Table 3. Mean mutation rate of the reactivated HBV clones in patients with
reactivation from occult HBV and HBsAg carrier status.

Ocecult HBV HBsAg
carrier status carrier status

(n=14) (n=6)
Average aligned reads 605,890 630,253
Average aligned nucleotides 52,814,651 52,812,297
Average coverage 16,712 16,632
Mutation rate* (%) 0.015 0.114

Mutation rate* (%): the ratio of total different nucleotides from the representative
HBV reference sequences.

The genetic complexity of viruses in the liver of healthy occult
HBV carriers was 0.00080 (mean; range: 0-0.0011), expressed
as a Shannon entropy value, and was comparable to that in the
serum of patients with reactivation from occult HBV infection
(mean: 0.00085; range: 0-0.0022). These findings indicate that
occult HBV carriers serologically characterized as HBsAg-negative
and anti-HBc-positive are latently infected with HBV clones of
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low heterogeneity in their livers, and predominantly comprise
the wild-type G1896 or G1896A pre-C variants.

Discussion

HBsAg positivity indicates the carrier status of HBV infection and
thus reactivation of HBV-related hepatitis can occur in patients
carrying HBsAg under certain immunosuppressive conditions
[1-4]. Accumulated evidence indicates that HBV infection per-
sists in the liver tissues of individuals tested negative for HBsAg
but positive for anti-HBc, and these occult HBV carriers can also
develop HBV reactivation and liver dysfunction under certain
immunosuppressive conditions [5,6,20]. In the present study,
we demonstrated the clinical and virological features of patients
who experienced viral reactivation under immunosuppressive
conditions.

Previous studies demonstrated that immunosuppression in
occult HBV carriers with hematological malignancies was at an
especially high risk of HBV reactivation [6]. The high risk of viral
reactivation in patients with hematological malignancies receiv-
ing chemotherapy might be attributable to immunodeficiency
caused by underlying primary diseases and strong immunosup-
pressive therapy. In addition to the patients with hematological
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Fig. 2. Comparison of viral genetic heterogeneity in patients with reactivation from occult HBV and HBsAg carrier status. Comparison of viral genetic heterogeneity
expressed as the Shannon entropy value among representative patients with reactivation from occult HBV infection (A) and reactivation from HBsAg carriers (B). The total
number of different nucleotides from the representative HBV reference sequences (mismatch bases) (C), and the mean Shannon entropy values (D) in both groups. preC-C,

pre-core-core; preS, pre-surface; P, polymerase; S, surface,
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Table 4. Overview of nucleotide 1896, 1762, and 1764 sequencing data with the deep sequencing analyses.

Case G1896A A1762T G1764A

Base counts (%) Base counts (%) Base counts (%)
Reactivation from occult HBV carrier status
#1 1/10,833 (0.0) 0/6391 (0.0) 1/6491 (0.0)
#2 1/10,200 (0.0) 0/9213 (0.0) 3/9216 (0.0)
#3 8/27,694 (0.0) 1/16,506 (0.0) 4/16,851 (0.0)
i3 4/13,008 (0.0) 2/12,007 (0.0) 0/11,857 (0.0)
#5 0/6860 (0.0) 0/6175 (0.0) 0/6307 (0.0)
#6 273/31,622 (0.9) 8/29,996 (0.0) 4/30,400 (0.0)
#7 22/12,561 (0.2) 0/3405 (0.0) 1/3492 (0.0)
#8 1/11,500 (0.0) 0/4964 (0.0) 1/5089 (0.0)
#9 12,897/12,904 (100) 11,676/11,677 (100) 11,653/11,659 (100)
#10 11,432/11,444 (100) 1/6153 (0.0) 2/6217 (0.0)
#11 9533/9539 (99.9) 7669/7671 (100) 7681/7685 (99.9)
#12 10,944/10,945 (100) 2/10,874 (0.0) 1/11,325 (0.0)
#13* 9358/9411 (99.4) 2/10,900 (0.0) 0/11,298 (0.0)
#14* 11,174/11,179 (100) 0/6579 (0.0) 2/6773 (0.0)
Reactivation from HBsAg carrier status
#15 734/12,544 (5.9) 7593/7596 (100) 7556/7570 (99.8)
#16 2/7469 (0.0) 0/6481 (0.0) 2/6618 (0.0)
#17 12,251/12,701 (96.5) 5110/5241 (97.5) 5180/5239 (98.9)
#18 9649/9660 (99.9) 0/10,026 (0.0) 0/10,069 (0.0)
#19 18,402/18,413 (99.9) 1/15,677 (0.0) 3/16,045 (0.0)
#20* 11,158/11,160 (100) 0/6671 (0.0) 3/6929 (0.0)

“Patients who developed fatal acute liver failure.

