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Abstract: Up to date, there is no adeno-associated virus (AAV) vector-mediated gene therapy targeting Hepatitis
B virus (HBV). In this study, adeno-associated virus 2 vector, AAV2, targeting Hepatitis B surface antigen (HBsAg)
was constructed, and its effect of mediating the short hairpin RNA (shRNA) inhibition of HBV gene expression was
investigated. Phage display technology was used to screen polypeptides that binded to HBsAg. Using PCR and
cloning, a specific polypeptide was inserted at aa587 of nucleocapsid protein of AAV2, and AAV2 containing shRNA
of HBsAg was also constructed. Using these two plasmids and a helper plasmid, a recombinant virus, rAAVssyU6-
shRNA-hrGFP, with both specific polypeptide and shRNA was constructed. Flow cytometry was employed to evaluate
the specificity of HepG2.215 cells infection by rAAVssyUB-shRNA-hrGFP and ELISA to detect its inhibitory effect to
HBsAg and Hepatitis B e antigen (HBeAg) expression. The specific HBsAg polypeptide sequence is SSYAPYVWQPIA,
and rAAVssyUB-shRNA-hrGFP containing both specific polypeptide and shRNA was successfully constructed and
the produced virus titer was more than 109 v.g/ml. The infection rate of rAAVssyU6-shRNA-hrGFP virus was higher
than that of AAV2 control virus in both HepG2 and HepG2.215. Compared to HepG2, HepG2.215 obtained higher
infection rate. Both HBsAg and HBeAg secretions were inhibited in HepG2.215 infected by rAAVssyUB-shRNA-hrGFP
virus. Furthermore, blocking with Hepatitis B surface antibody (HBsAb) significantly inhibited the infection rate of
rAAVssyU6B-shRNA-hrGFP virus in HepG2.215 cells. It is promising to develop AAV-mediated gene therapy targeting
HBV.
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Introduction

Viral Hepatitis B is one of intractable liver dis-
eases that is a threat to human health [1, 2]. Up
to date, interferon and nucleoside analogs are
the main drugs for treating chronic Hepatitis B.
Only 1/3 of the patients can tolerant the thera-
py with interferon. Although nucleoside analogs
can inhibit Hepatitis B virus (HBV) replication,
drug-resistant HBV mutants are induced after
long-term use [3]. Therefore, it is crucial to
develop new and effective drugs for HBV thera-
py. In vitro and in vivo studies showed that
RNAi-mediated gene therapy could effectively
inhibit HBV replication and gene expression,

indicating that it is a promising therapy strategy
for Hepatitis B [4, 5]. However, how to efficiently
deliver siRNA to HBV-infected liver cells and
maintain its inhibitory effect is an obstacle.

Viral vectors had advantage on delivering target
gene for the therapy. Among them, adeno-asso-
ciated virus (AAV) vectors have been widely
used in the field of gene therapy for its charac-
ters including wide range of host, no pathoge-
nicity, and lower immunogenicity [6-8]. However,
the wide range of host is also a disadvantage of
AAV, which limits its use on targeting specific
organs. Although some types of AAV show liver
tropism, it is still impossible to target only at
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Table 1. Primers sequence

Primers Nucleotide sequence

Note

siHBs-top  5-GATCC GAA TCC TCA CAA TAC CAC A-3’
siHBs-bt m 5’-AGTCC TGC GGT ATT GTG AGG ATT C-3’

shRNA expression
shRNA expression

P1 5-GGGCGTGGATAGCGGTTTG-3’ AAV titer detection
P2 5'-GGCGGAGTTGTTACGACATTTT-3’ AAV titer detection
Pa 5’-TCCCGTACGT CCTCGGCTCG-3’ AAV nucleocapsid modification
Pc-12 5’-AGCAATAGGCTGCCACACATAAGGCGCATAACTAGAGTTGCCTCTCTGGAGGTTGG TAG-3' AAV nucleocapsid modification
Pd-12 5’-AGCAATAGGCTGCCACACATAAGGCGCATAACTAGAGTTGCCTCTCTGGAGGTTGG TAG-3'  AAV nucleocapsid modification
Pb 5'-TCCCCCCGGGCTGTAGTTAATGATTAACCCGCCA-3’ AAV nucleocapsid modification
BsiWI 3064 Xmal 4346
3064 3774 4346
L |
_> . ‘_
Pa Pc+pcptide sense
| Pb
-—-—:—-—-—».
Pd+peptide antisense e I
L ]
S85A S88A
RC

| R X X R ]

R X X SSYX X X X X X X X X rRCssy

R X X NPLGFFPDHQ R rRCxpL

Figure 1. Recombinant RC plasmid maps.

