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Abstract

Globally, more than 500 million individuals are chronically infected with hepatitis B (HBV), delta 

(HDV), and/or C (HCV) viruses, which can result in severe liver disease. Mechanistic studies of 

viral persistence and pathogenesis have been hampered by the scarcity of animal models. The 

limited species and cellular host range of HBV, HDV, and HCV, which robustly infect only 

humans and chimpanzees, have posed challenges for creating such animal models. In this review, 

we will discuss the barriers to interspecies transmission and the progress that has been made in our 

understanding of the HBV, HDV, and HCV life cycles. Additionally, we will highlight a variety of 

approaches that overcome these barriers and thus facilitate in vivo studies of these hepatotropic 

viruses.

 1. Introduction

Worldwide, over 500 million people are persistently infected with hepatitis B virus (HBV), 

hepatitis delta (HDV) and/or hepatitis C virus (HCV). HBV and HCV infect the liver and 

can lead to a broad spectrum of disease outcomes. Between 15% and 40% of individuals 

chronically infected with HBV or HCV develop serious liver disease, including cirrhosis 

and/or hepatocellular carcinoma (HCC). In contrast, HDV is a satellite virus that needs HBV 

envelope proteins in order to form infectious virions. Approximately 15–20 million 

individuals worldwide are co-infected with HBV/HDV [1]. These patients experience a 

faster progression of liver disease and also have the highest mortality rate (20%) of any of 

the viral hepatitises [2–4]. It is widely believed that the outcome of these viral infections and 

the pathogenesis of the associated liver diseases are determined by host-virus interactions 

mediated by the immune response.

A safe and effective vaccine for HBV is available and protects against both HBV and HDV 

infections. For infected individuals, the standard treatment of care is pegylated interferon 

(IFN)-α in combination with nucleos(t)ide analogs. Although these treatments can suppress 

viremia, they rarely result in a cure [5]. The scarcity of experimental systems for studying 

HBV, particularly tractable small animal models [6], has been a bottleneck for testing the 

efficacy of novel, potentially curative HBV treatments.
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Unlike HBV, there is no vaccine for HCV. Over the last few years, a combination of direct-

acting antivirals (DAAs), including NS3-4A inhibitors, NS5A inhibitors and NS5B 

nucleos(t)ide or non-nucleos(t)ide inhibitors, have demonstrated strong potency as 

treatments, resulting in a sustained virologic response (SVR) in ca. 90–100% [7, 8] of 

treated individuals. Patients can thus now be cured of HCV infection, but this antiviral 

treatment is still poorly accessible due to its high costs [9]. Moreover, patients who are cured 

of their HCV infection but have advanced liver disease still remain at significant risk for 

developing HCC, making a prophylactic or preventive HCV vaccine an urgent need to 

significantly impact HCV spread worldwide [10].

 2. Molecular virology of hepatitis B, C, and delta viruses

HBV is a small, double-stranded DNA virus belonging to the Hepadnaviridae family. Its 

genome is ~3.2 kb in length, with four open reading frames (ORFs) encoding for four gene 

products [11, 12]: the core protein, X protein, viral polymerase, and the surface polypeptides 

which in turn encode for three proteins: the small (S), medium (M), and large (L) surface 

antigens [13, 14]. The N-terminal section of the L antigen (preS1) is known to be essential 

for HBV infection [15]. Following productive entry into human cells, the HBV genome is 

uncoated. It has been proposed that capsid proteins interact with the nuclear basket, leading 

to genome release [16]. Afterwards, the relaxed circular genome (rcDNA) is inserted into the 

nucleus. Here, covalently closed circular DNA (cccDNA), which serves as the 

transcriptional template for all four viral gene products, is then formed via poorly defined 

mechanisms. Pre-genomic RNA (pgRNA), one of the four transcripts produced from 

cccDNA, has the viral polymerase attached. The viral polymerase then interacts with the 

core protein to facilitate packaging. Once packaged in a nucleocapsid, the pgRNA is reverse 

transcribed into rcDNA that can be imported into the nucleus to replenish the cccDNA pool 

or the nucleocapsid-encased rcDNA can enter the ER, be enveloped by a lipid bilayer 

containing the HBV envelope proteins, and then egress from the host cell as a fully formed, 

infectious virion [11]. In addition to infectious virions, several non-infectious sub-viral 

filaments are also released [17, 18].