malignancy, we observed two patients without hematological
malignancies who developed HBV reactivation. One case had
colon cancer, with S-1 treatment triggering HBV exacerbation.
Another case had psoriasis and received cyclosporine before the
onset of HBV reactivation. Previously, we also reported a case
of lethal de novo HBV hepatitis induced by adalimumab treat-
ment for rheumatoid arthritis [26]. Thus, it is important to note
that there is a risk of HBV reactivation in patients not only with
hematological malignancies but also with solid tumors or non-
cancerous diseases undergoing chemotherapy or immunosup-
pressive therapy. In addition, it is very important to regularly
monitor HBV DNA levels to achieve the early administration of
ETV before the onset of ALT elevation; however, the optimum fre-
quency of HBV DNA testing in occult HBV carriers is not yet
defined. A recent prospective study suggested that monthly mon-
itoring of HBV DNA levels for lymphoma patients with resolved
HBV infection might be a reasonable option during and after rit-
uximab-CHOP chemotherapy [27].

To clarify the virological characteristics of HBV reactivation,
we determined the genetic heterogeneity of viruses from patient
sera. We found that the genetic complexity of the reactivated
viruses in 14 patients with reactivation from occult HBV infection
was significantly lower than that in six patients with reactivation
from HBsAg carriers. There was no significant difference in circu-
lating HBV DNA levels in serum after reactivation in both groups.
The viral population in the sera of patients with reactivation from
occult HBV infection was characterized by low heterogeneity,
with nearly monoclonal viruses detected. We further examined
the genetic complexity of latently infected HBV in the liver of
44 individuals with occult HBV infection. We found that the
genetic heterogeneity of latently infected viruses in their livers

was also very low. In one case we confirmed that the viral gen-
ome detected in serum after viral reactivation was almost identi-
cal to that in the latently infected liver before reactivation. These
findings possibly suggest that the viral population in latently
infected livers of occult HBV carriers is characterized by low het-
erogeneity, and the predominant viral clone increases in number
under immunosuppressive conditions. The reason for the differ-
ence in the degree of genetic heterogeneity in the exacerbated
viruses between patients with reactivation from occult infection
and those with HBsAg carrier reactivation is unclear. One possi-
bility is that the low levels of viral heterogeneity observed in
occult HBV carriers are due to the relatively lower levels of viral
replication compared with those of HBsAg carriers. Pollicino et al.
demonstrated that the host immune system, not viral factors,
likely plays a critical role in the strong suppression of viral repli-
cation and gene expression [28]. Since we could confirm the
genetic homology of HBV DNA in the liver before reactivation
and the serum after reactivation in only one case, further studies
are required to determine the characteristics of the latent viruses
in HBsAg-negative but anti-HBc-positive occult HBV carriers.

In this study, we found that 42.9% of cases that experienced
HBV reactivation predominantly contained the G1896A pre-C
variant in their sera. Infection with the G1896A variant was pre-
dominant in the liver of 11.4% of individuals with occult HBV
infection. Patients acutely infected with the HBV G1896A pre-C
variant have a high risk of developing ALF [16-18]. The G1896A
variant is frequently detected in reactivated viruses in patients
with reactivation from occult HBV infection that develop ALF
[20]. We revealed that both patients who developed fatal ALF
predominantly contained G1896A pre-C variants. The mechanism
by which the G1896A mutation triggers the development of ALF
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Fig. 3. Prevalence of G1896A pre-core mutants in the liver of 44 healthy occult HBV carriers. The ratio of G1896A mutants to wild-type G1896 for total reads is shown in
the left panel. The number of G1896A mutants, total reads at nucleotide position 1896, and the proportion of G1896A mutants (%) are shown in the right panel. (This figure

appears in colour on the web.)

remains unknown at present. Previous studies reported that the
G1896A variant has increased replication activity compared with
the wild-type strain in vitro [18,29], but we found no significant
association between the levels of circulating HBV DNA and the
ratios of wild-type/G1896A pre-C mutants in cases with reactiva-
tion from occult HBV infection. On the other hand, it is well rec-
ognized that HBeAg/anti-HBe serostatus is closely associated
with the ratios of wild-type/G1896A pre-C mutants in patients
with chronic HBV infection [30]. Interestingly, accumulating
evidence suggests that G1896A mutations abrogating HBeAg

synthesis remove the tolerogenic effect of HBeAg, leading to an
enhanced immune response that contributes to ALF development
[31]. We must also pay attention to the genotype of HBV in cases
with viral reactivation. Among the 14 cases with reactivation
from occult HBV infection, genotype B and C strains were
detected in five and nine patients, respectively. Among them,
three of five cases were negative for HBeAg but positive for
anti-HBe (60%) in genotype B and three of nine (33.3%) were
genotype C-infected patients, and both cases with developing
ALF were negative for HBeAg and infected with genotype B.
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Previous studies demonstrated that HBV genotypes affect the
liver disease outcome [32], and genotype B strain is frequently
detected in patients developing ALF [18]. Thus, it is possible that
the ratios of wild-type/G1896A pre-C mutants and viral genotype
influence the pathophysiology of viral reactivation.

