030. [CrossRef] [PubMed]

64. Potikha, T.; Pappo, O.; Mizrahi, L.; Olam, D.; Maller, S.M.; Rabinovich, G.A.; Galun, E.; Goldenberg, D.S.
Lack of galectin-1 exacerbates chronic hepatitis, liver fibrosis, and carcinogenesis in murine hepatocellular
carcinoma model. FASEB J. 2019, 33, 7995–8007. [CrossRef] [PubMed]

65. Kersten, K.; de Visser, K.E.; van Miltenburg, M.H.; Jonkers, J. Genetically engineered mouse models in
oncology research and cancer medicine. EMBO Mol. Med. 2017, 9, 137–153. [CrossRef]

66. DuPage, M.; Cheung, A.F.; Mazumdar, C.; Winslow, M.M.; Bronson, R.; Schmidt, L.M.; Crowley, D.; Chen, J.;
Jacks, T. Endogenous T Cell Responses to Antigens Expressed in Lung Adenocarcinomas Delay Malignant
Tumor Progression. Cancer Cell 2011, 19, 72–85. [CrossRef]

67. Garbe, A.I.; Vermeer, B.; Gamrekelashvili, J.; Wasielewski, R.V.; Greten, F.R.; Westendorf, A.M.; Buer, J.;
Schmid, R.M.; Manns, M.P.; Korangy, F.; et al. Genetically Induced Pancreatic Adenocarcinoma Is Highly
Immunogenic and Causes Spontaneous Tumor-Specific Immune Responses. Cancer Res. 2006, 66, 508.
[CrossRef]

68. Li, J.; Lee, Y.; Li, Y.; Jiang, Y.; Lu, H.; Zang, W.; Zhao, X.; Liu, L.; Chen, Y.; Tan, H.; et al. Co-inhibitory
Molecule B7 Superfamily Member 1 Expressed by Tumor-Infiltrating Myeloid Cells Induces Dysfunction of
Anti-tumor CD8+ T Cells. Immunity 2018, 48, 773–786. [CrossRef]

69. Farazi, P.A.; DePinho, R.A. Hepatocellular carcinoma pathogenesis: From genes to environment. Nat. Rev.
Cancer 2006, 6, 674–687. [CrossRef]

70. Quetier, I.; Brezillon, N.; Revaud, J.; Ahodantin, J.; DaSilva, L.; Soussan, P.; Kremsdorf, D. C-terminal-truncated
hepatitis B virus X protein enhances the development of diethylnitrosamine-induced hepatocellular
carcinogenesis. J. Gen. Virol. 2015, 96, 614–625. [CrossRef]

71. Ahodantin, J.; Bou-Nader, M.; Cordier, C.; Mégret, J.; Soussan, P.; Desdouets, C.; Kremsdorf, D. Hepatitis
B virus X protein promotes DNA damage propagation through disruption of liver polyploidization and
enhances hepatocellular carcinoma initiation. Oncogene 2019, 38, 2645–2657. [CrossRef]

72. Keng, V.W.; Tschida, B.R.; Bell, J.B.; Largaespada, D.A. Modeling hepatitis B virus X–induced hepatocellular
carcinoma in mice with the sleeping beauty transposon system. Hepatology 2011, 53, 781–790. [CrossRef]
[PubMed]

73. Holzapfel, B.M.; Wagner, F.; Thibaudeau, L.; Levesque, J.-P.; Hutmacher, D.W. Concise Review: Humanized
Models of Tumor Immunology in the 21st Century: Convergence of Cancer Research and Tissue Engineering.
Stem Cells 2015, 33, 1696–1704. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/j.gastro.2017.10.050
http://www.ncbi.nlm.nih.gov/pubmed/29408569
http://dx.doi.org/10.1159/000373976
http://dx.doi.org/10.1186/s40425-018-0431-x
http://dx.doi.org/10.1186/s12876-016-0423-6
http://dx.doi.org/10.1186/s40425-018-0462-3
http://dx.doi.org/10.1016/j.bbadis.2017.06.027
http://dx.doi.org/10.1016/j.jhep.2005.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16223543
http://dx.doi.org/10.1002/hep.26403
http://www.ncbi.nlm.nih.gov/pubmed/23526353
http://dx.doi.org/10.1096/fj.201900017R
http://www.ncbi.nlm.nih.gov/pubmed/30897344
http://dx.doi.org/10.15252/emmm.201606857
http://dx.doi.org/10.1016/j.ccr.2010.11.011
http://dx.doi.org/10.1158/0008-5472.CAN-05-2383
http://dx.doi.org/10.1016/j.immuni.2018.03.018
http://dx.doi.org/10.1038/nrc1934
http://dx.doi.org/10.1099/vir.0.070680-0
http://dx.doi.org/10.1038/s41388-018-0607-3
http://dx.doi.org/10.1002/hep.24091
http://www.ncbi.nlm.nih.gov/pubmed/21374658
http://dx.doi.org/10.1002/stem.1978
http://www.ncbi.nlm.nih.gov/pubmed/25694194