HDV is a satellite virus that uses the HBV envelope proteins to form infectious spherical 

particles 36 nm in diameter [19–23]. The HDV genome is a single-stranded, circular RNA 

comprised of 1679 bp. This genome has one ORF encoding for the delta antigen (HDAg), of 

which there are two isoforms: the large HDAg (27 kDa, 214 aa) and the small HDAg (24 

kDa, 195 aa).

HCV is an enveloped, positive-sense, single-stranded RNA virus of the family Flaviviridae 
with a 9.6-kb genome [24]. Translation of the genome initiates at an internal ribosome entry 

site (IRES) in the 5′ non-translated region (NTR) and produces a single polyprotein of ca. 

3000 amino acids in length which is cleaved into three structural proteins (Core, E1 and E2) 

and seven nonstructural (NS) proteins (p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) by 

cellular and viral proteases [25]. Following translation, the HCV proteins are associated with 

membranes derived from the endoplasmic reticulum. NS3 through NS5B comprise the 

replication machinery, which replicates the positive-sense RNA genome through a negative 

strand intermediate. Nascent RNA genomes serve as new/additional RNA templates for 
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further RNA replication, are translated to produce new viral proteins, and are assembled into 

infectious virions. The HCV replication complex is subcellularly located in the so-called 

membranous web, an accumulation of ER-derived membrane vesicles and lipid droplets 

(LDs). HCV assembly is intricately connected to lipid metabolism, and both structural and 

non-structural proteins of HCV interact with components of lipid metabolism at different 

levels (reviewed in [26, 27]). Following accumulation of the viral components near LDs, 

virion assembly is initiated - nucleocapsid formation, budding and, finally, maturation of the 

infectious particle [28]. Importantly, the very low-density lipoprotein (VLDL) assembly 

pathway is closely related to the production of infectious particles, which are released from 

cells as so-called lipoviral particles.

 3. HBV and HCV have a limited host range

The study of HBV, HCV, and HDV pathogenesis as well as host responses to infection have 

been hindered by the limited species and cellular tropism of these viruses, which robustly 

infect only the hepatocytes of humans and chimpanzees. In the past, the use of chimpanzees 

as a model for HBV and HCV infections was limited due to the high cost and low 

availability of these animals. In recent years, further ethical considerations have led to a 

moratorium on federal funding for research using chimpanzees. As a result of this 

moratorium, a small tractable animal model is a pressing need.

 4. Surrogate systems for studying viral hepatitis in vivo

 4.1. Animal models for investigating human HBV and HCV

Chimpanzees are the only existing immunocompetent models for HBV(/HDV) and HCV 

infection and have thus served as an important platform for studying immune responses to 

these viruses as well as disease progression [29–34]. For example, much of our knowledge 

concerning the mechanisms used by the innate and adaptive immune system to combat HCV 

infection was acquired from such experimental infections in chimpanzees [35, 36]. However, 

as mentioned above, the chimpanzee has fallen out of favor as an experimental model due to 

limited availability, high associated costs and ethical concerns. As a result, the motivation 

for developing a small animal model for studying hepatotropic viral infections has greatly 

increased [37, 38].

Another organism considered for studying HCV and HBV infections in vivo is the tupaia 

(Tupaia belangeri), also known as the tree shrew. Tupaias are small, non-primate mammals, 

but genomic analysis has revealed that the Tupaia genus is more closely related to humans 

than to rodents. Tupaia hepatocytes are susceptible to both HBV and HCV infection in vitro 
and in vivo [39–41]. A longitudinal analysis of HCV-infected tupaias showed that HCV 

inoculum caused mild hepatitis and intermittent viremia during the acute phase of infection. 

Histological analysis revealed that HCV caused chronic hepatitis that worsened over time as 

well as liver steatosis, cirrhotic nodules, and tumorigenesis [42]. However, viremia following 

HBV infection in tupaia is quite low, suggesting that innate and adaptive immune responses 

help to control the virus in this organism. Together, these data suggest that tupaias have the 

potential to serve as an animal model for experimental studies of HBV or HCV infection. 