In conclusion, our findings suggest that HBV reactivation can
occur during and after termination of chemotherapy or immuno-
suppressive therapy in occult HBV carriers with underlying
hematological malignancies, solid tumors or non-cancerous dis-
eases. Occult HBV infection and the resulting HBV reactivation
is characterized by low genetic heterogeneity. It is unclear
whether occult HBV carriers with the G1896A pre-C variant have
an increased risk of developing HBV reactivation and fatal ALF.
Further analysis with a larger cohort of patients is required to
clarify the frequency and mechanisms of HBV reactivation and
ALF in patients with occult HBV carrier status receiving chemo-
therapy or immunosuppressive therapy.
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Abstract: Hepatitis B virus (HBV) infection is one of the most prevalent infectious
diseases associated with various human liver diseases, including acute, fulminant and
chronic hepatitis; liver cirrhosis; and hepatocellular carcinoma. Despite the availability of
an HBV vaccine and the development of antiviral therapies, there are still more than
350 million chronically infected people worldwide, approximately 5% of the world
population. To understand the virus biology and pathogenesis in HBV-infected patients,
several animal models have been developed to mimic hepatic HBV infection and the
immune response against HBV, but the narrow host range of HBV infection and lack of a
full immune response spectrum in animal models remain significant limitations.
Accumulating evidence obtained from studies using a variety of mouse models that
recapitulate hepatic HBV infection provides several clues for understanding host-virus
immunologic interactions during HBV infection, whereas the determinants of the immune
response required for HBV clearance are poorly defined. Therefore, adequate mouse
models are urgently needed to elucidate the mechanism of HBV elimination and identify
novel targets for antiviral therapies.

Keywords: animal model; transgenic mouse; humanized mouse; immune response
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1. Introduction

Hepatitis B virus (HBV), a member of the Hepadnaviridae family, is an enveloped, circular,
single-stranded, and partially double-stranded DNA virus that causes acute and chronic liver disease
and hepatocellular carcinoma [1,2]. More than 350 million people worldwide, approximately 5% of the
world population, are chronically infected with HBV [3]. Despite our deepening understanding of the
pathophysiology of HBV infection, the precise molecular mechanisms of the viral life cycle,
persistence of infection, and associated carcinogenesis remain unclear. To understand the pathogenesis
caused by HBV infection, adequate animal models that recapitulate HBV-associated liver disease are
required. Establishing animal models of HBV infection is difficult as HBV has a narrow host range
and exclusively infects humans. Chimpanzees and, to a certain extent, tupaia, the Asian tree shrew,
have been used for experimental infection [4,5]. The chimpanzee is the only immunocompetent host
fully susceptible to HBV infection, as demonstrated by the induction of acute hepatitis after injection
of serum from human HBV carriers [6]. Their large size, associated strong ethical constraints, and the
high cost of chimpanzees are increasingly restricting their use for research of human hepatotropic
viruses. Although HBV infects tupaias, it causes only mild and transient infection with low viral titers,
despite viral DNA replication in the liver, HBsAg secretion into the serum, and the production of
antibodies to HBsAg and HBeAg [S]. In addition, tupaias are relatively large animals, difficult to
handle in captivity, and not easily available. They are all of outbred origin and their immune systems
have not been characterized. Thus, due fo the various restrictions for using the currently available
models of hepadnavirus infection, and the necessity to work in a well-defined, inbred, and small
animal system, most recent developments have focused on mice. Many researchers have attempted to
develop mouse models of HBV infection of human livers (Table 1). This review focuses on the history
of the currently available mouse models for HBV research to clarify the current status and future directions.

Table 1. Comparison of the currently available animal model systems for HBV infection.

Animal model Advantages Disadvantages
An immunocompetent host fully Ethical constraints,
. susceptible to HBV infection, large size,
Chimpanzee . . . .
similar to human infection high costs,
. (noludingcecDNA) —  transientinfection

-.Susceptible to HBV- infection; -+ P -‘z'-;,e- axve J argesme

il L L not easily available;.

- similar'to human infection: o o w0 v =

- (including cccDNA) - - -

SO " transient infection -
Small, inbred animals,

Mouse genetically and immunologically No-infection
well-known

- comvenient, inbred animials; w0 Lt e D
o . S No-infection,
immunological experiment with ]
adoptive transfer ,
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Table 1. Cont.