HBV-infected liver cells. Therefore, it is neces-
sary to construct an AAV vector targeting infect-
ed liver cells specifically.

Until now, the strategy to construct a targeting
vector is to find a specific protein, which could
be targeted by specific binding and help to
guide siRNA into cells. As we all know that
Hepatitis B surface antigen (HBsAg) is only
expressed on the surface of infected livers
cells, therefore HBsAg can be the targeted pro-
tein. Micromolecular polypeptides can act as a
bridge due to their advantages such as simple
structure, lower molecular weight, good pene-
tration, and lower immunogenicity, and phage
display technology can help to screen the poly-
peptides that specifically bind to HBsAg.

In this study, a polypeptide targeting HBsAg
was screened by phage display technology and
inserted into the nucleocapsid gene of AAV2
vector. A short hairpin RNA (shRNA) against
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HBsAg was also carried in the same AAV2 vec-
tor. The new virus packaged by constructed
AAV2 vector was rAAVssyU6-shRNA-hrGFP. The
specificity and effectiveness of rAAVssyU6-shR-
NA-hrGFP was further studied in vitro. This work
will shed light on the development of new gene
therapy drugs for Hepatitis B.

Materials and methods

Phage display technology for screening of poly-
peptides specifically binding to hbsag

HBsAg produced in yeast (a gift from Wuhan
institute of biologic products) was diluted to 70
pg/mLin 0.1 mol/L NaHCO, (pH 8.6) and added
into 96-well plate at 100 yL/well for incubation
at 4°C overnight. After blocking with 5% BSA in
0.1 mol/L NaHCO, for 2 h at 4°C, 1.0 x 10** pfu
of phage was added into each well and the cells
were incubated at room temperature for 1 h
with gentle shaking. After washing with Tris-
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Table 2. Selected clone sequencing result of phage display technol-
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virus purification and titra-

ogy tion were done as previous-

Clone no. Sample no. Amino acid sequence Frequency ly reported [12].

1 1, 8, 11 AHRHPISFLSTL 3/15 Virus infection and ﬂOW

2 3,7,12 ATWSHHLSSAGL 3/15 cytometry analysis

3 5,9, 13 SSYAPYVWQPIA 3/15 HenG2.215 cell lat

epG2. cells were plat-

4 2 LPSPPRIPGHKL 1/15 .

5 4 MTKGSYSPSPWR 1/ 15 ed into 24-well plate at the
/ density of 2 x 10° cells/

6 6 TRPAPPPYQSQW 1/15 well and cultured for 24 h

7 10 GHGLLQYTDVMF 1/15 until it reached 70-90%

8 14 SWPLYSRDSGLG 1/15 confluence. Cells were th-

9 15 YQLRPNAESLRF 1/15 en infected for 2 h with

buffered saline containing 0.05% Tween 20 for
10 times, the specifically bound phages were
harvested by 100 uL of elution (0.2 mol/L
Glycine-HCI, pH 2.2, 1% BSA) buffer and neu-
tralized by 1 mol/L Tris-HCI (pH 9.1). The eluate
was then amplified and titrated for the next turn
of screening. Three more screenings were done
using the same methods described above to
enrich the phage clones that were binding
HBsAg. Finally, phage clones were randomly
selected for DNA isolation and sequencing.
Phage display peptide library used in this study
was Ph.D-12TM (New England Biolabs) with E.
coli 2738 as host bacteria at 1.0 x 10*3 pfu/
mL.