However, the difficulties of genetically manipulating its genome, the scarcity of tupaia-
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specific reagents, and the genetic heterogeneity of this outbred species limit its application 

for a mechanistic study of HBV or HCV pathogenesis.

 4.2. Hepatitis C and related hepaci- and pegiviruses

With chimpanzees no longer an option for studying HCV infection and the logistical 

difficulties inherent to research with tupaias, viruses closely related to HCV have been 

proposed as surrogate models. One such example is the hepacivirus George Barker virus B 

(GBV-B), which has a genome organized identically to HCV [43]. More recently, a virus 

highly similar genetically to HCV was identified in dogs and thus termed canine hepacivirus 

(CHV). It remains unclear whether CHV replicates in the canine liver and whether it induces 

hepatitis [44]. Other related viruses of either the Pegivirus genus, another member of the 

Flaviviridae family, or Hepacivirus genus have also been identified in horses [45, 46], wild 

mice [47] and rats [48]. Of the non-primate hepaciviruses (NPHV), those observed in horses 

are the most genetically similar to HCV [49]. However, it remains to be shown whether 

these viruses indeed cause hepatitis in experimentally inoculated animals before it can be 

determined whether they might be surrogates for modeling HCV. Importantly, there is 

currently no experimental evidence of NPHV transmission between horses and humans [50].

 4.3. Hepatitis B and related hepadnaviridae

HBV is part of the Hepadnaviridae family. Hepadnaviruses are divided into two genera, the 

orthohepadnaviruses and the avihepadnaviruses, which infect mammals and birds, 

respectively.

The two most important surrogate viruses are duck hepatitis B virus (DHBV) and 

woodchuck hepatitis virus (WHV). DHBV has been instrumental in understanding the 

hepadnavirus life cycle, specifically the formation of covalently closed circular DNA 

(cccDNA), which is the stable template for all viral transcripts. DHBV was utilized to 

investigate how the DNA intermediate precursor of HBV cccDNA, rcDNA, is synthesized 

[51–53]. The virus has also aided in our understanding of the mechanism by which 

hepadnaviruses increase the pool of cccDNA within the host nucleus [54–56].

Woodchuck hepatitis virus (WHV) was discovered at the Penrose Zoo in Philadelphia where 

animals showed liver pathogenesis similar to that observed in chronic HBV patients [57, 58]. 

The virus isolated had ~70% nucleotide identity to human HBV [59]. Woodchucks infected 

with WHV have been instrumental in the study of nucleos(t)ide analog drugs and their effect 

on viral suppression and the emergence of resistance [58, 60, 61]. However, there are still 

limitations to performing research in woodchucks as they are outbred, genetically diverse 

organisms, and few reagents are available for investigating their immune response to viral 

infection. Additionally, the nucleotide differences between HBV and WHV pose 

considerable challenges for evaluating the efficacy of drug and vaccine candidates directed 

against the human virus [59].

Several other hepadnaviruses have been identified, such as woolly monkey hepatitis B virus 

(WMHBV), ground squirrel hepatitis B virus (GSHBV), heron hepatitis B virus (HHBV), 

and, recently, tent bat hepatitis B virus (TBHBV) [62, 63]. All of these viruses have a highly 

limited tropism and have not been extensively utilized as surrogate models. The 
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identification of TBHBV has raised the possibility that bats might be a zoonotic reservoir for 

HBV, but this virus and its tropism must be investigated more thoroughly before any 

conclusions can be made. Recently, it was reported that a hepadnavirus was isolated from 

the livers of Macaca fascicularis, a small Old World monkey, living in the Mauritius Islands. 

The isolated virus appears to be highly similar to HBV genotype D [64]. This virus and the 

M. fascicularis population should be studied further in order to determine (1) if chronic 

HBV infections exist in the population and (2) what is the tropism and pathogenesis of this 

newly identified hepadnavirus.

