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Abstract

Liver cancer is the fourth-leading cause of cancer-related mortality worldwide and incidence is on 

the rise. HCC is the most common form of liver cancer, with a complex etiology and limited 

treatment options. The standard of care treatment for advanced HCC patients is sorafenib, a 

tyrosine kinase inhibitor that offers limited survival benefit. In the past years, therapeutic options 

for the treatment of advanced HCC have increased substantially, including additional multikinase 

inhibitors as well as immune-checkpoint inhibitors. Nivolumab and pembrolizumab were 

approved in 2017 and 2018, respectively, as second-line treatment in advanced HCC. These drugs, 

both targeting the programmed death-1 (PD-1) pathway, demonstrate unprecedented results, with 

objective response rates of approximately 20%. However, the majority of patients do not respond, 

necessitating the identification of biomarkers of response and resistance to immunotherapy. With 

the recent success of immunotherapies in oncology, mouse models that better recapitulate the 

human disease and anti-tumor immune response are needed. This review lists ongoing clinical 

trials testing immunotherapy in HCC, briefly discusses the unique immunosuppressive 

environment of the liver, then delves into the most applicable current murine model systems to 

study oncoimmunology within the context of HCC, including syngeneic, genetically-engineered, 

and humanized models.

Introduction

Liver cancer is the fourth-leading cause of cancer-related mortality globally, and in contrast 

to other solid tumors, the incidence is increasing (1). Risk factors leading to hepatocellular 

carcinoma (HCC), the most common type of liver cancer, include chronic viral infection, 
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alcohol-induced cirrhosis, and non-alcoholic steatohepatitis or fatty liver disease (NASH/

NAFLD)(1, 2). The standard of care for advanced HCC patients is the multi-kinase inhibitor 

sorafenib, which offers limited survival benefit (3). Recent clinical trials have shown a 

subpopulation of HCC patients exhibit unprecedented responses to PD-1/PD-L1 checkpoint 

blockade (4–7). Checkpoint inhibitors nivolumab and pembrolizumab are now approved as 

2nd line therapies, and combinations of antiangiogenic agents with either pembrolizumab or 

atezolizumab have received FDA breakthrough designation following promising clinical trial 

results (4–8). Table 1 details notable clinical trials evaluating the efficacy of different 

immunotherapies in HCC (9). Modeling HCC in the laboratory presents unique challenges 

given significant inter-patient heterogeneity and the background of underlying chronic 

inflammation and fibrosis (1). When studying immunotherapy and any treatment that 

engages the anti-tumor immune response, applicable models are further restricted by the 

need to preserve a functional immune system. Here, we review liver immunity and models 

currently available that enable investigation of the immune responses associated with HCC.

Liver Immunity

Given the liveŕs unique arterial and portal vasculature, the latter supplying antigens derived 

from innocuous food and commensal gut bacteria, the liver is inherently tolerogenic (10). 

However, it is enriched in immune subsets that maintain a homeostatic balance between 

tolerizing and effector functions, and thus, the liver harbors intrinsic mechanisms for 

responses against pathogens and transformed or malignant cells (10).

The hepatic lymphoid compartment includes B, T, natural killer (NK), and NKT cells (11, 

12). B cells represent about 5–8% of the total lymphocyte population and T cells around 

23% (11, 13). The liver contains one of the largest gamma-delta T (γδT) cell reservoirs in 

the body, comprising approximately 15% of total T cells (11). Additionally, hepatic CD8+ T 

cells outnumber CD4+ T cells by about two to one, typically the opposite of that found in 

blood (11, 13). Immunosuppressive regulatory T (Treg) cells are also present in the liver and 

may play a role in HCC (14). In both humans and mice, NK and NKT cells predominate the 

lymphoid composition of the liver. In mice, NKT cells represent approximately 40–50% of 

total liver-resident lymphocytes and NK cells 10–30%, whereas in humans the proportions 

are reversed (11, 13). While both cell types harbor granzyme and perforin-based cytolytic 

activity, NKT cells also perform important immunosuppressive functions (12). Non-

parenchymal liver cells are comprised of approximately 45% liver sinusoidal endothelial 

cells (LSECs), 33% Kupffer cells (KCs), and 22% hepatic stellate cells (HSCs) (11). While 

not part of the hematopoietic lineage, hepatocytes, LSECs, and HSCs each serve as 

important immune sentinels capable of antigen presentation (12). Additionally, KCs, 

positioned throughout the liver sinusoids, represent 90% of all tissue-resident macrophages 

in the body (12). The liver also contains an extensive dendritic cells (DC) compartment, 

which in mice is comprised of 29% myeloid DCs, 18% plasmacytoid DCs, 18% NK-DCs, 

18% lymphoid DCs, and 17% mixed lymphoid and myeloid DCs (11). Hepatocytes, LSECs, 

HSCs, KCs and DCs normally promote tolerogenic responses, for example through 

expression of PDL1; however, they can initiate potent T cell responses depending on 

microenvironmental cues (15). Finally, myeloid-derived suppressor cells (MDSCs) can be 

found in the liver and contribute to a tolerogenic state through production of IL-10, TGF-β, 
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arginase, and IDO (13). Figure 1 summarizes the key immune functions of the different 

hepatic cell populations.