Construction of AAV2 Vector targeting HBsAg

Construction of recombinant rc plasmid: The
HBsAg-targeting polypeptide gene sequ-
ence was amplified by PCR and inserted into
RC plasmid at 3774 bp (aa 587 of nucleocapsid
protein) using BsiWI and Xmal enzymes. This
plasmid was rRCSSY. (Table 1) By the same
method, control plasmid, rRCNPL, was con-
structed by the insertion of PreS1 20-29AA
(NPLGFFPDHQ). All plasmids were sequenced
to further confirm the correct insertion. The
plasmid maps are shown in Figure 1.

Virus production: HBsAg-targeting virus pack-
age was performed as previously reported [12].
In this experiment, rRCSSY, pHelper, and pAA-
VUB-shHBs-hrGFP were used to pack the virus
targeting HBsAg, named as rAAVssyU6-shRNA-
hrGFP. RCNPL, pHelper, and pAAVU6-shHBs-
hrGFP were used to pack control virus, named
as rAAVNPLUG-shRNA-hrGFP. In addition, p-RC,
pHelper, and pAAVUG-hrGFP were used to pack
the wild control virus named as AAV-hrGFP. The
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rAAVssyU6-shHBs-hrGFP vi-

rus at different doses
including 2 x 10°, 2 x 108, and 2 x 107 V.g/mL
and then cultured in complete medium for 72 h.
After trypsin digestion, cells were analyzed by
flow cytometry (BD, USA) and GFP-positive cells
were considered as infected cells. The best
multiplicity of infection (MOI) was then deter-
mined. Based the optimized MOI, AAV-hrGFP,
rAAVssyU6-shHBs-hrGFP, and rAAVNPLUG-
shHBs-hrGFP viruses were used to infect
HepG2.215 cells. Infection rates were ana-
lyzed by flow cytometry. To further confirm
the specificity of HBsAg, cells were first
blocked with the Hepatitis B surface antibody
(HBsADb) (diluted in PBS at 1:200) (Dako).

HBsAg and hepatitis B e antigen (HBeAg)
ELISA

HepG2.215 cells were plated into 24-well plate
at the density of 1.5 x 10°% cells/well. After
being cultured for 24 h, cells were then infected
with AAV-hrGFP, rAAVssyU6-shHBs-hrGFP, and
rAAVNPLUG-shHBs-hrGFP viruses at 1.5 x 10°
V.g/mL. After 6 h, the infected cells were
washed 2 times with serum-free DMEM and
cultured in normal culture medium for 4 more
days. Every day, the supernatant was collected
and fresh culture medium was added. All super-
natant was kept at -80°C until use. HBsAg and
HBeAg ELISA kits (Kehua, Shanghai, China)
were then employed to detect the HBsAg and
HBeAg levels in all supernatant.

Results

Screening and identification of specific binding
peptide to HBSAg

After four rounds of phage peptide library

screening, we randomly selected 15 clones for
identification by sequencing and ELISA. In 9
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Figure 2. Specificity of polypeptide binding. A. ELISA identication of No. 1-No. 9 polypeptide; B. Binding of No. 3
polypeptide to different dose of HBsAg; C. Inhibition of unbounded HBsAg to the binding of SBP3 and coated HBsAg.
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Figure 3. RCSSY PCR. 1. DL2000; 2. PCR product carrying both SBP3 and BsiWI
(746 bp); 3. PCR product carrying both SBP3 and Xmal (608 bp); 4. PCR product
carrying control polypeptide and BsiWI (740 bp); 5. PCR product carrying control
polypeptide and Xmal (602 bp); 6. PCR product carrying the full length of SBP,
(1318 bp); 7. PCR product carrying the full length of control polypeptide (1312

bp).

capacity to HBsAg and
weakest binding capacity
to non-related protein con-
trol, m1ECD (mouse asialo-
glycoprotein receptor extra-
cellular domain) (Figure
2A). ELISA was performed
with different concentra-
tions of HBsAg to deter-
mine whether the binding
of SBP3 to HBsAg was dose
dependent or not. As shown
in Figure 2B, by increasing
the concentration of coat-
ed HBsAg, binding of SBP3
to HBsAg increased; but
the binding of SBP3 to
m1ECD did not increase.
Competitive inhibition ex-
periment was also perfo-
rmed using unbounded HB-
sAg to competitively bind to
SBP3 to confirm the bind-
ing specificity of SBP3 and