 5. Barriers of interspecies transmission of hepatitis B virus

The HBV life cycle is blocked at multiple steps in rodent cells (Figure 1 left). Recently, the 

sodium taurocholate co-transporting polypeptide (hNTCP) was identified as a receptor for 

HBV and HDV [65] [66]. HepG2 hepatoma cells overexpressing hNTCP are susceptible to 

both viruses, albeit at low levels. When hNTCP is overexpressed in murine hepatoma lines, 

these cells become susceptible to HDV infection but not HBV [66], suggesting that either 

additional human host factors are needed to facilitate HBV uptake or there are dominant 

negative murine factors that restrict HBV. However, dominant negative murine factors seem 

unlikely because heterokaryons formed between human and mouse hepatoma cells become 

infected when challenged with HBV [67]. HBV can bind to a variety of NTCP orthologues 

from species including mice and dogs. Human-murine NTCP chimeric proteins with the 

loop region (84–87 aa) of murine NTCP replaced with the corresponding human sequence 

results in HBV and HDV infection when expressed in HepG2 [68]. A block may also exist at 

the level of HBV replication. In 1.3x HBV transgenic mice that stably express the HBV 

genome, HBV cccDNA [69] cannot be detected, indicating blocks at the level of HBV 

cccDNA formation and maintenance within murine hepatocytes.

Overexpression of hNTCP in murine hepatoma lines renders these cells susceptible to HDV 

infection but not HBV infection [68]. This raises the possibility of creating an hNTCP 

transgenic mouse model susceptible to HDV infection. Recently, a transgenic mouse model 

was developed with hNTCP expression driven by the mouse albumin promoter. When 

challenged with high amounts of HDV virions, these mice had detectable HDV virus in their 

livers, with approximately 3% of their hepatocytes infected. The infection was age-

dependent in the hNTCP transgenic mice as only juvenile mice under the age of 17 days had 

observable levels of HDV infection in the liver. In addition, these young mice were able to 

clear HDV two weeks post-infection. This study also tested components of the immune 

system by crossing the hNTCP transgenic mouse with severe combined immunodeficient 

(SCID) mice and IFN α/β receptor deficient mice (IFNα/β R1−/−). Despite these severe 

immune system impairments, these mice were still able to clear an HDV infection within 

two weeks. This suggests that viral clearance is due to the innate immune response and is 

IFN-independent [70].

 6. Barriers of interspecies transmission of hepatitis C virus

The narrow species tropism of HCV, which is limited to humans and chimpanzees, is 

incompletely understood [37]. Mouse cells do not support viral entry [71] and replicate 
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HCV RNA inefficiently, but they do support virion assembly and release (Figure 1, right) 
[72, 73]. HCV entry is a highly coordinated process, involving numerous host cellular 

factors, some of which contribute to the tissue and host tropism of HCV [74]. It was 

previously reported that CD81 and occludin (OCLN) represent the minimal set of human 

factors needed for HCV uptake into mouse cells in vitro [75]. Recently, two successive 

studies reported the first genetically humanized mouse model with inheritable susceptibility 

to HCV via transient expression of these two human factors [76] or stable expression of all 

four canonical HCV entry factors (CD81, OCLN, SR-BI and claudin-1) [77]. A large 

number of host cellular factors are required for HCV replication, but mouse hepatoma cell 

lines and embryonic fibroblasts can harbor replicating HCV RNA, albeit at a very low 

frequency [73, 78, 79]. This suggests that all host factors necessary for HCV replication are 

present in mouse cells, but the viral RNA replication machinery cooperates more efficiently 

with the human cellular factors. Identifying these human-specific factors will facilitate the 

development of additional mouse models for HCV infection. While it is possible that cell-

intrinsic, species-specific dominant restriction factors pose an important barrier to prevent 

cross-species viral transmission, heterokaryons of mouse and human cells support the entire 

HCV lifecycle, suggesting these restriction factors do not exist [80]. All this evidence 

increases the hope for an immunocompetent mouse model for HCV infection by transgenic 

expression of the essential human host factors.

 7. HBV and HCV transgenic mouse models

Several groups have generated transgenic mice expressing transgenically the HCV proteins 

either individually or together as a polyprotein to study the effect of these proteins on liver 

pathology – ultimately steatosis and even liver cancer were observed in these mice [81–86]. 

However, as the expression level and profile of HCV proteins in these transgenic mice is 

very different from a natural infection, it is unclear if these findings are directly applicable to 

the pathogenesis of HCV infection in vivo.