In sum, hepatic immune cells generally serve a default immunosuppressive role, where 

resident antigen-presenting cells express inhibitory ligands and secrete anti-inflammatory 

cytokines, functioning to tolerize responses towards blood- and gut-derived antigens by both 

circulating and liver-resident T cells. However, upon receiving appropriate cues within the 

hepatic microenvironment, such as cytokine/chemokine signaling, these immune cells can 

become activated and perform pro-inflammatory effector functions. While there are many 

parallels between murine and human hepatic immunity, there are key differences, such as the 

NK compartment, that are critical to consider when modeling immune surveillance and 

immune escape during HCC development and immunotherapy treatment. More 

comprehensive reviews on liver immunology (11–13, 15) as well as how this immunology 

changes within the context of HCC (10, 16) have been conducted.

Genetically-engineered mouse models

Genetically-engineered mouse models (GEMMs) of cancer involve manipulation of the 

murine genome to induce tumor formation, typically through activating oncogenes or 

silencing tumor suppressor genes. In the past decades, GEMMs have proven to be powerful 

models for cancer research as they provide insight into the role of specific genes in tumor 

biology (17, 18). Typically generated in an immunocompetent setting, they represent an 

attractive alternative to transplantable models for the study of anti-tumor immune responses, 

in which autochthonous tumors gradually arise from normal cells in the intended organ (19, 

20).

In general, GEMMs can be classified into two categories: germline transgenic models, in 

which genetic manipulation of the germline leads to spontaneous tumor development, and 

conditional transgenic models, in which gene expression or inactivation can be temporally 

and spatially regulated (19, 21). Controlling expression of the gene of interest in a 

spatiotemporal fashion represents a major advantage of conditional GEMMs and can be 

achieved through Cre-Lox recombination and tissue-specific promoters, such as the 

hepatocyte-specific albumin promoter (22). For example, mice with albumin-cre-mediated 

deletion of the tumor suppressor gene Pten (PtenΔH) develop liver tumors at approximately 

8–9 months of age (23). Using this model, Lee J et al. demonstrated a role for 

immunostimulatory synthetic double-stranded RNAs in preventing initiation of liver 

tumorigenesis through modulation of innate anti-tumor functions, including induction of 

immunoregulatory cytokines, activation of DCs and NK cells, and reprogramming of 

macrophage polarization (24). Liver-specific promoter-directed GEMMs can also be used to 

model overexpression of oncogenes such as c-Myc and KRAS, either alone or in 

combination with other genes such as transcription factors or growth factors (25–27).

Generation of conditional GEMMs with inducible and reversible expression systems (e.g. 

tetracycline-controlled transcriptional regulation system) enables one to control both 

initiation and duration of the oncogenic insult, and as a consequence, of tumorigenesis. In 

this setting, transcription of the target gene can be reversibly turned on or off in the presence 
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of an antibiotic (28). For example, it is possible to induce MYC overexpression in the 

hepatocytes of LAP-tTA/tet-O-hMYC mice by removing doxycycline treatment from the 

drinking water, which leads to HCC development with a mean latency of 35 weeks in adult 

mice (29). Lai et al. employed this model to test an mRNA-based immunotherapy with 

IL-12 mRNA encapsulated within lipid nanoparticles (IL-12-LNP) to facilitate delivery of 

this cytokine to the tumor site. Without causing animal toxicity or decreasing MYC levels, 

IL-12-LNP induced HCC regression through recruitment of CD3+ CD4+ CD44+ helper T 

cells and augmented IFNγ production (30). Another primary advantage of GEMMs over 

other models is that they enable study of the interplay between tumor cells and the immune 

system in a more physiological environment. For example, by selectively expressing model 

tumor antigens in hepatocytes, researchers can monitor antigen-specific T cell responses. 

This is demonstrated in the work of Morales-Kastresana et al. in which ovalbumin (OVA) 

was expressed as a model antigen in c-myc-OVA-tTALAP double transgenic mice. This 

model of multifocal HCC was used to prove the synergistic therapeutic effects of three 

immunostimulatory monoclonal antibodies (anti-CD137, anti-OX40, and anti-PD-L1) in 

combination with adoptive transfer of activated antigen-specific T cells (31).

Non-germline mosaic GEMMs of HCC, generated by hydrodynamic delivery of DNA 

plasmids into the hepatocytes, have gained increasing importance for the evaluation of 

immunotherapies. These models are less time consuming and less expensive than other 

GEMMs since injections are usually performed in wild type mice, eliminating the need for 

multiple crossings. With hydrodynamic injection (32), CRISPR-based plasmids or 

transposons can be introduced into the hepatocytes, leading to inactivation of tumor 

suppressor genes or overexpression of oncogenes, respectively. Many groups have used this 

approach to generate liver tumors harboring either single or combined genetic alterations 

commonly present in human HCCs such as TP53 and PTEN loss, β-catenin and NRASG12V 

mutation and AKT1, MET, and MYC overexpression (33–36). Recently, our group utilized 

this technique to develop a mouse model with customized genetic alterations and 

antigenicity in conjunction with luciferase reporter activity that facilitates monitoring of 

tumor growth. With this model, we demonstrated that β-catenin-driven HCCs presents 

impaired DC activity, T cell exclusion, and resistance to anti-PD-1 therapy (37). Other 

studies with hydrodynamic delivery-based models have investigated different aspects of anti-

tumor immunity, such as T cell exhaustion or the effect of oncogenes on leukocyte 

composition in the liver (35, 38).