identified sequences (Table 2), the No.3 HBsAg. As shown in Figure 2C, after applying
sequence, which was SSYAPYVWQPIA and the unbounded HBsAg, the binding of SBP3 to
named SBP3, showed the strongest binding coated SBP3 decreased significantly as the
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Figure 4. Recombinant RC plasmid PCR and restriction enzyme reaction identifi-
cation. A. PCR. 1. DL2000; 2. rRCssy; 3. rRCNPL; B. Restriction enzyme reaction
identification. 1. 1 kb DNA marker; 2. rRCssy; 3. rRCNPL.

Table 3. Virus titer detection

Virus Titer (v.g/mL)
AAV-hrGFP 4.19 x 10°
rAAVssyU6-shHBs-hrGFP 2.82 x 10°
rAAVNPLUB-shHBs-hrGFP 3.9 x 10°

unbounded HBsAg concentration increased. In
addition, m1ECD has no competitive inhibition
capacity to the binding of SBP3 and HBsAg. All
these results suggested that the binding of
SBP3 and HBsAg was specific.

Construction of AAV2 vector targeting HBSAg

The first PCR was performed to amplify poly-
peptide and single restriction enzyme site
using p-RC plasmid as the template, and then
another PCR was done with the two products
from the first PCR as the templates to obtain
a complete sequence containing polypeptide
and two restriction enzyme sites. The ob-
tained segments were 1318 bp (insertion of
SBP3) and 1312 bp (insertion of control poly-
peptide, NPLGFFPDHQ). HBV PreS1 20-29AA
(NPLGFFPDHQ) has liver tropism. In this experi-
ment, the AAV2 carrying NPLGFFPDHQ was
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constructed for comparing
the tropism of two AAV2
vectors (Figures 3, 4). The
result of the detection of
virus titer is shown in Table
3.

Identification of HBsAg-
targeting AAV2 virus

Confirmation of the best
MOI: HepG2.215 cells were
infected with three differ-
ent titers of rAAVssyUG-
shHBs-hrGFP virus. After
72 h, cells were digested
and analyzed by flow cytom-
etry for infection rates. MOI
of 104:1, 103:1, 102:1 cor-
responded to the infection
rate of 56 + 6.23, 27 *
3.56, 3.6 + 1.25%, respec-
tively (Figure 5). We there-
fore selected the MOI of
104:1 for the further study,
considering it had the high-
est infection rate.

Specificity of viral infection: The AAV-hrGFP,
rAAVssyU6-shHBs-hrGFP, and rAAVNPLUG-shH-
Bs-hrGFP viruses at MOl of 104:1 were
employed to infect HepG2 and HepG2.215
cells, respectively. We found that the infection
rate of rAAVssyU6-shHBs-hrGFP virus (61.8 +
6.23%) to HepG2.215 cells was significantly
higher than that of AAV-hrGFP (3.22 + 0.67%)
and AAVNPLUG-shHBs-hrGFP (2.5 + 0.51%)
(Figures 6, 7). Moreover, the infection rate of
rAAVssyU6-shHBs-hrGFP virus (8.7 + 0.7%) to
HepG2 cells was also higher than that of AAV-
hrGFP (0.73 + 0.38%) and rAAVNPLUG-shHBs-
hrGFP (0.37 + 0.35%) (Figures 6, 7). When cells
were blocked with HBsAb prior to the infection,
the infection rate of modified virus decreased
significantly, but that of control virus did not
change (Figure 8).

Inhibition of HBsAg and HBeAg secretion from
HepG2.215 cells by HBsAg-targeting AAV2
virus

HepG2.215 cells were infected by AAV-hrGFP
and rAAVssyU6-shHBs-hrGFP viruses at MOI of
104:1, respectively. After 2 h infection, the
supernatant was removed and fresh complete

Int J Clin Exp Med 2016;9(7):12469-12480
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Figure 5. HepG2.215 cells infection analyzed by flow cytometry. A. Without infection; B. MOI of 10*:1; C. MOI of
10%:1; D. MOl of 10%1.

culture medium was added. The supernatant then used to detect the HBsAg and HBeAg in
was collected every 24 h for 4 days. ELISA was the harvested supernatant. Our result indicat-
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Figure 6. HepG2 and HepG2.215 cells infection analyzed by flow cytometry.

