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1. ABSTRACT

Chronic liver diseases caused by either hepatitis 
B or C viruses are a major health problem around the 
world. Despite major advances accomplished in recent 
years in understanding the physiology of both viruses 
using in vitro and/or in vivo models, there is no vaccine 
for HCV available. Moreover, susceptibility to acute 
and chronic infection and the response to treatments 
are different between HBV or HCV infected patients. 
Crucial information can be collected using a robust cell 
model that permits the culture of clinical isolates along 
with the investigation of the virus-host interaction. The 
recent progress in the field of cell reprogramming and 
differentiation has opened new opportunities in viral 
hepatitis research raising the hopes of developing new 
improved therapeutics. In this review, we discuss current 
models for hepatitis B and C studies and their limitations, 
and also the iPSC model, and its relevance to the viral 
host cell interactions.

2. INTRODUCTION

Hepatitis B Virus (HBV) and Hepatitis C 
Virus (HCV) are a major public health problem with 
approximately 520 million people infected with one 
of these viruses worldwide (170 and 350 million 
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respectively). A  significant portion of the infected 
population will develop virus related complications such 
as cirrhosis and liver cancer (1, 2). In the case of HCV 
15–45% of infected patients will clear the virus within 
6 months without intervention, however the mechanism 
remains unknown (3). Understanding the relationship 
between the viruses and the host cell is hampered by the 
absence of viral culture models that support the infection 
and accurately reproduce what is really happening in 
the host cell. The gold standard cell model for studying 
liver infectious disease is the primary human hepatocyte 
(PHH). However, the rapid loss of the hepatic phenotype 
after isolation from the liver environment, the restricted 
availability and the variability among the donors are a 
major handicap. Moreover, PHH from different donors 
show variation in their permissiveness to HCV and HBV, 
suggesting a direct influence of host genetic factors on 
the infection. Over the past decade the reprogramming 
of somatic cells to induced pluripotent stem cells (iPSC) 
and their differentiation into hepatocyte-like cells (HLC) 
started to be considered a promising alternative to study 
liver aetiologies in general (4). HLCs are now considered 
a solution to circumvent the limited availability of healthy 
PHH and they can provide a system in which the influence 
of genetic factors on viral infections can be investigated.
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Reprogramming of somatic cells into iPSC 
started with the pioneering work of Yamanaka and 
colleagues (5) and since then a growing number of 
laboratories have joined the field and reported new 
reprogramming technics from different somatic cells (6). 
Using embryology principles to differentiate pluripotent 
stem cells to hepatocytes, numerous scientific publications 
reported new methods to obtain HLCs from iPSC (7-12). 
The predisposition of human iPSC to differentiate to 
host-specific adult cells is considered a major hope for 
regenerative and personalized medicine, particularly to 
set up a model for physiopathological studies such as the 
interaction between HCV/HBV and the host hepatocyte. 
In this paper, we will review the existing cellular models 
for both HCV and HBV and discuss the contribution 
that iPSC differentiation into HLC may offer, to help 
understand, the physiopathology of these pathogens.

3. HCV AND HBV CULTURE MODELS

3.1. Model for studying HCV
The research on HCV infection has been 

hampered by the lack of relevant in vitro and in vivo 
models. The first robust models available for the in vitro 
studies were HCV replicons and pseudo-particles (13,14).

