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Aim: To investigate the inhibitory effect of hepatitis B virus (HBV) preS2 mini-antibody
(mPreS2) against HBV infection, HBV-associated liver injury and HBV-associated hepatic
carcinogenesis.

Methods: A recombinant adenovirus vector with the human survivin promoter and mPreS2
gene, Ad5SVP-mPreS2, was constructed. Fluorescence microscopy examination and TCID 50
analysis were utilized to determine the specific proliferation of recombinant adenovirus in liver
cancer cells. Western blot analysis was used to determine the mPreS2 expression levels. Enzyme-
linked immunosorbent assay (ELISA) was used to examine HBsAg levels to evaluate the
inhibitory effect of mPreS2 against HBV infection. The protective effects on hepatic function
and preventive effects against hepatic carcinogenesis of AdSSVP-mPreS2 were studied in
diethylnitrosamine (DEN)-treated HBV transgenic Imprinting Control Region mice.

Results: The recombinant adenovirus regulated by the human survivin promoter proliferated
exclusively in liver cancer cells rather than normal liver cells. The expression levels of
mPreS2 were increased in liver cancer cells compared with normal liver cells, and mPreS2
could be used to recognize liver cells from HBV transgenic mice. ELISA showed that
HBsAg levels were decreased in the group treated with AdSSVP-mPreS2. AdSSVP-
mPreS2 had a protective effect on hepatic function in a DEN-induced liver injury model
because of lower serum levels of alanine transaminase and aspartate transaminase.
Additionally, HBV transgenic mice treated with AdSSVP-mPreS2 had fewer and smaller
cancerous nodes after induction with DEN than untreated mice.

Conclusion: Conditionally replicating adenovirus-mediated mPreS2 expression inhibited
HBYV infection and had an inhibitory effect on liver injury and hepatocellular carcinogenesis
in HBV transgenic mice.
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Introduction

Hepatitis B and hepatitis B virus-associated hepatocellular carcinoma (HBV-HCC)
are major challenges to human health, especially in developing countries. To
prevent the development of HBV-HCC, the inhibition and treatment of HBV are
becoming urgent tasks that are essential for the improvement in health conditions.
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The conventional and effective treatments for recurrent
HBYV infections in patients include immunization and anti-
viral therapies. However, immunoglobulin is expensive
and has some limitations: it has an unsatisfactory neutra-
lization effect and may carry pathogens.' At the same
time, gene therapy has become an important auxiliary
measure for comprehensive treatment, which may provide
a novel approach to the treatment of HBV and HBV-HCC.

Two HBYV viral proteins, the hepatitis B X protein (HBx)
and pre-S2 protein, play an important role in HBV infection
and HCC oncogenesis.” Notably, the preS2 mutant contri-
butes to the development of HCC through the influence of the
expression of transcription factors such as NF-kB, Ap-2, and
Spl, which may activate the Akt/mTOR and NF-kB/COX-2
signaling pathways.* It is worth noting that the antigenicity
of preS2 is stronger than that of HBsAg, with a robust T and
B cell recognition cluster.’ During HBV infection, it can
induce the host’s immune response and produce preS2 anti-
bodies, which provide an important defense function for
eliminating HBV and preventing virus from invading normal
liver cells.® Accordingly, preS2 antibody may be useful to
inhibit the infection and duplication of HBV and exhibit
antitumor activity in cancerous liver cells that persistently
express HBx and preS2.

In our previous study, the preS2 humanized antibody
gene, which contained a full length of 2570 bp of light and
heavy strand, was cloned into the type 5 adenoviral shuttle
plasmid. This antibody could recognize hepatocytes of HBV
transgenic Imprinting Control Region (ICR) mice and
showed good affinity to the corresponding antigen, indicating
that it might protect primary hepatocytes from HBV infec-
tion, inhibit HBV replication and protect hepatocyte
function.” However, the type 5 adenoviral shuttle plasmid
lost its replication ability, and its antibody gene expression
level was limited. Although the full-length antibody was
more activated, its molecular weight was so large that it
hardly permeated into tissue, which might damage its effect.
To overcome these obstacles, this study constructed
a treatment strategy in which liver cells could express
preS2 mini-antibody (mPreS2) after transfection by condi-
tionally replicating adenovirus vector containing the gene for
humanized HBV-preS2 mini-antibody.