In the absence of a mouse model that has inheritable susceptibility to HBV infection, 

transgenic mice expressing a 1.3x over length HBV genome have contributed significantly to 

our understanding of the immunobiology and pathogenesis of HBV, especially with regards 

to the role of cytotoxic T lymphocytes in viral pathogenesis [87]. In this 1.3x HBV tg model, 

HBV replication persists, generating infectious virions. However, HBV cccDNA is not 

observed, indicating that the murine hepatocyte environment is most likely not amenable to 

HBV cccDNA formation/maintenance [87, 88]. Persistence is possible when a synthetic 

HBV cccDNA is delivered to the nucleus of an immortalized mouse hepatoma cell line [89]. 

However, natural primary murine hepatocytes are unable to support HBV cccDNA 

formation/maintenance [89]. In addition to the full HBV genome, subgenomic fragments 

have also been transgenically expressed in mice, providing great insight into the role of these 

proteins in HBV viral pathogenesis. For example, overexpressing the large (L) envelope 

protein in mice led to the discovery that L expression results in retention of the small (S) 

envelope protein in the ER [90, 91]. The X protein has also been transgenically expressed in 

a CD1 mouse and led to the development of HCC [92].
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While transgenic expression of HBV proteins has proven very helpful to study HBV in vivo, 

the generation of such models on different genetic backgrounds is rather slow and 

cumbersome and since the HBV genome is already expressed pre- or neo-natally, the 

mouse’s immune system is tolerized to the viral antigens. Alternatively, an over-length, 

replication-competent HBV genome can be delivered into mice either by adeno-associated- 

(AAV) or adenovirus (AdV) vectors, resulting in persistent HBV antigen expression for 

extended periods of time [93–95]. These models have been important in assessing HBV 

immunopathogenesis as the HBV/AdV-or-AAV can be delivered into any genetic mouse 

background, including mutant strain [94, 95]. For example, vector-mediated delivery of an 

HBV genome to the liver of wild-type mice lead to detectable HBV DNA, HbsAg, and 

HbeAg and resulted in fibrosis [93][94]. However, cccDNA was undetectable which is 

consistent with previous observations in HBV transgenic mice expressing a 1.3x HBV 

genome. Immune tolerance of HBV has also been observed in the AAV-HBV model. 

However, HBV-specific T cells could be stimulated in peripheral tissue and could migrate to 

the liver and lead to clearance of the virus [94]. Additional work demonstrated that C57BL/6 

mice infected with an AAV-HBV were seronegative for HBsAg, as also observed in chronic 

HBV patients. These same mice, upon immunization with the conventional HBV vaccine 

plus an albumin adjuvant, failed to mount an immune response. When the vaccine was 

administered with CpG, a Toll-like receptor 9 agonist, a strong antibody and T cell response 

were induced, leading to clearance of the virus [95].

These models are a reasonable proxy for studying the immune responses and pathogenesis 

of HBV and, to a degree, HBV replication. However, a major caveat of this approach is that 

HBV replication does not occur via the native mechanism. This is born out by the fact that 

HBV cccDNA is not formed in either the AdV-HBV, AAV-HBV, or 1.3x HBV tg mouse 

models. This indicates that there is a block at the level of HBV cccDNA formation/

maintenance in murine hepatocytes, which may present a block in the native replication 

mechanisms that HBV utilizes to establish and persist in hepatocytes.

 9. Humanized xenotransplantation models for the study of hepatitis B 

and C viruses

 9.1. Human liver chimeric mice are a versatile model for studying human hepatotropic 
pathogens

As an alternative to studying surrogate viruses or using transgenic animals expressing viral 

genes, HBV or HCV can also be investigated by adapting the murine environment to support 

the uptake and replication of either virus. Liver chimeric mice that harbor human tissue are 

permissive to HBV, HCV, and HDV infections [96]. These mice are generated by the 

engraftment of human hepatocytes into a suitable xenorecipient strain. To facilitate 

engraftment, the xenorecipient must be immunodeficient to avoid graft rejection, and liver 

injury must be inducible in the endogenous murine hepatocyte population [97, 98]. The best-

characterized recipient strain is the transgenic mouse expressing urokinase plasminogen 