Syngeneic Implantation Models

Implantable syngeneic mouse models utilize HCC cell lines or murine tumoral tissue 

allografted into an immunocompetent mouse of the same genetic strain, enabling 

preservation of the host immune system. These models have been critical tools in the pre-

clinical development of immune checkpoint blockade and in elucidating the role of anti-

cancer immune response in maintaining long-term disease control (39).

Syngeneic tumor cells can be implanted orthotopically into the tissue of origin or ectopically 

at another site (most commonly subcutaneously). Ectopic models enhance simplicity and 

precision both in tumor access for interventions and tumor growth monitoring. For example, 
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synergy between radiotherapy and immune checkpoint blockade was demonstrated using 

subcutaneous injections of murine HCC cell line HCa-1 on the flanks of immunocompetent 

mice (40). Additionally, ectopic models in combination with GEMMs have been utilized to 

understand interactions between tumor antigens and T cells, elucidating mechanisms of B7 

superfamily member 1-driven CD8+ T cell exhaustion (41). Ectopic models, however, do not 

faithfully recapitulate the tumor microenvironment (TME) of the liver, as the resident 

immune and stromal cells differ significantly between organ systems. In contrast, orthotopic 

models more accurately reflect the natural TME of the organ in which tumorigenesis 

proceeds. Hage et al. characterized one such syngeneic orthotopic model involving hepatic 

implantation of Hep-55.1c cells (42). Another study harvested ectopically implanted Hepa1–

6 cell tumors, then implanted sections into recipient mouse livers and tested an AFP-

expressing DC-derived exosome-based vaccine therapy. The authors demonstrated that this 

vaccine slowed tumor growth and improved survival by modulating the immune TME (24). 

Orthotopic HCC models are technically challenging to establish since they involve survival 

surgeries and monitoring tumor growth usually requires abdominal imaging.

Syngeneic models can be generated from either commercially available murine HCC cell 

lines or cell lines established from murine liver tumors induced through a variety of 

strategies (chemotoxic agents, GEMMs, dietary models, etc.). The ability to engineer 

characteristics of cancer cells in vivo or in vitro prior to implantation expands the repertoire 

of experimental questions that can be addressed. This concept is illustrated in Figure 2, 

which details the experimental schematic of a recent study that used orthotopically 

implanted murine HCC cells transfected with PD-L1 to study alterations in T cell 

functionality during treatment with anti-PD-1 (43). Another group used tumorigenic 

hepatocytes expressing SV40 T antigen for intrasplenic inoculation to create an orthotopic 

model of HCC suitable for adoptive immune cell transfer experiments (44).

Implantable syngeneic models are best for experiments requiring rapid tumor development, 

reproducibility, and large experimental groups. However, implantation of relatively uniform 

and already poorly differentiated cells restricts intra-tumoral heterogeneity and does not 

accurately recreate all naturally occurring stages of tumorigenesis (39). These models 

generate tumors rapidly without the chronic inflammation that normally underlies human 

HCC. Additionally, the inflammatory reaction to injection itself or to dead cells and their 

associated cellular debris can create an artificial immune response (17, 20).

Humanized Mouse Models

The aforementioned models, while irrefutably valuable, lack the complexity involved in 

natural tumorigenesis, including intra-tumoral genetic and histologic heterogeneity as well 

as intrinsic tumor architecture (17, 20). Further, these models either lack critical components 

of the immune system (e.g. tumor-infiltrating immune cells, cytokine/chemokine signaling 

within the TME) or they contain murine immune components, which do not accurately 

recapitulate tumor immunosurveillance and the TME in human disease, as murine and 

human immune systems have marked differences with regards to immune cell development 

and activation (18, 39, 45).
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One approach to more accurately model tumor heterogeneity observed in human HCC is 

through implantation of patient-derived primary tumors into immunocompromised mice 

(46). These patient-derived xenografts (PDXs) harbor the same genetic heterogeneity, 

architecture, and local TME, including the tumor-associated stroma and tumor-infiltrated 

human immune cells, at least for a limited duration prior to replacement with mouse cells 

(39, 46). It is important to note that PDX-engraftment studies can restrict overall cohort size; 

however, PDXs can be expanded through in vivo passaging in mice to achieve a larger 

cohort (47). Further, numerous HCC PDX models can be commercially obtained through 

vendors such as Crown Biosciences, for example. To enable engraftment and prevent 

rejection, PDX transplantation requires NOD-scid Il2rg−/− (NSG) mice, which are also able 

to support the engraftment of human leukocytes; thus, this NSG-based PDX model can be 

further modified to integrate a more comprehensive, humanized tumor-immunity state (17, 

39). Transplantable human leukocytes are commonly derived from peripheral blood 

mononuclear cells (PBMCs) and CD34+ hematopoietic stem cells isolated from bone 

marrow, fetal liver, umbilical cord blood, and GM-CSF mobilized PBMCs (17, 20, 39). 