Materials and Methods
Cell Lines and Cell Culture

The Homo sapiens liver cancer cell lines HepG2 and Huh-7
and the normal liver cell line WRL-68 were provided by the

Shanghai Institute for Biological Science, Chinese Academy
of Sciences (Shanghai, China). The human embryo kidney
cell line HEK293 was purchased from Microbix Biosystems
Inc. (Toronto, Canada). All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco
BRL, Grand Island, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS, Gibco BRL). Cells
were maintained at 37°C in a humidified 5% CO2 incubator.

Construction of a Conditionally
Replicating Adenovirus Vector Carrying
the mPreS2 Gene

The preS2 mini-antibody gene was synthesized by overlap
PCR according to the template of the humanized HBV
preS2Ab gene, including the variable regions of the light and
heavy chains and constant region 3 of heavy chain (CH3). The
promotor gene of mouse cytomegalovirus (mCMV) was intro-
duced upstream of the preS2 mini-antibody gene, which could
activate the expression of the target gene. The whole expres-
sion cassette was cloned into the E3 region of a conditionally
replicating adenovirus vector with the human survivin promo-
ter. As a control, the EGFP reporter gene was cloned into
a conditionally replicating adenovirus vector and
a deficiently replicating adenovirus vector. All recombinant
adenovirus vectors, including AdSSVP-mPreS2, Ad5SVP-

EGFP and Ad5-EGFP, were amplified in HEK293 cells.

Identification of the Specific Proliferation
of Conditionally Replicating Adenovirus

Vector

HepG2, Huh-7 and WRL-68 cells were cultured in 6-well
plates for 24 h and then subjected to serum-deprived med-
ium. Ad5SVP-mPreS2, AdSSVP-EGFP and Ad5-EGFP
were added for infection according to the multiplicity of
infection (MOI) gradient, and the expression levels of
EGFP were observed under a fluorescence microscope at 0
h, 24 h, 48 h and 72 h after infection. The cell lysate solution
was collected at 0 h, 24 h, 48 h and 72 h after infection, and
50% tissue culture infective dose (TCID 50) analysis was
utilized to evaluate the copy levels of adenovirus in the liver
cancer cell line and normal liver cell line.

Expression and Activity Experiment of

mPreS2
HepG2, Huh-7 and WRL-68 cells were cultured in 24-well
plates for 24 h, and Ad5SVP-mPreS2 was added for
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infection with MOI=10 pfu/cell. The cell lysate solution
was collected at O h, 24 h, 48 h and 72 h after infection,
and Western blot analysis was utilized to determine the
mPreS2 with HRP-conjugated rabbit anti-human IgG
(1:1000, Cell Signaling Technology, USA).

An HBV transgenic Imprinting Control Region (ICR)
mouse provided by the Shanghai SLAC Laboratory
Animal Center, Chinese Academy of Sciences (Shanghai,
China), was sacrificed, and the liver was taken to prepare
a hepatocyte suspension. The hepatocyte suspension was
cultured in 6-well plates for 24 h, and the supernatants of
HepG2 cells that were infected by AdSSVP-mPreS2 we
prepared before were added to 100 puL of each well. After
incubation for 2 h, cells were collected and smeared, and
HRP-conjugated rabbit anti-human IgG (1:1000) was used
for incubation for 30 minutes. Finally, diaminobenzidine
(Fuzhou Maixin Biotechnology Development Co., Fuzhou,
China) was utilized as a chromogenic reagent, and photos
were taken under a microscope.

Inhibitory Effects of Ad5SVP-mPreS2
Against Hepatitis B

The hepatocyte suspension we prepared before was cultured
in 6-well plates for 24 h and then subjected to serum-
deprived medium. Ad5SVP-mPreS2, AdSSVP-EGFP and
AdS-EGFP were added for infection (MOI=50 pfu/cell),
and the supernatants were collected at 24 h and 48 h after
infection. An enzyme-linked immunosorbent assay (ELISA)
kit (Shanghai Thermo Biotechnology Development Co.,
Shanghai, China) was used to determine hepatitis B surface
antigen (HBsAg) levels in the supernatants.