3.1.1. Huh-7 cell line and subclones
The discovery in 2005 of the unique strain of HCV 

JFH-1 of genotype 2a (isolated from a Japanese patient 
suffering from fulminant hepatitis) was considered a major 
step forward in understanding the virus life cycle. Huh-7 
cell line and subclone Huh-7.5.1  (15-17) are the most 
widely used cell models to study HCV. Infected Huh-7 cells 
produce infectious progeny viruses (called HCVcc for cell 
culture) and thus recapitulate the entire life cycle of the 
virus. The production of infectious particles from chimeric 
viruses with intra-  or inter-genotypic combinations has 
been also reported (18,19). The spontaneous emergence 
of adaptive mutations during successive passages in cell 
culture has improved production of highly infectious viral 
particles (20,21). Although major accomplishments have 
been obtained since the discovery of JFH-1, HCV research 
is still hampered by the incapacity of cultivating other HCV 
genotypes isolated from patient sera (22). It is possible 
that the difference in composition between HCV particles 
derived from patient sera (HCVser) and from HCVcc such 
as buoyant density and virion-associated serum products 
could be the reason behind this incapacity. Another 
explanation could be related to the nature of Huh-7 cell 
line. This transformed, rapidly dividing cell line is not the 
natural host of the virus. Huh-7 cells have several gene 
alterations such as mutations in the dsRNA sensor retinoic 
acid-inducible gene-I (RIG-I) (23) and deregulation of six 
major signalling pathways of interferon (IFN) (24).

3.1.2. Primary human hepatocytes
Primary human hepatocytes represent the most 

physiologically relevant cell model to investigate HCV 

infection. These differentiated cells allow replication of 
HCVcc, albeit with variable viral production (25,26), and 
lower permissiveness than that observed in Huh-7 cells 
with JFH-1. Moreover, PHHs have numerous limitations: 
(i) they originate from liver resections of patients with 
serious illnesses and different medical histories (27), 
(ii) poor quality of the cells and heterogeneity between 
batches (donor-dependent), (iii) low and unpredictable 
availability, (iv) absence of standard efficient 
cryopreservation protocol (28), (v) incapacity to 
proliferate in vitro and rapid loss of their phenotype and 
function. Finally, special care has to be taken not to 
co-purify nonparenchymal cells when investigating the 
IFN response to HCV infection, because they may be an 
alternative source for this cytokine (29).

3.2. Model for studying HBV
Like HCV, research on HBV has to overcome 

the lack of pertinent culture model capable of reproducing 
the events occurring in vivo. Several key issues related 
to HBV biology are still without answer including the 
identity of cellular receptor and the molecular mechanism 
governing the formation of the HBV micro-chromosome.

3.2.1. Cell lines
The hepatoma cell line HepaRG is permissive 

to HBV when it has been induced to differentiate by the 
DMSO (30). The lack of cccDNA amplification in these 
cells, plus the low viral yield and replication, render the 
comprehension of the live cycle of HBV very difficult. 
Moreover, the dependence of the infection upon the 
differentiation state of the cells is a source of conflicting 
results. Other human hepatoma cell lines are used to 
replicate the virus after being transfected. Huh-7 and 
HepG2 cell lines are sensitive to HBV produced in cell 
culture when they overexpress the sodium- taurocholate 
co-transporting polypeptide (NTCP) (31). Like HCV, the 
HBV present in patient serum is unable to propagate 
in cell culture, and the mechanism of inhibition is still 
undetermined. Moreover, hepatoma cell lines are 
known to carry many impaired cellular pathways like 
cell proliferation and innate immune response (32,33). 
Recently, a Chinese team has reported the development 
of a new hepatoma cell line HLCZ01 that supports the 
entire life cycles of both HBV and HCV and can be 
infected with different patient sera (34). The origin of the 
HLCZ01 cell line remains a handicap to consider that all 
the obtained results are reflecting exactly the cycle of the 
viruses in a cell with normal genetic background.

3.2.2. Primary human hepatocytes
The gold standard cells to study hepatic viral 

infection are the PHH. These cells are known to support 
the HBV infection but with a very low rate. Neither DMSO 
nor polyethylene glycol supplementation to cell culture 
media helped to increase HBV infection (35,36). The 
co-culture of PHH in micro-patterning with fibroblasts 
(MPCC) has been shown to improve the maintenance 
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of infection by HBV through the prevention of the 
rapid loss of hepatocytes phenotype and function (37). 
Although this system allows researchers to investigate 
virus pathophysiology, PHH co-culture with MPCC 
cannot overcome the difficulties related to variability and 
limitation of PHH sources.