“Immuno-avatar” mice are NSG-PDX mice co-transplanted with human PBMCs, preferably 

from the same patient, through intra-venous or intra-peritoneal injection (39, 48). This 

model has been used to assess anti-tumor properties of immunotherapy in different tumor 

types (49–51). PBMCs contain mature leukocytes, both an advantage and disadvantage as 

there is no lag time for these cells to undergo development; however, these leukocytes 

induce a strong xenogeneic graft-versus-host response and have limited viability upon 

transfer, restricting this model to short term studies (17, 20, 39, 49, 52, 53). MHC class I/II-

deficient NOG mice have been shown to reduce this graft-versus-host response (54). 

Alternatively, engraftment of immature CD34+ human hematopoietic stem cells permits the 

leukocytes to undergo negative selection within the murine host during their maturation, thus 

preventing the graft-versus-host effect and enabling longer-term studies (20, 48). Effective 

engraftment of the CD34+ hematopoietic stem cells requires sublethal irradiation and takes 

approximately 10–12 weeks (20, 39). Zhao and colleagues developed a humanized HCC 

PDX model in NSG mice with HLA I-matched fetal liver-derived CD34+ hematopoietic 

stem cells (55). This model enabled evaluation of response to pembrolizumab and 

ipilimumab, immune changes within the TME, as well as clinically observed toxicities 

associated with ipilimumab (55). A limitation of the human CD34+ hematopoietic stem cell 

engraftment model is the mismatch between murine thymus and human T cell development 

requirements, leading to some deficiencies in the mature T cell compartment, such as 

FoxP3+ regulatory T cells (56). The humanized BLT mouse model, developed by Lan and 

colleagues, involves co-transplantation of human fetal liver (L), thymus (T), and CD34+ 

hematopoietic stem cells (bone marrow, B) into irradiated NOD/SCID mice (48, 57). It has 

been shown that these BLT-humanized mice demonstrate similar immune-mediated adverse 

effects in response to nivolumab (58). Zhai and colleagues utilized this BLT model 

combined with glioblastoma PDX to demonstrate that T cells regulate IDO1 expression 

directly in glioblastoma (59). Finally, one study reported a double-humanization with mature 

hepatocytes and hematopoietic stem cells in Fah−/−Rag2−/−Il2rg−/− immunodefiecient mice 

on NOD-strain background resulting in over 80% human liver repopulation and 40–80% 

human hematopoietic chimerism, notably with human Kupffer Cells observed (60). In 

conjunction with the three main categories of humanized PDX models, multiple groups have 
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generated genetically humanized hosts to support survival and expansion of transplanted 

human leukocytes (17). Rongvaux and colleagues developed MIT(S)RG mice (Rag2−/−IL2 
rγ−/− with human GM-CSF, M-CSF, IL3, TPO, +/− human SIRPα), which support 

monocyte, macrophage, and NK cell development upon CD34+ human stem cell 

engraftment and enable similar tumor infiltration seen in patients with PDX-transplanted 

mice (61). Similarly, Jangalwe and colleagues developed NSG-SGM3 mice (with human 

SCFr, GM-CSF, and IL3 knocked in) which, in the context of the BLT system, improved B 

cell development compared with NSG mice (62). Additionally, incorporation of HLA-A2 or 

HLA-DR1 into NSG mice may facilitate functional in vivo studies of antigen-specific CD8+ 

T cells and CD4+ T cell functions, respectively (39).

In addition to humanized PDX models, targeted humanization of individual murine immune 

components is commonly employed (39). This can involve transfer of human PBMCs sorted 

for specific populations into NSG mice. For example, Asai and colleagues transferred 

CD14+ cells from HCC patients into NSG mice to assess anti-tumor capacity (63). 

Alternatively, genetically-based humanization either of entire murine loci (e.g. replacement 

of murine MHC, a/b TCR, and Fc receptor loci) or individual immune targets (e.g. CTLA-4) 

with human counterparts can be achieved (39, 64–66). The latter becomes especially 

important during pre-clinical evaluation of drug efficacy and toxicities. Finally, the human 

hepatocyte-engrafted, HCV-infected MUP-uPA/SCID/Bg mouse has been utilized to 

evaluate HCV-associated HCC (67).

It is important to note that current therapeutics in HCC, such as lenvatinib and sorafenib, 

have also been shown to affect the immune system (68). For example, one study identified 

proliferating CD8+ T cells producing IFNγ as a key biomarker of response to sorafenib in 

HCC (69). This underscores the importance of using murine models of HCC with fully 

humanized immune systems, possibly within the context of a humanized PDX system.

Modeling liver inflammation and combination models

Common causes of HCC (e.g. HBV, HCV, alcohol-induced cirrhosis, NASH/NAFLD) all 

create a chronic inflammatory state, altering tumor-immunity and the TME (70, 71). 