Protective Effects of Ad5SVP-mPreS2 on

Hepatic Function

A total of 20 HBV transgenic ICR mice (Shanghai SLAC),
aged 4 weeks, were fed diethylnitrosamine (DEN) water
(1:10,000) for 2 weeks to establish the model of liver
injury. Then, all mice were evenly divided into 4 groups,
and the virus groups (Ad5SVP-mPreS2, Ad5SVP-EGEFP,
and Ad5-EGFP) were given the corresponding adenovirus
particles via tail vein injections; each mouse was injected
with 2x10® pfu/100 pL adenovirus every other day for
a total of 4 injections starting one week after the initial
feeding. Mice in the nonvirus control group were given the
same volume of normal saline simultaneously. The ani-
mals were fed for 2 weeks after the treatment and were
sacrificed. Serum samples were collected and measured for

alanine transaminase (ALT) and aspartate transaminase
(AST). The liver tissues were prepared and subjected to
hematoxylin/eosin (H&E) staining to observe the histolo-
gical variation.

Preventive Effect of Ad5SVP-mPreS2

Against Hepatic Carcinogenesis

A total of 18 HBV transgenic ICR mice (Shanghai SLAC),
aged 4 weeks, were fed DEN water (1:10,000) for 4 weeks to
establish the model of HCC. Then, all mice were evenly
divided into 2 groups, and the Ad5SVP-mPreS2 group was
given the corresponding adenovirus particles via tail vein
injections; each mouse was injected with 2.5x10® pfu/100
pL adenovirus once a week for a total of 4 injections. Mice in
the blank control group were given the same volume of
normal saline simultaneously. Three mice were sacrificed
monthly in each group after the initial treatment. Serum
samples were collected and measured for ALT and AST to
evaluate hepatic function, and the liver tissues were sectioned
at 0.5-cm intervals to observe the diameters of the cancerous
nodes. The expression levels of Ela and Ki67 were assessed
by immunohistochemistry (IHC) analysis with rabbit poly-
clonal antibodies (Abcam, Cambridge, USA).

Statistical Analysis

All data are presented as the mean + SD. Statistical sig-
nificance was calculated using unpaired Student’s t-tests.
P < 0.05 was considered significant. All analyses were
performed using the Statistical Package for Social
Sciences for Windows (SPSS) version 25.0.

Results
The Specific Proliferation of
Ad5SVP-mPreS2 in Liver Cancer Cells

As shown in Figure 1A, the human survivin promoter
mediated the expression of AdSSVP-mPreS2 with cancer-
ization, and the mPreS2 expression cassette or EGFP gene
was inserted after deletion of the E3 region. For liver cancer
cells, fluorescence microscopy examination confirmed that
the expression levels of EGFP protein in the Ad5SSVP-EGFP
group were much higher than those in the Ad5-EGFP group
after infection with recombinant adenovirus vectors.
Conversely, the two groups harboring the EGFP gene
showed low expression levels of EGFP protein in normal
liver cells (Figure 1B). Additionally, TCID50 analysis
showed that with the extension of time, the viral titer of
Ad5SVP-mPreS2 and Ad5SVP-EGFP in liver cancer cells
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Figure | Construction and the specific proliferation of Ad5SVP-mPreS2. (A) Schematic diagram of the three recombinant adenovirus vectors. (B) The expression levels of

EGFP in HepG2, Huh-7 and WRL-68 cells under fluorescence microscopy at 0 h, 24

h, 48 h and 72 h after infection with recombinant adenovirus vectors. AdA5SVP-EGFP is

shown representatively (100%). (C) The copy levels of adenovirus in HepG2, Huh-7 and WRL-68 cells evaluated by TCID 50 analysis at 0 h, 24 h, 48 h and 72 h after

infection with recombinant adenovirus vectors.