Figure 7. Viral infection detected by immunofluorescence microscope. A. AAV-hrGFP virus-infected HepG2 cells; B.
AAV-hrGFP virus-infected HepG2.215 cells; C. rAAVNPLUG-shHBs-hrGFP virus-infected HepG2 cells; D. rAAVNPLUG-
shHBs-hrGFP virus-infected HepG2.215 cells; E. rAAVSSYUG-shHBs-hrGFP virus-infected HepG2 cells; F. rAAVSSYUG-
shHBs-hrGFP virus-infected HepG2.215 cells.

12476 Int J Clin Exp Med 2016;9(7):12469-12480



AAV vector-mediated siRNA inhibited HBV

Dora N2 Data.002

1000

=
=
2 Quadrant Statistics
2
& File: Data.002
= Quad__Events % Galed % Total
- UL 1 0.01 0.01
= UR o 0.00 0.00
. ] LL 16717 9672 83.58
=1 | L m i c—- MR AL e i a ] P ) b LR 566 327 283
0 200 400 600 S00 1000 w? 10! 102 10 10d
FSCH FL1-H
Daka 007
Bg — - Data.007
.D_ L=
-
—4
(=4
o
o s _as
Quadrant Statistics
3:) 2
w0 File: Data.007
ws
- Quad Events % Gated % Total
= uL 4 0.02 0.01
b1 UR 1 000 0.00
LL 23574 9728 7858
= o0 I LR 655 270 218
0 200 400 600 200 1000 w? ! 1€ 0¥ 0
FSCH FL1H
Data 004
c =1 s - Dara.004
=F =
] =8
- =1 . g E Quadrant Statistics
ﬁ - 2 1 File: Data 004
= oo
= T Quad _Events % Gated % Total
o 1 UL 0 000 000
=] 24 UR 3 001  0.01
] 1 LL 9995 38.14 33.32
= . = LR 16205 6184 5402
0 200 400 600 800 1000 0 i Tl 2 3 4
ey 10 ol ot 10 10
D o Data 003 - Dats 005
=3 R T 24
g 2
g
;
8 Quadrant Statistics
Vo
L4 File: Data.005
Quad Events % Gated % Tolal
§ uL 0 000 000
UR 0 000 000
LL 22834 9432 7611
o - R : = LR 1374 568 458
2 400 600 300 1000 0 ] o '3 q
PR 10 10 Hl?-u 10 10
Figure 8. Specificity of viral infection to HepG2.215 cells.
ed that, at the third day after infection, the HepG2.215 secretion of HBsAg and HBeAg was
inhibitory effect of rAAVssyU6-shHBs-hrGFP to the highest (90%) (Figure 9).
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Discussion

Virus carrying shRNA can achieve long-term
regulation of target gene in mammals, and is
widely used in siRNA-mediated gene therapy.
AAV vectors are the most popular vectors used
in gene therapy because of their advantages
including efficient package, lower immunoge-
nicity, and safety [6-8]. In recent years, re-
searchers successfully performed in vivo and in
vitro studies using AAV carrying HBV siRNA and
obtained promising results [13]. AAV2 is, up to
date, the safest AAV vector. However, lack of
tropism limits its application in gene therapy
[14]. Although AAV2 psudovirus showed strong
liver tropism, it still cannot precisely target
HBV-infected cells [9-11]. Therefore, we modi-
fied the AAV2 nucleocapsid protein to achieve
the precise targeting to the HBV-infected liver
cells and inserted the HBsAg siRNA into the
AAV2 to observe the therapeutic effect on HBV
infection.