3.3. Animal model for HCV and HBV
HCV and HBV have a narrow host range and 

exclusively infect immunocompetent hosts, human and 
chimpanzee. The use of the chimpanzees as animal 
model to investigate the physiopathology of these viruses 
is relatively expensive and raises some ethical concerns. 
Several transgenic mice harbouring one or more HCV or 
HBV genes have been very useful to study the impact of 
viral protein(s) in the development of liver diseases (38). 
In the case of HCV, the expression of human genes 
coding for different receptors used by the virus to enter 
hepatocytes and to replicate in a genetically modified 
mice has raised the hope that a permissive mouse model 
to HCV can be achieved (39).

Different attempts have been reported to 
reconstitute mouse liver using human hepatocytes to 
help preserving their functionality. Crossing between 
urokinase-type plasminogen activator (uPA) transgenic 
mice (40) deficient in fumaryl acetoacetate hydrolase 
(FAH) (41) and immunodeficient mice has been 
accomplished. The resulting progenitor has a liver that 
is susceptible to infection with HBV and HCV, as shown 
by detection of viral antigens in the chimeric liver of these 
animals. In addition, these mice when exposed to HCV, 
for instance, respond to antiviral treatment (42).

Taken together, the aforementioned models for 
HCV/HBV investigations have contributed significantly 
to the understanding of several aspects of the molecular 
physiology of these viruses but have failed to fully 
reproduce what is taking place in the natural host (human 
hepatocytes). Thus, an alternative source of healthy 
and fully functional hepatocytes is urgently needed. 
The optimization of the production of hepatocytes from 
human pluripotent stem cells (hESC) and induced 
pluripotent stem cells (iPSC) constitutes a promising 
alternative.

4. iPSC-DERIVED HEPATOCYTES: BENEFITS 
AND CONTRIBUTION FOR HEPATIC 
DISEASES

Human iPSC have the potential to greatly impact 
many areas of research and medicine for the following 
reasons: (i) they can be generated by reprogramming 
different somatic cells through a forced overexpression 
of key reprogramming factors, (ii) their capacity for self-
renewal, and (iii) their ability to differentiate into cells 
found in the three germ layers (endoderm, mesoderm 
and ectoderm) constituting an organism. Thus, the 

differentiation of pluripotent stem cells to HLCs offers an 
alternative to primary human hepatocytes as an unlimited 
source of non-cancerous cells. HLCs are generated 
from human iPSC using the same approach as with 
pluripotent stem cells of diverse origins (11,43,44). The 
general strategy for iPSC induced hepatic differentiation 
is their exposition stepwise to different growth factors and 
cytokines mimicking the liver micro-environment during 
the development. Generation of clinically and scientifically 
valuable hepatocytes requires the establishment of 
procedures that efficiently and reproducibly differentiate 
iPSC into mature and functional HLCs.

Even though all HLCs resulting from the 
application of the existing procedures express different 
liver markers (albumin, alpha-1-antitrypsin, P450 
cytochromes, miR-122 and proteins needed for HCV 
entry (Table  1), they still carry some foetal features, 
such as a lower expression of albumin and higher 
expression of alpha fetoprotein in comparison to freshly 
isolated PHHs (9-11). These findings suggest that 
the differentiation protocols need further optimization. 
Furthermore, different iPSC clones from the same 
patient respond differently to growth factors and 
cytokines induced differentiation (43). The existence of 
single nucleotide polymorphisms (SNPs) or sequence 
variations in cytokine receptors or in the downstream 
effectors that may influence this process constitute a 
plausible explanation. Moreover, the origin of iPSC may 
affect their propensity to generate HLCs as has been 
demonstrated for the same patient iPSC derived from 
peripheral blood or fibroblasts. This finding suggests that 
the genetic background of the donor has a strong impact 
on the hepatic differentiation (11). Despite great efforts 
to improve differentiation protocols to achieve these final 
stages of maturation, limited progress has been made so 
far. It is possible that the final stage of maturation is only 
possible in the in vivo microenvironment. In this case, the 
extracellular niche is the human liver or a device where 
the HLCs found themselves in 3D architecture, like 
spheroids for instance.