Therefore, evaluation of tumor development and response to therapies within this context is 

critical for bench-to-bedside translation of findings. A number of mouse models involve 

carcinogen- or dietary-mediated liver inflammation, damage, and fibrosis (detailed in Table 

2). Some develop HCC without further manipulation but typically with low penetrance, 

significant heterogeneity, and long latency. The background of inflammation and long 

latency enable evolution of immune, stromal, and vascular responses, better recapitulating 

human HCC development (39, 72, 73).

Combining the aforementioned models of HCC with those that induce a state of 

inflammation, fibrosis, and altered metabolic activity may be advantageous in providing a 

more comprehensive model to mimic the natural progression of human HCC. For example, 

two orthotopic models of HCC with underlying carbon tetrachloride (CCl4)- or diet-induced 

fibrosis were used to demonstrate the contribution of monocytic MDSCs to tumor growth 

through an HSC-dependent mechanism. In these models, combination therapy with anti-
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PD-1 and BET bromodomain inhibition was efficacious in suppressing monocytic MDSCs, 

increasing tumor-infiltrating lymphocytes, and slowing tumor growth (52). Another model 

combined CCl4 injections with either 1) subsequent HCa1 murine cancer cell orthotopic 

implantation, or 2) inducible liver-specific knockout of Stk3 via hydrodynamic delivery of 

adeno-CRE into Stk4−/−Stk3F/− mice (74). These techniques delineated how CD4+ T cell-

induced normalization of vasculature mediates synergy between anti-angiogenic therapy and 

checkpoint inhibition (75).

Conclusions and future perspectives

While immunotherapies have revolutionized clinical management of HCC, response rates 

are still low, highlighting a need to elucidate mechanisms of resistance, design novel 

combination therapies to restore sensitivity, and identify predictive markers of response (9). 

Over the last years, advances in cancer research have provided a deeper understanding of 

liver immune surveillance and genomic characterization of HCC (76, 77). Though this has 

enabled development of a wide range of preclinical mouse models to study immunotherapies 

in HCC, some challenges remain to be addressed.

First, considering human HCC develops in a background of chronic inflammation, 

combining techniques of tumor induction with models that simulate underlying liver disease 

will allow for more reliable studies of immunotherapies. Additionally, a critical feature 

current approaches should consider is the incorporation of human gut microbiota. Given the 

gut-associated nature of the liver and the emerging role of gut microbiota in immunity and, 

more specifically, efficacy of immunotherapies (52), mouse models for the study of 

oncoimmunology would tremendously benefit from humanization of the intestinal 

microbiome. Additionally, controlling for factors such as animal strains, vendors, and 

housing conditions, as well as being conscientious of antibiotic-regulated expression use is 

key, since they impact gut microbiota. Furthermore, many of the humanized mouse models 

mentioned have been broadly used in other types of cancers but not as much in HCC; the 

expansion of this technology into the field of liver cancer would allow for investigation of 

immunotherapies in a model system that more closely resembles humans and would be more 

easily translatable to clinical successes.

Finally, while the focus of this review has been on mouse models of oncoimmunology due to 

their usefulness in translational research, in vitro models can complement the study of 

cancer immunotherapy. Utilization of 3D-culture systems incorporating tumor organoids 

with stromal cells and immune cells could elucidate mechanisms at the immune-tumor 

interface and changes in response to immunotherapy. HCC patient-derived organoids have 

been developed from both resected tumor tissue (78) and needle biopsies (79) but protocols 

for co-culture of HCC organoids and immune cells have not been established to the same 

degree as they have for other cancer types (ie, in colorectal cancer and lung cancer) (80). 

Additional development in this area could combine some of the benefits of 2D-cell culture 

(reproducible high-throughput screening at lower cost) with those of in vivo studies 

(preservation of the microenvironment and immune cell interactions) to generate further 

advances in oncoimmunology (Table 3).
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Figure 1: Liver immunity overview.
Schematic depicting key functions of the different liver cell populations, hepatic 

parenchymal, non-parenchymal, myeloid, and lymphoid, in maintaining a balance between 

tolerogenic and effector responses against pathogens and malignant cells.
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Figure 2: Representative murine model system for oncoimmunology study (43).
1) Transfection of a commercial murine HCC cell line with PD-L1 or control plasmid. 2) 

Transfected HCC cells were co-cultured with murine splenic CD4+ and CD8+ T cells; 

cytokine profiling and proliferation assays were performed. 3) Syngeneic orthotopic 

implantation of transfected HCC cells into immunocompetent mice. Resultant untreated 

tumors were collected and processed for RNA immune profiling. In parallel, mice harboring 

orthotopic tumors were treated with vehicle, anti-PD-1 or anti-PD-1+sorafenib; tumor 

immune profiling and survival analysis were performed.
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Table 1:

Clinical trials of immunotherapy in HCC.