activator (uPA) in hepatocytes driven by the hepatocyte-specific albumin promoter (Alb-uPA 

mice). uPA overexpression is toxic in the native murine hepatocytes [99], so the transplanted 

human hepatocytes possess a selective growth advantage and expand within the liver [37].
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The fragility of Alb-uPA mice has limited the speed at which human liver chimeric animals 

can be generated. In search for more robust liver injury models, mice deficient in 

fumarylacetoacetate hydrolase (FAH) have been explored as alternatives [100–102]. FAH is 

the terminal enzyme in the catabolic pathway of tyrosine, and its absence results in the 

accumulation of toxic tyrosine metabolites leading to hepatic failure [103]. However, the 

administration of 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione (NTBC) 

inhibits the activity of an enzyme upstream of FAH and thus abrogates the accumulation of 

toxic metabolites to maintain FAH−/− mice in a healthy state [104]. Thus, the timing of the 

toxic insult applied to native murine hepatocytes to provide a selective advantage to 

transferred human hepatocytes in the repopulation of the liver can be controlled by switching 

on and off NTBC administration. TK-NOG humanized mice have also been developed and 

proven successful in studying HBV and HCV infection. In this model, mouse liver cells 

express herpes simplex virus type-1 thymidine kinase (HSVtk) and can thus be selectively 

ablated following exposure of the mice to ganciclovir (GCV), leaving transplanted human 

hepatocytes with a distinct growth advantage [105].

These and other liver injury models can be engrafted to very high levels with human 

hepatocytes when crossed to immunodeficient backgrounds. These resultant human liver 

chimeric mice are susceptible to HBV and HCV infection and are a versatile model to study 

basic virology and for preclinical applications (Figure 2) [106–109]. When injected with cell 

culture- or patient derived HCV, highly engrafted human liver chimeric mice become readily 

viremic and can sustain persistent HCV infection for several months [96, 102, 106, 109, 

110]. Similarly, following infection of these mice with HBV, viral intermediates have been 

detected in the engrafted human hepatocytes, including HBV cccDNA and pgRNA [108]. 

HDV can infect human hepatocytes in human liver chimeric mice, persisting for up to six 

weeks post-infection. Upon super-infection with HBV, HDV viremia is observed due to the 

fact that co-infection with HBV facilitates packaging of HDV virions to infect other human 

hepatocytes in the liver [111]. These models have also been utilized to test viral suppression 

drugs [112] and to help ascertain the metabolic and toxicological responses to drugs in 

engrafted donor hepatocytes [113].

 9.2. Challenges and improvements of humanized mouse models

Even with all their advantages, there are several limitations to the use of human liver 

chimeric mice. First, due to their immunodeficient background, pathogenesis and immune 

response studies are limited in this model. However, several groups are working to overcome 

this by developing protocols for the co-engraftment of human liver cells and components of 

the human immune system in a single murine xenorecipient [114, 115]. Donor matching is 

desirable but can only currently be achieved with hematopoietic stem cells (HSCs) and 

hepatoblasts derived from a fetal donor or potentially through the use of stem cell-derived 

hepatocyte-like cells (HLCs) and HSCs. However, fetal hepatoblasts do not engraft robustly 

in Alb-uPA mice [116]. Engraftment efficiency appears to be strain-dependent, as more 

robust engraftment of fetal progenitor cells has been reported in the AFC8 background [117] 

and in NOD SCID IL2RγNULL mice treated with an anti-Fas antibody to ablate mouse 

hepatocytes [118]. Likewise, a recent study demonstrated that HLCs could also be engrafted 

reasonably well in a specific, less frequently used strain, MUP-uPA mice, and support 
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persistent HCV infection [119]. While these data are encouraging, protocols need to be 

refined further to improve dual chimerism and minimize inter- and intravariability of 

experiments. More recent reports have demonstrated that extensive double humanization of 

both the liver and immune system can be achieved with mature hepatocytes and HSCs [120, 

121]. Dually engrafted mice, when challenged with HBV or HCV, mount a virus-specific 

immune response resulting in human-specific liver fibrosis (Figure 2) [118].