Animal model

o

Disadvantages

High replication levels,
Transfected mouse by analysis of mutant strains,
adeno-associated virus immunocompetent,

No-infection,
transient gene expression,
possible vector-driven interferences

2. Mouse Models
2.1. HBV-Transgenic Mouse Models

After extensive effort, Chisari et al. and other groups developed HBV transgenic mice that express
the HBV envelope [7-9], core [10,11], precore [12], or X [13,14] gene products. These mice provide
the opportunity to analyze heretofore undescribed aspects of HBV virology, such as assembly,
transport, secretion, and host immune response to HBV. These models, however, are limited in that
they express only a single viral-encoded protein and thus viral replication is not analyzable. To
overcome this problem, transgenic mice in which HBV replicates in murine hepatocytes were
developed. Araki et al. first developed transgenic mice using a construct capable of transcribing all
viral genes and observed low levels of HBV replication in the liver as well as the production of HBsAg
and HBeAg [15]. Thereafter, transgenic mice with terminally redundant over-length 1.3 HBV-DNA
insertion, which produces viral particles at high levels comparable to those of chronic hepatitis
patients, were developed [16]. The virions produced in these mice are morphologically
indistinguishable from human-derived virions [16] and are infectious when inoculated into
chimpanzees [17]. This model, with its advantage of very-high-level HBV replication, provides the
opportunity to dissect mechanisms of the viral life cycle and HBV immunobiology, and assess the
efficacy of anti-HBV agents (see Figure 1). Although a comprehensive review of the knowledge
gained from research using this series of transgenic mice is not possible in this limited review, we
present representative studies of these model mice.

First, studies using HBV transgenic mice have elucidated that HBV is not directly cytopathic for
hepatocytes and that both disease pathogenesis and viral clearance are mediated by an antiviral
adaptive immune response to HBV [16]. Pathogenic functions of adaptive immunity were
demonstrated by the observation that adoptive transfer of HBV-antigen specific cytotoxic T cells
(CTLs) to HBV transgenic mice causes acute necroinflammatory liver disease in these mice in which
HBYV replication itself shows no cytopathic effect [18]. The most important finding in this disease
model was that antigen-specific CTLs not only cause hepatocellular injury but also noncytopathically
inhibit HBV‘gene expression and viral replication [18]. Viral clearance is completely blocked by
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antibodies to interferon (IFN)-y, and tumor necrosis factor (TNF)-a, indicating that these cytokines are
responsible for the noncytopathic antiviral effect of CTLs. The importance of CTLs in the disease
pathogenesis and viral clearance was further confirmed by studies of HBV-infected chimpanzees [19].
Antibody-mediated depletion of CTLs delays the onset of viral clearance and liver disease until
HBV-specific CTLs become detectable again with the decreasing antibody titer. Together, these
findings led to the concept that viral clearance during HBV infection is essentially mediated by
noncytolytic mechanisms of CTLs and that liver disease caused by cytolytic mechanisms is an
unfavorable side effect of CTL activation. In addition, further studies on HBV transgenic mice
revealed that the antigen-nonspecific inflammatory cells exacerbate CTL-induced liver
immunopathology and that platelets contribute to both liver disease and viral clearance by facilitating the
accumulation of CTLs in the inflamed liver, uncovering the highly complex but coordinated nature of
host-viral interaction [20-25]. Second, HBV transgenic mice are a powerful tool for evaluating the
impact of antiviral cytokines or anti-HBV drugs. Indeed, HBV replication is inhibited by IFN-a, IFN-,
or [FN-y induced by innate or adaptive immune cells [26,27] and the efficacy of nucleoside analogs,
lamivudine [28], adefovir dipivoxil [29] and entecavir [30], has been demonstrated in HBV-transgenic
mice. Small interfering RNAs (siRNAs) specifically targeting HBV RNA transcripts suppress HBV
replication in the HBV transgenic mice [31,32]. Furthermore, 5’-triphosphorylated HBV-specific
siRNAs that are capable of activating the retinoid acid-inducible protein I-dependent pathway more
_ efficiently control HBV by the dual mechanisms of direct suppression of the viral gene expression and
induction of an intrahepatic type I IFN response [33].

Figure 1. Hepatitis B virus (HBV) transgenic mouse model.
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Although no one doubts that HBV transgenic mouse model has greatly expanded our knowledge of
hepatitis B, several limitations of this model must be taken into account. First, HBV particles produced
by the transgenic mice do not enter into murine hepatocytes, which lack HBV-specific receptors [34].
Researchers thus cannot study the infection step of the HBV life cycle. Second, covalently closed
circular DNA (cccDNA) is not detected in the liver of HBV transgenic mice. This cannot be dismissed,
because cccDNA, the template of viral transcription in natural infection, could be an important
therapeutic target to achieve complete eradication of HBV [35,36]. Finally, due to the immunotolerant
nature of HBV transgenic mice, the mice do not develop hepatitis per se and only downstream events
after adoptive transfer of in vitro-stimulated HBV-antigen specific CTLs are analyzable, which
prevents comprehensive understanding of the immune response to HBV. This limitation, however, was
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partially overcome by the newly developed HBV transgenic mouse model, where T and B cell
adaptive immune system was ablated by crossing HBV transgenic mice with Ragl-deficient
mice [37,38]. In this model, adoptive transfer of HBV-naive splenocytes to adult but not young
transgenic mice resulted in the spontaneous development of effective immune response to HBV with
concomitant liver disease. With the advantage that naive immune system is primed to viral antigen
originating in the liver, this model is suitable for the analysis of immune-priming event and has
provided the opportunity to dissect the age-dependent immunological differences in HBV clearance
and persistence [37,38].