Trial Phase Investigational 
Treatment

Patient Population Status and results

NCT01658878 
(Checkmate-040)

I/II nivo advanced HCC, +/− HBV 
or HCV, previous sora 
treatment allowed

ORR 20% (95% CI 15–26) in dose-
expansion phase, and 15% (95% CI 6–28) in 
dose-escalation phase; led to FDA approval 
of nivo in 2nd line (4)

NCT02576509 
(Checkmate-459)

III nivo VS sora 1st line, advanced HCC Did not meet primary OS endpoint. Median 
OS 16.4 months for nivo, 14.7 months for 
sora; ORR 15% for nivo, 7% for sora; CR in 
14 nivo patients, 5 sora patients (5)

NCT03383458 
(CheckMate 9 DX)

III nivo VS placebo Adjuvant after resection 
or ablation

Currently active, recruiting

NCT03222076 II nivo + ipi Neoadjuvant Currently active, recruiting. 1st interim 
analysis: 37.5% CR (81)

NCT04039607 
(CheckMate 9DW)

III nivo + ipi VS sora VS 
lenva

1st line, advanced HCC Currently active, recruiting

NCT03299946 I nivo + cabo Neoadjuvant Currently active, not recruiting

NCT02702414 
(Keynote-224)

II pembro Advanced HCC, +/− prior 
sora treatment

ORR 17% (95% CI 11–26), 44% with stable 
disease (6)

NCT02702401 
(Keynote-240)

III pembro VS placebo Advanced HCC 
progressed on sora

Pembro improved OS (HR: 0.78, p = 0.0238) 
and PFS (HR: 0.78, p = 0.0209) vs placebo, 
but did not meet pre-determined significance 
threshold (7)

NCT03006926 
(KEYNOTE-524)

Ib pembro + lenva Advanced HCC Currently active, not recruiting; at interim 
analysis, ORR 11%; Led to breakthrough 
therapy designation by the FDA for leva + 
pembro (8)

NCT03713593 
(LEAP-002)

III pembro + lenva VS lenva 1st line advanced HCC Currently active, recruiting

NCT03397654 (PETAL) I pembro OR pembro + 
lenva

HCC following TACE Currently active, recruiting

NCT03867084 I pembro OR pembro + 
lenva

HCC with CR after 
resection/ablation

Currently active, recruiting

NCT02715531 Ib atezo VS beva + atezo Advanced and 
unresectable HCC

Improved PFS with combination (5.6 vs. 3.4 
months, HR 0.55)
ORR 36% for combination; Led to 
breakthrough design by FDA for atezo + 
beva (82)

NCT03434379 
(IMbrave150)

III atezo + beva VS sora Advanced HCC, untreated Currently active, recruiting

NCT03755791 
(COSMIC-312)

III atezo + cabo VS sora VS 
cabo

Advanced HCC, untreated Currently active, recruiting

NCT03298451 
(HIMALAYA)

III trem + durva First line Currently active, not recruiting

NCT01853618 I,II trem + TACE or RFA Advanced HCC or biliary 
tract carcinoma

Median OS 12.3 months (95% CI 9.3–15.4); 
median time to tumor progression of 
7.4months (95% CI 4.7–19.4); significant 
reduction in HCV viral load (83)

NCT01008358 II trem Advanced HCC with 
HCV

Time to progression 6.48 months; 17.6 % 
partial response rate, 76.4% disease control 
rate, significant drop in HCV viral load (84)
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Trial Phase Investigational 
Treatment

Patient Population Status and results

NCT03778957 
(EMERALD-1)

III durva + beva + TACE Locoregional HCC Currently active, recruiting

NCT03847428 
(EMERALD-2)

III durva or durva + beva HCC with high risk of 
recurrence after curative 
treatment

Currently active, recruiting

NCT02694822 III AGEN1884 (CTLA4 
inhibitor)

Advanced cancer 
(including HCC) with 
progression on anti-
PD-1/PD-L1 therapy

Currently active, recruiting

nivo = nivolumab, sora = sorafenib, ipi = ipilimumab, cabo = cabozantinib, lenva = lenvatinib, pembro = pembrolizumab, beva= bevacizumab, 
atezo = atezolizumab, trem = tremelimumab, durva = durvalumab, CR = complete response, ORR = objective response rate, OS = overall survival
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Table 2:

Models of inflammation and/or fibrosis induction: chemotoxic, dietary, and others.

Model 
(References)

Details Obesity, 
IR

Inflammation, Steatosis, 
Fibrosis, Cirrhosis

HCC development

Carcinogen-based HCC induction

DEN
(18, 85, 86)

Genotoxic agent (DNA alkylation, oxidative 
stress).
Single dose given at ~2 wks of age IP, does not 
require additional insult to develop HCC. Older 
mice need additional insult for HCC 
development, or long-term administration (dose 
and schedule can vary).

No No Single Dose: Tumors 8–
10 mo, 80–100% 
penetrance in males, 10–
30% in females.
Long term: Tumors at 7 
months, ~60% 
penetrance (higher in 
males); metastasizes

Ccl4
(18, 41, 85, 87)

Metabolite Ccl3 causes hepatocyte necrosis 
leading to fibrosis.
Repetitive IP injection or oral gavage; varying 
degrees of fibrosis and cirrhosis depending on 
strain and dosing schedule. Often combined 
with DEN to accelerate tumorigenesis.

