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Since the emergence of viral resistance of hepatitis B virus (HBV) during treatment is becoming an
important issue even with newer drugs, there is a need for alternative treatment options such as, for example,
RNA interference (RNAi) technology. While short-term suppression of HBV replication is easily achieved with
small interfering RNA oligonucleotides, this is not the case for long-term suppression due to the lack of an
optimal vector system. Based on the nonviral scaffold/matrix attachment region (S/MAR)-based vector system
pEPI-1, which is free of common side effects and is stably retained as an episome even in the absence of
selection, we designed a short hairpin RNA (shRNA) expression vector called pEPI-RNAi for HBV suppression.
HBV-replicating HepG2.2.15 cells were transfected with pEPI-RNAI, and the intracellular status of the plasmid
was followed by PCR and Southern analysis. HBV replication was measured on the DNA, RNA, and protein
level. HBV RNA expression was reduced by almost 85% 3 months posttransfection with pEPI-RNAi. At 8
months posttransfection in the absence of antibiotic selection pressure, the suppression level was still 70% and
the vector was retained as an episome. The reduction of total intracellular HBV DNA at this point was 77%,
showing a marked suppression of HBV DNA replication. At a comparable level, secretion of viral antigens, as
well as progeny HBYV virions, was inhibited. The S/MAR-based vector system pEPI-1 allows long-term sup-
pression of HBV replication by the expression of suitable shRNAs. Due to its unique properties compared to
commonly used vectors, it provides an interesting option for the treatment of chronically HBV-infected

individuals.

Hepatitis B virus (HBV) infection remains a major global
health concern, with approximately 300 million people chron-
ically infected worldwide with a high risk of developing liver
cirrhosis or hepatocellular carcinoma. At present, antiviral
agents like type 1 interferons, lamivudine, adefovir, and enta-
cavir are used to treat a selected population of chronic HBV
carriers. Although most of these drugs are effective in sup-
pressing the viral load, long-term therapy is required to avoid
viral reactivation and progression of liver disease. Due to the
variability of the HBV genome, such long-term treatments are
often associated with the emergence of resistant viral strains,
which may compromise the initial clinical benefit of the treat-
ment. Since this emergence of viral resistance is becoming an
important issue even with newer drugs (26), there is a need for
alternative treatment options.

During the last decade, RNA interference (RNAI) (2, 3) has
opened new perspectives not only in experimental biology but
also in the field of future gene therapy.

The mechanism of RNAI is initiated by the RNase III en-
zyme Dicer, which processes double-stranded RNA into ~22-
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nucleotide oligomers which serve as guide sequences in the
RNA-induced silencing complex, thus allowing specific mRNA
cleavage. Since the discovery of RNAI as a sequence-specific
posttranscriptional gene silencing mechanism (2), many at-
tempts have been made to understand and potentially exploit
this highly conserved regulatory mechanism to inhibit the ex-
pression of specific genes (19).

Recently, several groups showed that suppression of HBV
replication can be achieved with small interfering RNA
(siRNA) oligonucleotides. This effect, however, is only tran-
sient in mammalian cells, and repeated applications of siRNA
oligonucleotides are required. Therefore, expression of short
hairpin RNAs (shRNAs) under the control of RNA polymer-
ase III promoters has been evaluated in vitro and in vivo (13,
24, 25).

Conventional vectors currently used for the expression of
shRNAs in mammalian cells and organisms all have major
disadvantages that limit their application in gene therapy (4).
These include integration into the host genome, which may
lead to insertional mutagenesis and silencing of the transgene,
expression of viral proteins with a subsequent immunological
response of the recipient organism, and only transient expres-
sion of the transgene (4, 8). Issues concerning the safety of the
vector systems used are even more important in patients not
suffering from end-stage, life-threatening diseases such as, for
example, chronic viral infections like HBV infection.
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FIG. 1. Experimental design. (A) Locations of RNAI target sites. Arrows indicate the locations of RNAI target sites within the HBV genome.
Open reading frames: PS1, preS1; PS2/S, preS2; C, core; X, protein X; PA, polyadenylation site; ap, sequence amplified by real-time PCR.
(B) Vector used in this study (pEPI-RNAI). eGFP, enhanced green fluorescent protein; pCMYV, cytomegalovirus promoter; SV40, simian virus 40;
HSV, herpes simplex virus; TK, thymidine kinase. (C) Predicted folding of shRNA sequences RNAi-A and RNAi-B.