Cancers 2019, 11, 1800 16 of 16

74. Morton, J.J.; Bird, G.; Refaeli, Y.; Jimeno, A. Humanized Mouse Xenograft Models: Narrowing the
Tumor–Microenvironment Gap. Cancer Res. 2016, 76, 6153–6158. [CrossRef] [PubMed]

75. Brehm, M.A.; Cuthbert, A.; Yang, C.; Miller, D.M.; DiIorio, P.; Laning, J.; Burzenski, L.; Gott, B.; Foreman, O.;
Kavirayani, A.; et al. Parameters for establishing humanized mouse models to study human immunity:
Analysis of human hematopoietic stem cell engraftment in three immunodeficient strains of mice bearing
the IL2rγnull mutation. Clin. Immunol. 2010, 135, 84–98. [CrossRef] [PubMed]

76. Halkias, J.; Yen, B.; Taylor, K.T.; Reinhartz, O.; Winoto, A.; Robey, E.A.; Melichar, H.J. Conserved and
divergent aspects of human T-cell development and migration in humanized mice. Immunol. Cell Biol. 2015,
93, 716–726. [CrossRef]

77. Blumer, T.; Fofana, I.; Matter, M.S.; Wang, X.; Montazeri, H.; Calabrese, D.; Coto-Llerena, M.; Boldanova, T.;
Nuciforo, S.; Kancherla, V.; et al. Hepatocellular Carcinoma Xenografts Established From Needle Biopsies
Preserve the Characteristics of the Originating Tumors. Hepatol. Commun. 2019, 3, 971–986. [CrossRef]

78. Wilson, E.M.; Bial, J.; Tarlow, B.; Bial, G.; Jensen, B.; Greiner, D.L.; Brehm, M.A.; Grompe, M. Extensive double
humanization of both liver and hematopoiesis in FRGN mice. Stem Cell Res. 2014, 13, 404–412. [CrossRef]

79. Stevens, K.R.; Scull, M.A.; Ramanan, V.; Fortin, C.L.; Chaturvedi, R.R.; Knouse, K.A.; Xiao, J.W.; Fung, C.;
Mirabella, T.; Chen, A.X.; et al. In situ expansion of engineered human liver tissue in a mouse model of
chronic liver disease. Sci. Transl. Med. 2017, 9, eaah5505. [CrossRef]

80. Llovet, J.M.; Zucman-Rossi, J.; Pikarsky, E.; Sangro, B.; Schwartz, M.; Sherman, M.; Gores, G. Hepatocellular
carcinoma. Nat. Rev. Dis. Primers 2016, 2. [CrossRef]

81. Fleten, K.G.; Bakke, K.M.; Mælandsmo, G.M.; Abildgaard, A.; Redalen, K.R.; Flatmark, K. Use of non-invasive
imaging to monitor response to aflibercept treatment in murine models of colorectal cancer liver metastases.
Clin. Exp. Metastasis 2017, 34, 51–62. [CrossRef]

82. Du, Y.; Jin, Y.; Sun, W.; Fang, J.; Zheng, J.; Tian, J. Advances in molecular imaging of immune checkpoint
targets in malignancies: Current and future prospect. Eur. Radiol. 2019, 29, 4294–4302. [CrossRef] [PubMed]

83. Natarajan, A.; Mayer, A.T.; Xu, L.; Reeves, R.E.; Gano, J.; Gambhir, S.S. Novel Radiotracer for ImmunoPET
Imaging of PD-1 Checkpoint Expression on Tumor Infiltrating Lymphocytes. Bioconjug. Chem. 2015, 26,
2062–2069. [CrossRef] [PubMed]

84. Han, Y.; An, Y.; Jia, G.; Wang, X.; He, C.; Ding, Y.; Tang, Q. Theranostic Micelles Based on Upconversion
Nanoparticles for Dual-mode Imaging and Photodynamic Therapy in Hepatocellular Carcinoma. Nanoscale
2018, 10, 6511–6523. [CrossRef] [PubMed]