No Inflammation and 
steatosis; fibrosis in ~12 
wks (self-resolving if Ccl4 

discontinued)

1–2 years for most 
strains. 50–94% 
penetrance (dose 
dependent), metastasizes

TAA
(41, 85)

Causes oxidative stress in hepatocytes. IP 
injection or administration in drinking water 
(orally less systemic toxicity).

No Fibrosis progressing to 
cirrhosis in ~6 wks

Develop HCC in 6–12 
mo

Aflatoxin B1
(86, 87)

Metabolite causes DNA damage.
IP injection in infant mice.

No Mild fibrosis Early HCC in ~12 mo, 
high grade HCC in ~22–
30 mo. Penetrance varies 
with strain (25–90%). 
Metastasizes

Diet-based HCC induction

Choline deficient 
(CD)
(85, 87)

Oxidative damage and ER stress from defective 
phospholipid synthesis. Hepatic steatosis model 
with progression to HCC.

No Steatohepatitis HCC in 1–2 years, ~50% 
prevalence

CD + ethionine 
(CDE)
(85)

CD diet + supplementation with ethionine- a 
cytotoxic methionine analogue which causes 
inflammation and HSC activation. Accelerates 
tumor formation in CD model.

No Inflammation and fibrosis HCC by ~7 mo, 75% 
penetrance by 14 mo

Methionine 
choline deficient 
(MCDD)
(18, 85, 88)

High sucrose diet (40% sucrose, 10% fat) 
deficient in methionine and choline. Leads to 
buildup of cholesterol and fatty acid in liver. 
Model of NASH. High morbidity with 
significant weight loss. Inter-strain differences 
seen in immune infiltration.

No Steatohepatitis in 1–2 wks, 
fibrosis in 8–10 wks

Not well studied in mice, 
due to long latency and 
toxic effects of diet

CD, L-amino acid 
defined (18, 88, 
89)

CD diet with proteins replaced by semi-
synthetic L-amino acids. Longer latency to 
pathology than MCDD.

No Steatohepatitis and fibrosis ~20% prevalence of 
HCC at 84 wks

High fat diet 
(HFD)
(18, 85, 88)

Ad libitum diet with 45% to75% fat; classic 
ratio 71% fat, 11% carbohydrates, 18% protein. 
Reproducible model of hepatic steatosis.

Yes Fibrosis ~9 wks, 
Steatohepatitis ~19 wks

Usually does not 
progress to HCC without 
additional accelerating 
factor

Western / Fast 
food
(18, 85)

High cholesterol, high saturated fat, and high 
fructose. Similar phenotype to HFD + fibrosis. 
Histologically and transcriptomically very 
similar to human NASH and HCC.

Yes Fibrosis in ~8 wks; NASH 
with progressive fibrosis 
after 6 months of diet

~90% penetrance at 1 
year

ALIOS
(85)

Diet high in trans-fats and high-fructose corn 
syrup, with removal of cage racks to promote 
sedentary behavior. Induction of HCC with only 
diet and lack of exercise.

Yes At 16 wks, severe hepatic 
steatosis and 
inflammation. Fibrosis 
after 12-months

~1 year, 60% penetrance

Ethanol
(18)

Lieber-DeCarli diet: ad libitum liquid diet with 
ethanol as 36% of calories.
NIAAA model: 10 day Lieber-DeCarli diet + 
single binge feed of alcohol.

No LD: Mild steatosis, very 
mild inflammation
NIAAA: binge 
synergistically causes liver 

No; requires additional 
insult
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Model 
(References)

Details Obesity, 
IR

Inflammation, Steatosis, 
Fibrosis, Cirrhosis

HCC development

Tsukamoto-Franch model: Infusion pump 
placed in stomach for continuous ethanol feeds.
Do not induce HCC, but rather create a 
background of alcohol-induced liver disease.

injury, inflammation, fatty 
liver
TF: Severe steatosis, mild 
inflammation and fibrosis

Other models of inflammation or fibrosis

MUP-uPA +HFD
(18, 85)

Major urinary protein (MUP)-urokinase type 
plasminogen activator (uPA) transgenic mice.
uPA overexpression in hepatocytes causes ER 
stress and TNF-dependent inflammation. Model 
of inflammation-induced HCC.

Yes Steatosis from HFD, plus 
immune cell infiltration 
leading to HCC, fibrosis at 
~24 wks after HFD 
initiation

HCC at ~ 32–40 wks, 
penetrance ~80%

Mdr2−/−
(18, 20, 86)

MDR2 knockout mice lack a phospholipid 
floppase responsible for biliary excretion of 
phospholipids; leads to buildup of bile salts, 
inflammation due to bile acid mediated 
cholestatic damage to hepatocytes. Chronic liver 
inflammation and fibrosis model.

No Cholestatic hepatitis by 
~3wks, fibrosis by ~8–10 
wks (females>males)

Dysplastic lesions at 4–6 
mo, tumors at ~1 year, 
~100% penetrance. 
Pulmonary metastasis at 
~1.5 years

Fah−/−
(18)

Lack fumarylacetoacetate hydrase; hepatic 
fumarylacetoacetate buildup causes 
inflammation, fibrosis, and liver dysfunction 
that can be controlled with NTBC.
Used to model cyclic liver inflammation and 
injury via repeated withdrawal of NTBC.