Recently, we were able to develop a nonviral episomal rep-
licating vector (pEPI-1) whose function relies exclusively on a
transcription unit linked to a scaffold/matrix attachment region
(S/MAR) (1, 7, 14, 23). This vector is mitotically stable in the
absence of selection over hundreds of generations and ensures
long-term expression of transgenes (6). Very recently, our in
vitro data have been confirmed in vivo (10; O. Argyros, S.
Wong, M. Niceta, S. Waddington, C. Coutelle, A. Miller, and
R. Harbottle, unpublished data, 2007). In addition, its general
capability of specific protein suppression by shRNA expression
has been demonstrated in a disease model system (5).

In this study, we inserted shRNA expression cassettes tar-
geting different regions of the HBV mRNAs under the control
of the human RNA polymerase III promoter U6 into the
vector pEPI-1. In HepG2.2.15 cells transfected with this vector,
HBV mRNA expression, as well as secretion of viral antigens
and progeny HBV virions, was significantly suppressed for as
long as 8 months, even in the absence of selection pressure.

MATERIALS AND METHODS

Transfection of HepG2.2.15 cells. HepG2.2.15 cells were cultured as described
previously (20). The cells were grown in Williams E medium supplemented with
20% fetal calf serum, 1% nonessential amino acid, 1 mM sodium pyruvate, 2 mM
L-glutamine, 100 Ulliter penicillin, 100 mg/ml streptomycin, and 100 mg/ml
G418. Cells (10°) were transfected by lipofection (FuGene; Roche) with 2.5 g
vector DNA. Selection pressure was applied 48 to 72 h after transfection with
blasticidin at an initial dose of 5 wg/ml for the first 10 days, reduced to 3 pg/ml
for an additional 10 days, and then completely withdrawn.

HepG2.2.15 cells were then cultured in Williams E medium supplemented
with 10% fetal calf serum, 2.25 mM L-glutamine, 0.06% glucose, 23 mM HEPES
(pH 7.4), 4.8 g of hydrocortisone/ml, 1 pg of inosine/ml, 1.5% dimethyl sulfox-
ide, 50 g of streptomycin/ml, 50 TU of penicillin/ml, and 50 mg/ml G418. Once
the cells were confluent, 1.75% DMSO was added to the medium and the serum
content was reduced to 5% to stimulate HBV replication (16).

Vector construction. The shRNA expression cassette was designed with the
BlockIT-siRNA kit from Invitrogen. The shRNA cassette was inserted into the
vector upstream of the cytomegalovirus-green fluorescent protein expression
cassette with the Gateway System from Invitrogen (Fig. 1). Three different
shRNAs were designed targeting different HBV mRNAs, as well as one non-
sense sequence.

Sequences were as follows: A, 5'-CACCGAACCTCTATGTATCCCTCCTC
CGAAGAGGAGGGATACATAGAGGTTC-3'; B, 5'-CACCGAAGTCTGTA
CAGCATCTTGAGCGAACTCAAGATGCTGTACAGACTTC-3"; C, 5'-CAC
CGGACATTGACCCGTATAAAGACCGAAGTCTTTATACGGGTCAATG

TCC-3"; NSSQ, 5'-CACCAATTCTACGTACGTGTCACGTGCGAACACGT
GACACGTACGTAGAATT-3'.

DNA isolation and Southern analysis. For Southern analysis, total DNA, as
well as episomal DNA obtained by Hirt extraction (9), was isolated. It was
digested with an appropriate restriction enzyme if indicated, separated on 0.8%
agarose gels, blotted onto nylon membranes, and hybridized with a 3°P-labeled
pEPI-1 probe. Hybridization was done in Church buffer (0.5 M sodium phos-
phate [pH 7.2], 7% sodium dodecyl sulfate, 1 mM EDTA) at 65°C for 14 h.

pEPI-1 long PCR. Total DNA and DNA obtained by Hirt extraction were
digested with HindIII and Apall. PCR amplification was performed as follows:
94°C for 3 min; 25 cycles of 94°C for 1 min, 60°C for 1 min, and 68°C for 7 min;
and a final extension at 68°C for 10 min. The primers used were as follows:
pEPIlong-for, 5'-AGATACCTACAGCGTGAGCTATGAG-3'; pEPIlong-back,
5'-GGTAAGACACGACTTATCGCCACT-3'".