85. Patterson, A.J.; Priest, A.N.; Bowden, D.J.; Wallace, T.E.; Patterson, I.; Graves, M.J.; Lomas, D.J. Quantitative
BOLD imaging at 3T: Temporal changes in hepatocellular carcinoma and fibrosis following oxygen challenge.
J. Magn. Reson. Imaging 2016, 44, 739–744. [CrossRef]

86. Lim, C.J.; Lee, Y.H.; Pan, L.; Lai, L.; Chua, C.; Wasser, M.; Lim, T.K.H.; Yeong, J.; Toh, H.C.; Lee, S.Y.;
et al. Multidimensional analyses reveal distinct immune microenvironment in hepatitis B virus-related
hepatocellular carcinoma. Gut 2019, 68, 916–927. [CrossRef]

87. Chew, V.; Lai, L.; Pan, L.; Lim, C.J.; Li, J.; Ong, R.; Chua, C.; Leong, J.Y.; Lim, K.H.; Toh, H.C.; et al. Delineation
of an immunosuppressive gradient in hepatocellular carcinoma using high-dimensional proteomic and
transcriptomic analyses. Proc. Natl. Acad. Sci. USA 2017, 114, E5900–E5909. [CrossRef]

88. Shen, J.; Tsoi, H.; Liang, Q.; Chu, E.S.H.; Liu, D.; Yu, A.C.S.; Chan, T.F.; Li, X.; Sung, J.J.Y.; Wong, V.W.S.; et al.
Oncogenic mutations and dysregulated pathways in obesity-associated hepatocellular carcinoma. Oncogene
2016, 35, 6271. [CrossRef]

89. Komatsu, Y.; Waku, T.; Iwasaki, N.; Ono, W.; Yamaguchi, C.; Yanagisawa, J. Global analysis of DNA
methylation in early-stage liver fibrosis. BMC Med. Genom. 2012, 5, 5. [CrossRef]

90. Ng, C.K.Y.; Di Costanzo, G.G.; Terracciano, L.M.; Piscuoglio, S. Circulating Cell-Free DNA in Hepatocellular
Carcinoma: Current Insights and Outlook. Front. Med. 2018, 5, 78. [CrossRef]

91. Calbo, J.; van Montfort, E.; Proost, N.; van Drunen, E.; Beverloo, H.B.; Meuwissen, R.; Berns, A. A Functional
Role for Tumor Cell Heterogeneity in a Mouse Model of Small Cell Lung Cancer. Cancer Cell 2011, 19, 244–256.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/0008-5472.CAN-16-1260
http://www.ncbi.nlm.nih.gov/pubmed/27587540
http://dx.doi.org/10.1016/j.clim.2009.12.008
http://www.ncbi.nlm.nih.gov/pubmed/20096637
http://dx.doi.org/10.1038/icb.2015.38
http://dx.doi.org/10.1002/hep4.1365
http://dx.doi.org/10.1016/j.scr.2014.08.006
http://dx.doi.org/10.1126/scitranslmed.aah5505
http://dx.doi.org/10.1038/nrdp.2016.18
http://dx.doi.org/10.1007/s10585-016-9829-3
http://dx.doi.org/10.1007/s00330-018-5814-3
http://www.ncbi.nlm.nih.gov/pubmed/30506221
http://dx.doi.org/10.1021/acs.bioconjchem.5b00318
http://www.ncbi.nlm.nih.gov/pubmed/26307602
http://dx.doi.org/10.1039/C7NR09717D
http://www.ncbi.nlm.nih.gov/pubmed/29569668
http://dx.doi.org/10.1002/jmri.25189
http://dx.doi.org/10.1136/gutjnl-2018-316510
http://dx.doi.org/10.1073/pnas.1706559114
http://dx.doi.org/10.1038/onc.2016.162
http://dx.doi.org/10.1186/1755-8794-5-5
http://dx.doi.org/10.3389/fmed.2018.00078
http://dx.doi.org/10.1016/j.ccr.2010.12.021
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Syngeneic Mouse Models 
	Chemotoxic Agent Mouse Models 
	Genetically Engineered Mouse Models (GEMMs) 
	Humanized Mouse Models 
	Equipment for In Vivo Tumor Monitoring 
	Conclusions and Future Perspectives 
	References