Abbreviations: TR, inverted terminal repeats; v, the signal of adenovirus packaging; SVP, the human survivin promoter; mCMV, promoter of mouse cytomegalovirus.

increased gradually, up to more than 1 million times, while
the viral titer remained below 50 times in normal liver cells.
The viral titer of the Ad5-EGFP group was constantly low
both in liver cancer cells and normal liver cells (Figure 1C).

mPreS2 Mediated by Ad5SVP-mPreS2
Could Combine with Hepatocytes from
HBV Transgenic Mice and Inhibit HBV

Infection

Western blot analysis showed that the expression levels of
mPreS2 were higher in Huh-7 and HepG2 cells than in
WRL-68 cells, especially at 48 h and 72 h after Ad5SVP-
mPreS2 infection (Figure 2A). After incubation with the
supernatants of HepG2 cells that were infected by
Ad5SVP-mPreS2, the hepatocytes derived from an HBV

transgenic ICR mouse were combined with mPreS2 and
were marked in smears (Figure 2B). Additionally, ELISA
results showed that compared with the AdSSVP-EGFP
group and AdS-EGFP group, the AdSSVP-mPreS2 group
had decreased HBsAg levels in the supernatant, which
might indicate that mPreS2 could inhibit HBV infection
and replication (Figure 2C).

Ad5SVP-mPreS2 Effectively Protected
Against DEN-Induced Liver Injury in HBV

Transgenic Mice

To investigate the effects of AdSSVP-mPreS2 in vivo, we
established a model of liver injury in HBV transgenic ICR
mice. The ALT and AST levels in serum samples were
measured, and we found that the Ad5SVP-mPreS2 group,
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Figure 2 The influence of mPreS2 mediated by Ad5SVP-mPreS2 on HBV infection. (A) Western blot analysis of mPreS2 in HepG2, Huh-7 and WRL-68 cells at 0 h, 24 h, 48
h and 72 h after Ad5SVP-mPreS2 infection. GAPDH in WRL-68 cells was used as a loading control. **p<0.001, compared with the expression levels in WRL-68 cells at the
same time. (B) Representative photos of the combination of mPreS2 and hepatocytes from an HBV transgenic ICR mouse. DAB was utilized as the chromogenic reagent.
(200%) (C) HBsAg levels detected by ELISA in hepatocytes from an HBV transgenic ICR mouse at 0 h, 24 h and 48 h after infection with all three recombinant adenoviruses.

*p<0.01, compared with 0 h after infection.

compared with the AdS-EGFP group and the nonvirus
control group, had much lower levels of ALT and AST.
Moreover, the AdSSVP-EGFP group showed higher levels
of ALT and AST, which were not significant (Figure 3A).
Microscopic examination of liver tissue showed that
hydropic degeneration and point necrosis could be found
in the Ad5SSVP-EGFP group, Ad5-EGFP group and non-
virus control group, especially in the AdSSVP-EGFP
group, in accordance with the ALT and AST measure-
ments. However, in the Ad5SVP-mPreS2 group, most
liver cells presented granular degeneration, and hydropic
degeneration was rare (Figure 3B). All these data indicated
that mPreS2 expressed by Ad5SVP-mPreS2 had positive
effects on the protection of hepatic function in HBV mice.

Ad5SVP-mPreS2 Effectively Inhibited
DEN-Induced HCC Carcinogenesis and

Development in HBV Transgenic Mice

To further determine the preventive effect of AdSSVP-
mPreS2 against hepatic carcinogenesis, we established
a model of HCC using DEN water. Serum samples for
ALT and AST measurements confirmed that Ad5SSVP-

mPreS2 presented a more protective effect, although the
serum levels of ALT and AST in the two groups were
elevated gradually (Figure 4A).

For microscope examination, in the first month after
the initial treatment, hydropic degeneration and point
necrosis were present in liver cells in the blank control

group,
Conversely, the liver cells in the Ad5SVP-mPreS2 group

as well as moderate fibrosis in liver tissue.
only presented granular degeneration, and slight fibrous
tissue hyperplasia could be found in liver tissue. In
the second month, pseudolobule formation and laminar
necrosis with inflammatory cell infiltration could be
found in the blank control group, and the liver tissue in
the AdSSVP-mPreS2 group only presented slight-to-
moderate fibrosis. In the third month, severe hepatic cir-
rhosis with fibrous septa and cancerous nodes of different
numbers and various sizes were present in the blank con-
trol group. In contrast, the cancerous nodes in the
Ad5SVP-mPreS2 group were both fewer in number and
smaller (Figure 4B and C).