Secondly, the generation of these chimeric mice requires substantial infrastructure and 

advanced technical skills and the scarcity of adequate primary human material remains a 

significant logistical challenge. Finally, due to different donor backgrounds, there is 

substantial variation in the levels of human chimerism in these models. Donor background 

and variability could possibly be addressed by utilizing HLCs. Unfortunately, HLCs do not 

engraft as well into xenorecipients, most likely due to their incompletely differentiated state. 

However, MUP-uPA mice were successfully engrafted recently with HLCs and were able to 

become infected following challenge with HCV [119].

 10. Conclusions and Perspectives

HBV, HCV, and HBV/HDV co-infections are a major global health burden. While there is an 

effective vaccine for HBV to protect against HBV mono-infections and HBV/HDV co-

infections and treatment available to suppress viremia, there is still no cure. For HCV, very 

effective treatments have recently come on the market that effectively cure chronic HCV 

patients, but there is still no vaccine to prevent infection. Due to the limited species and 

cellular tropism of these viruses, they have been very difficult to study. The use of surrogate 

viruses has aided in understanding many steps of the HBV life cycle. Additionally, 

transgenic animals models have helped to shed light on the role individual, sub-genomic 

components play in the viral pathogenesis of both HBV and HCV. The use of human liver 

chimeric mouse models has been instrumental in understanding the life cycle of all three 

viruses. With the continued improvement of human hepatocyte engraftment and the 

possibility of co-engraftment with a functional human immune system, these models will 

lend greater insight into viral pathogenesis in the future. The widespread use of these 

xenotransplantation models is limited, however, by their high costs and limited output. The 

creation of mouse models with inheritable susceptibility to HBV, HBV/HDV co-infection 

and HCV infection is a pressing need. An improved understanding of the barriers restricting 

the HCV and HBV life cycles in murine cells will facilitate the further development of 

genetically humanized mice. Mice with inheritable susceptibility to HCV infection hold 

promise to contribute to a better understanding of HCV immunopathogenesis. Lastly, the 

identification of hNTCP as a receptor for HBV and HDV leads to the tantalizing possibility 

that a mouse model with inheritable susceptiblity can be created once other additional 

human host factors necessary for the early stages of HBV infection are identified.
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Figure 1. 
A. Barriers to HBV species tropism. Mouse cells do not support the HBV life cycle. The 

expression of hNTCP renders mouse hepatocytes susceptible to HDV infection but not HBV 

infection. Blocks may/do occur (red question marks or dashes, respectively) at the level of 

nucleocapsid un-coating and also in formation/maintenance of HBV cccDNA. However, the 

mechanisms of HBV virion assembly and egress are functional in murine hepatocytes (green 

check marks). B. Barriers to HCV species tropism. Mouse cells inefficiently support the 

HCV life cycle. The expression of human CD81 and OCLN can facilitate the entry of viral 

particles into mouse cells, and HCV RNA translation is supported, whereas HCV RNA 

replication occurs inefficiently. Virion assembly and release can take place in mouse cells. 

hNTCP, human sodium taurocholate co-transporting polypeptide; rcDNA, relaxed circular 

DNA; cccDNA, covalently closed circular DNA; pgRNA, pre-genomic RNA; RT, reverse 

transcription; HSPG, heparan sulfate proteoglycan; LDLR, low density lipoprotein receptor; 

CLDN1, claudin 1; OCLN, occludin.
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Figure 2. Xenotransplantation approaches for studying pathogenesis of hepatotropic viruses
Hepatocytes and HSCs can be isolated from human subjects. The transplantation of these 

cells into appropriate xenorecipient mice gives rise to human liver chimeric mice or to 

human hemato-lymphoid mice, respectively. Alternatively, directed differentiation 

approaches allow the generation of hepatocyte-like cells and HSCs from human iPS or ES 

cells. However, these cells engraft considerably less efficiently in commonly used 

xenerecipient strains. Hemato-lymphoid mice can be used to study a variety of human 

(lympho-) tropic viruses. Human liver chimeric mice can be used to study hepatotropic 

pathogens. Dually engrafted mice, which harbor both a chimeric human-mouse liver and a 

human immune system, can be utilized to investigate the immune response of hepatotropic 

viruses. HSC, hematopoietic stem cells; iPS, induced pluripotent stem cells; ES, embryonic 

stem cells.
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