2.2. HBV Transfection by Hydrodynamic Injection

Because transgenic mice are immunologically tolerant to the virus, it is difficult to study the host
immune response and the resultant pathophysiology of HBV infection. To overcome this problem,
several researchers applied the transient expression of HBV protein in the liver of adult mice using
hydrodynamic injection techniques (see Figure 2) [39,40]. Hydrodynamic injection techniques involve
rapid injection of a high volume of fluids containing naked DNA encoding partial or full-length HBV
genome sequences into the tail vein of mice. Hydrodynamic injection of a naked plasmid DNA
encoding a supergenomic HBV 1.3-length transgene into inbred mice could induce high levels of HBV
replication in the liver, producing circulating HBV DNA at levels of 8 x 10° copies/mL blood. HBV
replication in the liver, however, is rapidly terminated within 15 days after injection by specific
antiviral antibodies and CTLs if the mice are immunocompetent. In contrast, the virus persists over 80
days after hydrodynamic injection in immunodeficient NOD/scid mice lacking functional B-,
T-lymphocytes, and natural killer cells [39]. This experimental approach using a panel of
immunodeficient mouse strains for the examination of anti-HBV immunologic responses clarified that
hepatic clearance of the input HBV templates requires a variety of effectors, including CD4+ and
CD8+ T cells, natural killer cells, Fas, [IFN-gamma (IFN-y), IFN-alpha/beta receptor (IFN-o/BR1), and
TNF receptor 1 (TNFR1) [41]. On the other hand, B cells and perforin are not essential for clearance
of the HBV transcriptional template from the liver in the hydrodynamically-transfected mouse model.
Based on those findings, CTLs (CD8&+ T cells) are thought to be the key cellular effectors mediating
HBV clearance from the liver by a Fas-dependent, but perforin independent, process in which natural
killer cells, IFN-y, TNFR1, and IFN-0/BR play supporting roles, suggesting the existence of redundant
pathways that inhibit HBV replication [41]. Thus, at present, in addition to the adaptive immune
system like CD4+ and CD8+ T cells, it is thought that the innate immune system also plays an
important role in HBV-induced liver inflammation and disease progression [42].

2.3. HBV Transfection by Adeno-Associated Virus

Recently, another mouse model of HBV replication was newly developed. Dion et al. described a
mouse model that allows the HBV persistence based on the liver-targeted transduction of
adeno-associated virus serotype 2/8 (AAV2/8), which delivered the HBV genome enabling the study
of viral infection for up to one year [43]. In this model, hepatitis B core antigen (HBcAg) expression
was detected in approximately 60% of hepatocytes, contrasting with the 5 to 10% of hepatocytes with
HBcAg expression achieved by the hydrodynamic injection of conventional plasmids encoding HBV
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genome. In addition, AAV allows homogeneous transduction of the liver, whereas not all parts of the
liver are reached after hydrodynamic injection [39]. This mouse model recapitulates virological and
immunological characteristics of chronic HBV infection, and could be useful for the development of
new treatment and immune-based therapies or therapeutic vaccines for chronic HBV infections [43,44].

Figure 2. Hydrodynamic injection model.
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2.4. Chimeric Mouse Models of HBV Infection

As described above, HBV transgenic mouse models have had important roles for clarifying the
pathophysiology of the host immune response to HBV. Because HBV does not infect the murine
hepatocytes, these mice do not recapitulate natural HBV infection. To overcome these problems,
researchers have attempted to transplant human hepatocytes into mice. The development of the trimera
mouse was one result of such an attempt, in which human hepatocytes were transplanted under the
kidney capsule of immunodeficient mice after lethal irradiation [45]. The number of hepatocytes that
could survive on the kidney capsule was small, however, and the normal liver architecture was not
observed. Although 85% of transplanted mice developed HBV viremia, the titer was less than 10° virus
particles or IU/mL and lasted only ~20 days [45].