5. MODELING HCV AND HBV LIFE CYCLES 
USING iPSC DERIVED HLCs

Despite the limitations of the existing models, 
each one of them has contributed to the understanding 
and characterization of HCV/HBV molecular structures 
and helped to uncover their physiopathologies. In the 
case of HCV, the host factors are implicated in the 
history of the disease and modulate the response to 
treatment (polymorphism near the IL28B coding gene). 
The functions of these host factors are still poorly 
understood due to the lack of strong experimental 
systems (45). The expression of protein X (considered 
as crucial for the development of HBV related hepato-
carcinoma (HCC) needs a non-cancer cellular model to 
be investigated (46).
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5.1. HLCs are permissive to HCV
Most recently, several studies have reported 

that HLCs differentiated from either ESC or iPSC are 
prone to support HCV infection (Table 1). Yoshida and 
colleagues showed that HLCs obtained by differentiating 
iPSC using both growth factors and an adenovirus 
expressing SOX17, HEX and HNF4alpha expressed 
all virus entry receptors and were permissive to 
pseudoparticles (47). Later, two other studies confirmed 
that HLCs are permissive to different forms of HCV 
(viral pseudoparticles and JFH-1; HCVpp and HCVcc) 
and support the entire viral replication cycle (48,49). 
Moreover, HLCs are permissive to genotypes 1a, 1b 
and 2a, support the entire viral cycle and have the 
ability to generate innate inflammatory responses (TNF-
alpha and IL-28B secretion). They are also permissive 
to genotype 1a and 1b isolated from patient sera (45), 
which was not possible with hepatoma cell lines. Of 
note, this model is offering precious information such as 
the moment when the cells become permissive during 
the differentiation process and the host factors needed 
for the infection. Therefore, Wu and collaborators 
showed that hepatic progenitor cells were persistently 
infected and that the permissiveness is correlated with 
the expression of the liver-specific microRNA-122 and 
cellular factors that affect HCV replication (48). Even if 
the HLCs support the HCV cycle, the production of viral 
particles remains very low compared to what has been 
seen for Huh-7 cell line. By inhibiting the IFN response 
through the inhibition of JAK/STAT pathway, Zhou and 
colleagues were able to improve viral infection and 

replication in HLCs (50). It is well known that adaptation 
of JFH-1 to cell culture (Huh-7 for example) generates 
mutations in different regions of viral genome. These 
mutations responsible for enhancing the virus titter in 
Huh-7 are either maintained in animal model or reverted 
to wild type (20). The quantity of viral particles produced 
when HLCs were used is low and the apparition of 
mutations has not been investigated yet in this model. 
Surprisingly, the number of iPSC cell lines that have 
been differentiated into HLCs used for infection is 
very low, not exceeding 8 cell lines (Table  1). This 
observation suggests that either the generation of HLCs 
from iPSC is more challenging, or the obtained HLCs 
are less sensitive to HCV infection. Several arguments 
are in favour of the first hypothesis like, for instance, 
the reported difference in propensities of iPSC clones 
to differentiate to HLCs (44). Thus, the improvement 
of iPSC differentiation protocols and HLCs culture (3D 
dimension or co-culture with other cell types) conditions 
must be met if the scientific community wants to provide 
the field with the ideal model. Accumulating experimental 
evidences suggest that HLCs are predisposed to 
differentiate to fully adult hepatocytes when they find 
themselves in a favourable environment such as a liver 
bud made by the co-culture of HLCs and endothelial 
cells (51,52). Furthermore, engraftment of HLCs 
into mice has contributed to the loss of foetal hepatic 
markers, such as AFP, and the increase of expression of 
mature hepatocytes markers like CYP450 isoforms. The 
engrafted HLCs also become permissive to different 
genotypes of HCV from chimpanzee sera (53).