Finally, the IHC analysis showed that Ela protein
which co-expressed with mPreS2, was only expressed in
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Figure 3 Protective effects of Ad5SVP-mPreS2 on hepatic function. (A) The levels of ALT and AST in the three recombinant adenovirus groups and the blank control group.
***p<0.001, compared with the blank control group. (B) Histological variation of hepatic tissue in the four groups. (H&E staining, 200%).

cancer cells rather than normal liver cells in the Ad5SVP-
mPreS2 group, indicating the special expression of
mPreS2 indirectly (Figure 4D). Additionally, the expres-
sion levels of Ki67 were much lower in the AdSSVP-
mPreS2 group, which indicated that the proliferation activ-
ity of cancer cells in the Ad5SVP-mPreS2 group was
relatively low (Figure 4E).

Discussion

To our knowledge, the reason why the prevalence of HCC is
so high in China is HBV infection.® To inhibit HBV infection
and prevent the carcinogenesis and development of HCC, we
focused on these two aspects as follows. First, we transformed
the full-length preS2 antibody into the preS2 mini-antibody
(mPreS2), maintaining the variable regions of the light and
heavy chains and CH3 region.'® Mini-antibody had better
permeability because of its small molecular weight, and its
Fc component could mediate antibody-dependent cell-
mediated cytotoxicity (ADCC) with host immune cells.'""'
As a result, mPreS2 might present more effective inhibition of
HBV infection and antitumor activity. In addition, mPreS2 did
not need glycosylation after translation as a result of the

deletion of the CH2 region and was suitable for high-volume
production in yeast or E. coli systems,"® which might create
the conditions for translational research and clinical applica-
tion. Second, we utilized the conditionally replicating adeno-
virus vector with the human survivin promoter to carry and
express mPreS2, aiming to enhance its targeting to cancer
cells. In our study, we constructed a recombinant adenovirus
vector named AdSSVP-mPreS2 and verified its effect in vitro
and in vivo. Excitingly, we found that AdSSVP-mPreS2 could
proliferate and express mPreS2 in liver cancer cells exclu-
sively, inhibited HBV infection and presented promising anti-
tumor activity, with minor damage to normal liver cells. The
conditionally replicating adenovirus vector initiated its regu-
latory mechanism immediately and promoted adenovirus-
specific proliferation when liver cells were cancerous. Not
only could the extremely proliferative adenovirus dissolve
the cancer cells, but it could also improve the copy number
and the expression of antibody genes.

In recent years, targeted therapy of antitumor genes
mediated by targeted adenovirus vectors has made remarkable
achievements, which may open a new avenue for cancer
therapy. Researchers from the University of Ottawa, Canada,
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Figure 4 Preventive effect of Ad5SVP-mPreS2 against hepatic carcinogenesis. (A) The levels of ALT and AST in the Ad5SVP-mPreS2 group and the blank control group at
the first month, the second month and the third month after the initial treatment. *p<0.05, compared with the blank control group. (B) Representative liver tissue sections
of the two groups in the third month. Blue circles point to cancerous nodes. H&E staining, scale bar, 10 um. (C) Comparison of the number and size of cancerous nodes
between the two groups. *p<0.05, **p<0.01, compared with the blank control group. (D) The comparison of IHC results of Ela between the two groups (100%). (E) The
comparison of IHC results of Kié7 between the two groups (100%). **p<0.01, compared with the blank control group.

and an American Cancer Drug Corporation named Jennerex
announced the world’s first clinical trial of targeted gene
therapy for cancer in Nature on September 1, 2011. In this
research, a kind of tumor-targeting virus that was oncolytic
was utilized for tumor treatment intravenously, and promising
outcomes were gained.'* With the approval and marketing of
oncolytic virus T-VEC, proliferative oncolytic virus has
attracted great attention as a vector for gene therapy. The
advantage of oncolytic viruses is that they can not only dis-
solve cancer cells but also express therapeutic genes carried by
viral vectors more effectively.'”'” Moreover, oncolytic
viruses can improve the microenvironment of tumor immuno-
suppression as a sensitizer to immunotherapy.'® Therefore, we
went with flow cytometry and constructed our conditionally
replicating adenovirus with the mPreS2 gene mediated by the
human survivin promoter, and its targeting and accuracy were

. . . 192
confirmed in previous studies.'**°

Conclusion

In summary, the treatment strategy we constructed is char-
acterized by strict regulation, antiviral and antitumor effi-
cacy and has better safety and efficacy in blocking HBV
infection, protecting hepatic function and preventing hepa-
tocyte cancerization, thus creating conditions for further
clinical application of the product in the future.
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