To establish HBV infection in mice, two human-liver chimeric mouse models were developed. The
first was the urokinase-type plasminogen activator (uPA)/scid mouse, which remains the most widely
model used for infection studies and preclinical drug evaluation. Transgenic mice in which the
urokinase gene expression is driven by the human albumin promoter/enhancer (UPA mice) show
accelerated hepatocyte death with consequent chronic hepatocyte growth stimulation [46].
Transplanted rat hepatocytes proliferate and repopulate in the injured livers of immunodeficient uPA
mice, which are produced by mating uPA transgenic mice with scid mice (uPA/scid mice) [47].
Human hepatocytes transplanted into uPA/scid mice were demonstrated to successfully proliferate and
replace apoptotic murine hepatocytes. [48—50]. The disadvantages of uPA/scid mice are infertility and
susceptibility to fatal hemorrhaging [46,51]. The second model was a Fah” Rag2 ™ 112rg”~ mouse,
deficient in fumarylacetoacetate hydrolase (Fah), recombination activating gene 2 (Rag2), and
gamma-chain of the receptor for IL-2 (Il2rg). Fah is the last enzyme in the tyrosine breakdown
pathway, and its deficiency leads to liver failure in mice. Treatment with 2-(2-nitro-4-
trifluoromethylbenzyol)-cyclohexane-1, 3-dione (NTBC) prevents the accumulation of toxic
metabolites and the resultant hepatotoxicity. Induction of liver injury by the withdrawal of NTBC
allows for successful transplantation of human hepatocytes with high rates of chimerism [52,53].
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Because the mice are immunocompromised following the injection of 1 million human hepatocytes
into the mouse spleen, a proportion of the transplanted cells engraft in the liver after migrating via the
splenic and portal veins. A few days post-transplantation, small clusters of human hepatocytes begin to
proliferate within the mouse liver, forming larger regenerative nodules that eventually merge together
and replace the diseased liver parenchyma. The levels of human chimerism can be estimated by
measuring the levels of human albumin circulating in mouse serum.

These two types of human hepatocyte chimeric mice are susceptible to HBV infections
(see Figure 3) [53-55]. The establishment of HBV infection is generally first achieved in a small
minority of human hepatocytes and several weeks are needed to accomplish viral spreading. After that,
nearly all human hepatocytes stain HBcAg-positive and viremia reaches a stable plateau, which
directly correlates with the levels of human chimerism [53-56].

Figure 3. Chimeric mouse model.
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Because human hepatocyte chimeric mice are immunocompromised, they are not suited for vaccine
studies or evaluation of immune responses. These mice, however, are a promising tool for evaluation
of anti-HBV agents [54,57,58] and of susceptibility of mutant strains to various drugs [59]. More
importantly, the largest advantage of the human hepatocyte chimeric mice is that they are the sole
model fully recapitulating the genomic maintenance of nuclear HBV cccDNA. Using this model,
Belloni et al demonstrated that IFN-a suppresses HBV replication through the mechanism of
epigenetic control of cccDNA function and transcription [60]. Since cccDNA can be an important
therapeutic target to achieve complete eradication of HBV, chimeric mice experiments aiming at
elucidating the molecular mechanism whereby cccDNA activity is controlled would help the
development of more effective therapeutics.

2.5. Genetically Humanized Mice

Murine hepatocytes do not support the entry of HBV and hepatitis C virus (HCV), due to the lack of
receptor molecules specific for HBV and HCV. Based on the observation that CD81 and occluding
(OCLN) comprise the minimal set of human factors required to render mouse cells permissive to HCV
entry [61], Dorner et al. showed that either transient or stable expression of these two human genes is
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sufficient to allow viral uptake and support HCV infection in immunocompetent inbred mice [62,63].
In principle, similar strategy can be applied for the generation of mouse model in which the entire
HBV life cycle is recapitulated. However in case of HBV, despite the identification of sodium
taurocholate cotransporting polypeptide (NTCP) as a long-sought functional receptor for HBV [34,64-66],
recent study demonstrated that in mouse hepatocytes NTCP expression allows HBV entry but is not
sufficient to support HBV infection, suggesting the existence of murine restriction factors that limit
HBYV infection [67]. Thus, future studies for the identification of such factors would be required for the
development of immunocompetent genetically humanized mice that support HBV infection.

2.6. Humanized Mice with Human Immune System and Liver Tissues

Due to the absence of a functional immune system, the above-described uPA/scid and
Fah™ ’Rag2”‘112rg"‘ mouse models support HBV infection but no liver disease is observed [48,53]. To
reproduce human immune response to HCV in a small animal model, Washburn et al. developed
humanized mice reconstituted with human immune system and liver tissues (AFC8-hu HSC/Hep) [68].
They used Balb/C Rag2 ™ yC-null mice that were genetically engineered to express a fusion protein of
FK 506 binding protein (FKBP) and caspase 8 with inducible suicidal activity in hepatocytes under the
control of albumin promoter (AFCS8). Co-transplantation of human CD34+ hematopoietic stem cells
and human hepatocyte progenitors into the transgenic mice treated with FKBP dimerizer allowed for
the successful engraftment of immune cells and hepatocytes. AFC8-hu HSC/Hep became infected with
HCV in the livers, generated a human immune T cell response against the virus, and developed
hepatitis and fibrosis [68]. Thus, HBV infection experiments using these mice are expected to uncover
heretofore unsuspected virologic and immunologic aspects of HBV infection.