Table 1. HCV and HBV infection of HLCs derived from hESC and iPSC
Number of hESC 
and iPSC clones

Protocol Viral infection Fetal futures of 
HLCs

Expression of liver‑specific 
factors in HLCs

References

1 iPSC cell line Adenovirus expressing 
SOX17, HEX or HNF‑4 alpha 
and growth factors

Pseudo‑particles:
Entry (anti‑CD81)
Replication (IFN)

ND P‑450s (CYP2D6, CYP3A4, 
and CYP7A1)

(47)

3 iPSC cell lines Growth factors and cytokine 
(Activin A, BMP‑4, b‑FGF, 
HGF and Oncostatin M)

Entire life cycle reporter 
virus (Gluc, RFP‑NLS‑IPS)
inhibition with anti‑NS5b 
and Anti‑protease

15% of PHH 
secreted albumin 
and presence of 
AFP

Albumin, Alpha‑1‑ anti trypsin, 
miR‑122 and HNF‑3beta

(48)

1 iPSC cell line 
and hESC H9

Growth factors and cytokine 
(Activin A, Wnt‑3, b‑FGF, 
FGF‑10, retinoic acid, 
SB431542, HGF and EGF)

Entire life cycle
Inhibition with anti‑E2, 
anti‑SRB1 and IFN
Patient serum infection 
(genotype 1a, 1b)

50% of PHH 
secreted albumin 
and presence of 
AFP

Albumin, Alpha‑1‑ anti trypsin (49)

iPSC cell line and 
hESC H9

Growth factors and cytokine 
(Activin A, Wnt‑3, BMP‑4, 
a‑FGF and HGF)

JFH‑1 Entire life cycle
Inhibition with anti‑NS5b, 
anti‑protease and 
Cyclophilin inhibors

Presence of AFP P‑450s (CYP3A4/5)
Albumin

(54)

1 iPSC cell line Growth factors and cytokine 
(Activin A, BMP‑4, b‑FGF, 
HGF and Oncostatin M)

HBV life cycle with 
production of HBsAg and 
circular DNA

15‑20% of PHH 
secreted albumin
Presence of AFP

Albumin
Alpha‑1‑ anti trypsin HNF4‑Alpha
Cytokeratine‑18

(37)
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5.2. HBV is able to infect HLCs
During HLCs differentiation, different host 

factors crucial to HBV infection are expressed 
sequentially as are many other hepatocytes markers. 
This finding suggests that these cells are prone to 
support the HBV life cycle. The first confirmation 
comes from the work of Shlomai and colleagues, who 
reported that HLCs, originated from iPSC differentiation, 
are permissive to HBV infection. This is characterized 
by mRNA expression, HBsAg secretion and cccDNA 
accumulation. The exposed HLCs to HBV have been 
shown to induce their IFN-stimulated genes at a lower 
level compared to PHH (37). To date the work of Shlomai 
and colleagues is still unique; it is difficult however to 
conclude if the HBV physiopathology in iPSC derived 
hepatocytes will face the same challenges as HCV. 
Thus, a large number of experiments involving HLCs 
issued from different iPSC clones is needed.

6. CONCLUSION

For future studies, the generation of HLCs from 
reprogrammed somatic cells from patients with HCV 
or HBV infection seems to be crucial to investigate the 
autologous infection. This direct infection by the same 
patient serum is important for studying the mechanisms 
of virus-host cell adaptation. One may speculate that 
iPSC generated from patients with a known genetic 
background may impact infection and serve as a model 
to study the influence of innate immunity on the infection 
which should significantly push forward our knowledge 
on antiviral therapy. Another attractive approach to study 
the virus cycles in these cells is the use of genetically 
modified iPSC to generate HLCs with the desired 
phenotypes. This approach may permit a better targeting 
and understanding of the implications of various host 
factors in the entire life cycle. To date, many hepatotropic 
viruses are very difficult to culture in vitro probably 
because of the lack of adequate cell culture models 
that recapitulate the liver environment. The progress 
undertaken by different laboratories to culture HLCs in 

an architecture resembling that of the liver may allow the 
“culturomics” of these viruses in a personalized manner.

In summary, HLCs are permissive to both HCV 
and HBV viruses. The exposition of HLCs from a patient 
(infected with HCV or HBV) to his own serum will generate 
data crucial to understand host/pathogen interactions 
(Figure  1). Even with the aforementioned limitations, 
the role that these cells may play in the field of hepatic 
disease modelling is unlimited. While the research on 
HCV may slow down because of the success of the new 
therapies, other hepatotropic pathogens (hepatitis A, E 
and D viruses) are in need for such model to uncover 
their physiology at the molecular level and find new 
efficient antiviral therapy.
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