No Hepatic inflammation and 
fibrosis

HCC in ~30% after 2 
cycles of NTBC 
withdrawal and re-
initiation; ~100% 
penetrance after 6 cycles

Liver-specific 
PTEN −/−
(18, 85, 86)

Albumin-Cre transgenic mice with floxed 
PTEN allele; model of obesity-related HCC.

No Hepatomegaly and 
steatosis at ~10 wks, 
Inflammation and fibrosis 
at ~40 wks

~1.5 years; ~80% 
penetrance in males, 
50% in females

Liver specific Tak1 
−/−(86)

Albumin-Cre or ALFP-Cre transgenic mice 
crossed with TGF-β Activated Kinase 1 
conditional allele leads to hepatocyte death and 
resultant inflammation and fibrosis.
Model of chronic hepatocyte injury.

No hepatic inflammation and 
fibrosis by 1 month

Tumors develop ~4 mo; 
penetrance ~80 % by 9–
10 mo

Ob/ob and db/db
(18)

Ob/ob: no functional leptin; Db/db: mutated 
leptin receptor.
Effectively remove leptin signaling leading to 
hyperphagia, obesity, hyperglycemia and insulin 
resistance, hyperlipidemia, fatty liver Model of 
metabolic syndrome.

Yes No spontaneous fibrosis or 
steatohepatitis without 
addition of diet (ie, HFD 
or MCDD). Leptin is 
required for fibrosis, so 
only db/db can develop

No; requires additional 
insult

IR = Insulin resistance ; DEN = Diethylnitrosamine; IP= intraperitoneal; Ccl4 = carbon tetrachloride; wks = weeks; mo= months; TAA = 

Thioacetamide; ALIOS: American Lifestyle-Induced Obesity Syndrome; TNF = tumor necrosis factor; MDR2 = Multidrug resistance 2; Fah = 
Fumarylacetoacetate hydrase; NTBC = (2-[2-nitro-4-(trifluoromethyl) benzoyl]cyclohexane-1,3-dione or nitisinone); PTEN = Phosphatase and 
tensin homolog; Tak1 = TGF-β Activated Kinase
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Table 3:

Murine models of HCC: advantages and disadvantages

Model Advantages Disadvantages

Germline transgenic models Some commercially available
Defined genetic alterations
Autochthonous

Time-consuming breeding and genotyping
Temporal studies not feasible; mutation is present from 
birth
Not representative of mutational heterogeneity of 
human HCC

Inducible transgenic model 
(Cre-lox system, TET system)

Spatiotemporal control of genetic alteration
Defined genetic alterations
Autochthonous

Time consuming breeding and genotyping
Not mosaic
Not representative of mutational heterogeneity of 
human HCC

HDTVI (non-germline mosaic 
model)

Defined genetic alterations
Mosaic
Autochthonous
Enables temporal control (inducible plasmids)
Fast tumor growth
Reproducible in large cohorts
Good for treatment experiments

Not representative of mutational heterogeneity of 
human HCC
Technically challenging (HDTVI)
Short-term liver damage from HDTVI

Syngeneic implantation: 
subcutaneous

Easy to monitor tumor growth
Fast tumor growth
Reproducible in large cohorts
Accessibility of tumors for injections or radiation

Not autochthonous
Lacks hepatic immune microenvironment
Bypasses initial steps of tumorigenesis
Secondary inflammation from implantation
Poor translatability due to high rate of false positives in 
treatment experiments

Syngeneic implantation: 
orthotopic

Autochthonous
Fast tumor growth
Reproducible
Good for treatment experiments

Reaction to injection/implantation
Technically challenging (survival surgery)
Bypasses initial steps of tumorigenesis
Secondary inflammation from implantation

PDX in immunocompromised 
mice

Representative of mutational heterogeneity of 
human HCC
Enables personalized therapy

Not amenable for oncoimmunology studies
Limited patient samples
Technically challenging (survival surgery)

PDX in humanized mice Representative of mutational heterogeneity of 
human HCC
Enables personalized therapy
Humanized immune system; amenable for 
oncoimmunology studies
Multiple methods of humanization; suitable for 
many applications
Model adverse effects of immunotherapy

Limited patient samples
Complicated by GVHD (when using mature 
lymphocytes)
Time consuming engraftment process (when using 
CD34+ cells)

Carcinogen-induced models Underlying liver disease can be modeled 
(fibrosis, steatosis, and cirrhosis)
Cost effective

Unpredictable genetic alterations
Generally long latency unless multiple insults are 
combined

Dietary models More accurately recreate the inflammation and 
steatosis seen in human liver disease
Better for modeling NASH/NAFLD

Generally long latency unless multiple insults are 
combined
Unpredictable penetrance; not ideal for treatment 
experiments

2D cell culture Easily manipulated
Facilitates mechanism of action studies
Cost efficient
High-throughput screening

Poor translatability due to high rate of false positives in 
treatment experiments

Organoid/ 3D culture models Facilitates mechanism of action studies
Cost efficient
High-throughput screening

Poor translatability due to high rate of false positives in 
treatment experiments
Technically challenging (establishment)
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