3. Conclusions

The history of the fight between HBV and humans began in 1965 when Baruch Blumberg ez al.
discovered the Australia antigen later determined to be HBsAg [69], followed by the discovery of the
association between the Australia antigen and specific hepatitis viral infection. After that, many basic
and clinical studies have shed light on the virology and pathophysiology of HBV and have attempted
to establish mouse models for HBV infection. The mechanisms of a wide range of immune responses
against HBV and the resultant clinical phenotypes have not yet been determined. To gain further
insight into the host-virus interaction during HBV infection, further progress toward establishing
suitable animal models for detailed studies of HBV infection and thus the development of a robust
animal model are required.
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BACKGROUND & AIMS: Hepatocellular carcinoma develops in
patients with chronic hepatitis or cirrhosis via a stepwise
accumulation of various genetic alterations. To explore the
genetic basis of development of hepatocellular carcinoma in
hepatitis C virus (HCV)-associated chronic liver disease, we
evaluated genetic variants that accumulate in nontumor
cirrhotic liver. METHODS: We determined the whole exome
sequences of 7 tumors and background cirrhotic liver tissues
from 4 patients with HCV infection. We then performed
additional sequencing of selected exomes of mutated genes,
identified by whole exome sequencing, and of representative
tumor-related genes on samples from 22 cirrhotic livers with
HCV infection. We performed in vitro and in vivo functional
studies for one of the mutated genes. RESULTS: Whole exome
sequencing showed that somatic mutations accumulated in
various genes in HCV-infected cirrhotic liver tissues. Among the
identified genes, the leptin receptor gene (LEPR) was one of the
most frequently mutated in tumor and nontumor cirrhotic liver
tissue. Selected exome sequencing analyses detected LEPR
mutations in 12 of 22 (54.5%) nontumorous cirrhotic livers.
In vitro, 4 of 7 (57.1%) LEPR mutations found in cirrhotic livers
reduced phosphorylation of STAT3 to inactivate LEPR-
mediated signaling. Moreover, 40% of Lepr-deficient (C57BL/
KsJ-db/db) mice developed liver tumors after administration of
thioacetamide compared with none of the control mice. CON-
CLUSIONS: Based on analysis of liver tissue samples from
patients, somatic mutations accumulate in LEPR in cirrhotic
liver with chronic HCV infection. These mutations could
disrupt LEPR signaling and increase susceptibility to
hepatocarcinogenesis.

Keywords: Liver Cancer; Whole Exome Sequencing; Genetics;
STAT3.

hronic inflammation plays an important role in the
development of various human cancers. Indeed,
many human cancers are closely associated with chronic
inflammation, such as Helicobacter pylori-associated
gastric cancer and inflammatory bowel disease-associated
colorectal cancer.'” On the other hand, tumor cells are

believed to be generated by a stepwise accumulation of
genetic alterations in various tumor-related genes during
the process of inflammation-associated carcinogenesis.*™®
Thus, it is reasonable to assume that somatic mutations
latently accumulate in inflamed tissues, where the risk of
tumorigenesis is high. Consistent with this hypothesis,
several studies have shown frequent somatic mutations in
nontumorous inflammatory tissues.”® To clarify the
mechanisms of inflammation-associated carcinogenesis, it
is important to unveil the genetic alterations that occur in
the inflamed tissues before tumor development. The di-
versity of mutated genes and the low frequency of genetic
alterations compared with tumor tissues, however, are
obstacles to revealing the landscape of accumulated ge-
netic aberrations in chronically inflamed nontumorous
tissues.

Several possible molecular mechanisms have been pro-
posed for the genetic alterations occurring in the inflam-
matory condition.” We recently showed that the expression
of activation-induced cytidine deaminase (AID), a DNA/RNA
mutator enzyme family member, links inflammation to an
enhanced susceptibility to genetic aberration during the
development of various gastrointestinal and hepatobiliary
cancers.'?"*? One clear example of inflammation-associated
cancer is human hepatocellular carcinoma (HCC). HCC arises
in the background of chronic inflammation caused by hep-
atitis C virus (HCV) infection.'®* We showed that aberrant
AID expression triggered by HCV infection and the resultant
inflammatory response leads to the generation of somatic
mutations in various tumor-related genes in the inflamed
liver tissues.**!® The target genes of AID-mediated muta-
genesis in the inflamed hepatocytes, however, remain
unclear.

Recent advances in sequencing technology have enabled
us to reveal the whole picture of human genome sequences in
association with the risk of development of a variety of hu-
man diseases, including cancers.'®” Whole exome capture

Abbreviations used in this paper: AID, activation-induced cytidine deam-
inase; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; Ig, immu-
noglobulin; TAA, thioacetamide.
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has identified several candidate driver genes in various hu-
man cancers.'®?% Although deep sequencing on tumor tis-
sues provides the most comprehensive analysis of the cancer
genome, the genetic alterations accumulated in chronically
inflamed tissues might provide an additional opportunity to
clarify the early genetic changes required for carcinogenesis.
In the present study, we applied whole exome sequencing to
not only the tumor but also nontumorous liver tissues
infected with HCV and found that somatic mutations of the
leptin receptor gene (LEPR) latently underlie a subset of the
cirrhotic liver tissues, providing the putative genetic basis for
HCV-associated hepatocarcinogenesis.