In this study, the constructed pAAV-shHBs-hrG-
FP has mammal U6 promoter, which can start
the transcription on predesigned site, produc-
ing the shRNA with stem-loop structure. The
shRNA sequence was derived from the inner of
s gene, which was capable of degrading the
three mRNA of HBV (3.5 kb, the template of
DNA replication and nuclear protein and virus
polymerase; 2.4 kb, responsible for synthesis
of PreS1 protein; and 2.1 kb, responsible for
synthesis of PreS2 and HBsAg proteins) and
inhibition of virus replication and protein syn-
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thesis for packaging. In a previous study pub-
lished by our group, we have proved that trans-
fection of pAAV-shHBs-hrGFP into HepG2.215
significantly inhibited its secretion of HBsSAg
and HBeAg; however, transfection of AAV-hrGFP
plasmid with non-related siRNA into HepG2.215
cells did not influence secretion of HBsAg and
HBeAg [12], suggesting that shRNA sequence
could significantly inhibit HBV replication and
protein expressions for packaging virus.

In addition, we modified the p-RC plasmid by
inserting HBsAg-specific polypeptide, SBP3
into the AAV nucleocapsid protein. Using the
same strategy, we inserted PreS1 20-29AA
(NPLGFFPDHQ) into the AAV nucleocapsid pro-
tein. The reason we chose PreS120-29AA
(NPLGFFPDHQ) in this study was because
Urban et al. had reported that this peptide
could stop the HBV infection to primary culture
liver cells from shrews and it had liver tropism
[15, 16]. Therefore, it is a good control for
studying the liver tropism. Girod et al. first suc-
cessfully achieved the AAV2 tropism modifica-
tion by insertion of polypeptide at aa 587 of
AAV nucleocapsid in 1997 [17], and Shi et al.
also proved that aa 588 of AAV2 nucleocapsid
protein was a suitable insertion site for poly-
peptide [18]. These two sites later became the
widely used insertion sites for small polypep-
tides [19, 20]. Yu et al. inserted a polypeptide
targeting skeletal muscles at aa 587 and
proved its tropism to skeletal muscles in both
vitro and vivo, indicating the potential of modi-
fied AAV2 on both local and systemic applica-
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tions [21]. Given these previous findings, we
decided to insert the polypeptide at aa 587 of
AAV2 nucleocapsid protein.

Virus package was done in AAV293 cells by
transfecting the modified p-RC, pAAV-shHBs-
hrGFP, and pHelper. The harvested rAAVssyU6-
shHBs-hrGFP virus showed significantly higher
infection rate (61.8 + 6.23%) compared with
those of AAV- hrGFP (3.22 + 0.67%) and rAAVN-
PLUG-shHBs-hrGFP (2.47%).

Although the infection rate of rAAVssyU6-shH-
Bs-hrGFP virus (8.7 + 0.7%) to HepG2 cells also
increased compared with AAV- hrGFP (0.73
0.38%), we considered it as non-specific infec-
tion since the infection rate was still lower than
10%. This non-specific infection might be medi-
ated by the natural receptor HSPG and also
possibly resulted from the modified natural
construction by changing of viral nucleocapsid
protein. To further confirm the viral specificity,
we detected the infection rate after blocking
HepG2.215 cells with HBsAb. Blocking with
HBsAb significantly decreased the infection
rate of rAAVssyU6-shHBs-hrGFP virus, but
showed no influence on the AAV-hrGFP virus,
indicating the strong infection specificity of
rAAVssyU6-shHBs-hrGFP virus.

Finally, the supernatant of infected HepG2.215
cells were harvested for further analysis of
HBsAg and HBeAg levels by ELISA. The result
suggested that rAAVssyU6-shHBs-hrGFP inhib-
ited secretion of both HBsAg and HBeAg, with
stronger effect on HBsAg. However, the speci-
ficity and efficacy of this modified AAV2 virus
needs to be further investigated in vivo.

Overall, AAV is a good gene therapy vector for
achieving targeting and efficacy to specific cells
by the insertion of siRNA and specific binding
sequence. This study provided a new therapy
strategy to HBV infection. We should not only
consider higher infection efficacy to inhibit HBV
replication and antigen expression, but also the
specificity and safety. In the serum samples of
the HBV-infected patient, there is high level of
HBsAg, which may decrease the targeting
effect of modified AAV2 virus to HBV-infected
cells. In addition, we should avoid the cytotoxic
effect of T cells immune response in HBV-
infected patient who has been infected by AAV2
before, and evaluate the risk of AAV virus gene
integration into human genome.
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