Materials and Methods

Whole Exome Capture and Massively

Parallel Sequencing

Massively parallel sequencing was performed as described
previously.”** Fragmented DNA (more than 5 ug) was used to
prepare each DNA sequencing library. The DNA libraries were
prepared according to the instructions provided with the Illumina
Preparation Kit (Illumina, San Diego, CA). Whole exome sequence
capture was then performed using SeqCap EZ Human Exome
Library v2.0 (Roche, Madison, WI) according to the manufac-
turer’s instructions. Cluster generation was performed on the
[lumina cluster station (using their TruSeq PE Cluster Kit v5).
Paired-end sequence for 2 x 76 base pairs was performed on the
[Nlumina Genome Analyzer IIx (using their SBS Kits v5). Data
collection and base calling were performed using SCSv2.9/RTA 1.9,
and the resultant data files were converted to the FASTQ format.

Selected Exome Capture and Massively

Parallel Sequencing

Fragmented DNA (1 pg) was used to prepare each DNA
sequencing library. The DNA libraries were prepared using
TruSeq DNA Sample Prep Kits (Illumina) according to the
manufacturer’s protocol. Selected gene capture (TP53, CTNNBI,
LEPR) was performed using the SeqCap EZ Choice library
(Roche) according to the manufacturer’s recommendations.
Cluster generation and multiplexed paired-end sequencing for
2 x 71 + 7 base pairs was performed as described previously.
Data collection and base calling were performed as described
previously and demultiplexed using CASAVA version 1.8.2
software (Illumina) with the default settings.

Sequence data analysis and variant filtering, patients, cell
culture and transfection, immunoblotting analysis, and animal
experiments are described in Supplementary Methods and
Supplementary Figures 1 and 2.

Results

Whole Exome Sequencing Identified the
Mutation Signature of Synchronous HCCs in

Patients With Chronic HCV Infection

To explore the genetic basis of HCV-associated hep-
atocarcinogenesis, we first determined the whole exome se-
quences in matched pairs of HCC and background liver tissues
obtained from 4 patients with chronic HCV infection

LEPR Mutations in Cirrhotic Liver 223

(Supplementary Table 1, patients 1-4), Three of these patients
had multiple HCCs, and one had a solitary HCC in the liver. To
compare the mutation signature in synchronous HCCs that
developed in the same background liver, we determined the
whole exome sequences of 2 representative HCCs in 3 cases
and a solitary HCC in the remaining case (Figure 1). These 7
HCCs from 4 patients comprised 2 well-differentiated and 5
moderately differentiated HCCs, and the background liver
tissue showed the histological characteristics of cirrhosis. To
subtract the normal variants of each individual from the so-
matic mutations, we also determined the whole exome se-
quences of matched peripheral lymphocytes in each patient.

On average, we generated approximately 3.1 gigabases
of sequence per sample, 80.1% of which were aligned with
the human reference genome (Human Genome Build 37.3),
and the mean coverage in the targeted regions was 33.8-fold
(Supplementary Table 2). The variant filtering process is
summarized in Supplementary Figure 1, and the overall
error rate in our current platform was confirmed to be less
than 0.2%, as described previously.* Overall, a total of 970
nucleotide positions in 768 different genes were mutated at
a frequency of more than 20% of reads in the 7 HCC tissues
(Supplementary Table 3). Among them, 79 genes were
recurrently mutated in 2 or more tumor tissues (data not
shown). These genes included representative tumor-related
genes associated with HCC such as TP53 (mutated in 2 of 7
tumors). Pathway analyses using Kyoto Encyclopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/)
revealed that metabolic pathway-related genes were most
frequently damaged in HCC tissues (5 of 7 tumors)
(Supplementary Table 4).

Interestingly, the mutation signature was remarkably
different between the synchronously developed HCCs in each
patient (Figure 1). In patient 3, none of the genes were
commonly mutated in the 2 tumors examined, while 29 and
225 genes acquired independent somatic mutations in each
tumor, respectively. In contrast, 32 genes (64.0% of mutated
genes of HCC 1 in patient 1) and 9 (24.3% of mutated genes of
HCC 1 in patient 2) were commonly mutated in the synchro-
nously developed HCCs of those patients, indicating that the
synchronous HCCs that developed in patient 1 or 2 shared a
common pattern of genetic aberrations. These findings may
suggest that the synchronous tumors in patients 1 and 2 were
derived from common tumor-precursor cells or developed
through intrahepatic metastasis, whereas the tumors in pa-
tient 3 developed independently in a multicentric manner.

Somatic Mutations Accumulated in the
Cirrhotic Liver With HCV Infection

Whole exome sequencing also revealed a large number
of nucleotide alterations in nontumorous cirrhotic liver
tissues. In some cases, the total number of mutated genes in
nontumorous liver was higher than that in tumor tissues,
while the mutation frequency in nontumorous tissues ten-
ded to be lower than that in the matched tumor tissues
(Figure 2). Sorting Intolerant From Tolerant (SIFT) func-
tional impact predictions (http://provean.jcvi.org/index.
php) revealed that the mean percentage of somatic
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