ELISA. HBsAg concentrations were quantified with an enzyme-linked immu-
nosorbent assay (ELISA) from Abbott (Wiesbaden, Germany).

Dot blot analysis of progeny HBV. The total, HBV progeny-containing super-
natant of cultured cells that was obtained upon stimulation of HBV expression
was blotted onto nylon membranes and hybridized with **P-labeled HBV DNA
(Rediprime II Random Prime Labeling System; Amersham Pharmacia) in
Church buffer at 68°C for 12 h. HBV DNA concentrations were determined
relative to that of an external HBV DNA standard with a PhosphorImager (15).

Quantitative PCR analysis. For PCR analysis, DNA was extracted with a
Qiagen DNA purification kit. RNA was extracted with Trizol (Invitrogen, Pais-
ley, United Kingdom) and reverse transcribed into cDNA with the Synthesis Kit
from Super Array (Biomol) according to the manufacturer’s instructions. Real-
time PCR was then performed with a LightCycler and SYBR green detection
(Roche, Mannheim, Germany). The primers used for intracellular HBV DNA
and RNA were as follows: HBV-RTfor, 5'-CTCCTCCAGCTTATAGACC-3';
HBV-RTrev, 5'-GTGAGTGGGCCTACAAA-3'.

Amplification was done at 94°C for 2 min and then at 94°C for 1 min, 51°C for
30's, and 72°C for 15 s for a total of 30 cycles, followed by 72°C for 2 min for total
HBV DNA and HBV RNA.

The amount of total HBV DNA or RNA was analyzed in relation to that of
intracellular B-actin DNA or RNA, respectively. The primers used for B-actin
were as follows: bActinfor, 5'-CGTCTTCCCCTCCATCG-3'; bActinrev, 5'-CT
CGTTAATGTCACGCAC-3'".

B-Actin amplification was done at 94°C for 2 min and then at 94°C for 30 s,
54°C for 30 s, and 72°C for 12 s for a total of 30 cycles, followed by 72°C for 2 min.

RESULTS

Vector design. Three different RNAI target sequences were
chosen on the basis of previous reports (see Material and
Methods) (11, 21, 24) according to their efficiency in terms of
suppression of HBV replication and on the basis of their con-
servation among the major HBV genotypes.
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FIG. 2. Analysis of the intracellular state of the vector system.
(A) Southern blot analyses of total DNA and DNA obtained by Hirt
extraction from 107 HepG2.2.15 cells transfected with pEPI-RNAi 8
months after transfection. Lanes 1 and 2, DNA obtained by Hirt
extraction digested with the single cutter Bglll; lanes 3 and 4, total
DNA digested with the single cutter Bglll; lanes 5 and 6, total DNA
digested with the noncutter HindIII. The DNA was from HepG2.2.15
cells transfected with pEPI-RNAi-A (lanes 1, 3, and 5) or pEPI-
RNAI-B (lanes 2, 4, and 6). Lane M, molecular size markers. The
linearized form, as well as the open-circle (oc) and supercoiled (sc)
forms, of the vector is visualized. Membranes were hybridized with
32P-labeled pEPI-DNA. (B) Amplification of pEPI-RNAi by long PCR
in HepG2.2.15 cells at 8 months posttransfection. Lanes 1 and 2, DNA
obtained by Hirt extraction; lanes 3 and 4, total DNA. The DNA was
from HepG2.2.15 cells transfected with pEPI-RNAI-A (lanes 1 and 3)
or pEPI-RNAI-B (lanes 2 and 4). Lane M, molecular size markers.

In all cases, overlapping reading frames were targeted such
that multiple viral RNAs were potentially inhibited by each
shRNA, and in all cases, the sequences exactly matched the
HBV1 genome subtype ayw integrated into the HepG2.2.15
cells (20; GenBank accession number EF103275). These cells
contain four tandem dimers of the HBV genome chromosomally
integrated and constitutively express HBV. shRNA expression
cassettes driven by the human U6 promoter were designed and
cloned into pEPI-1. In addition, the original kanamycin resis-
tance gene in pEPI-1 was replaced with a blasticidin resistance
cassette as depicted in Fig. 1B.

Transfection and analysis of the intracellular state of the
vector system. pEPI-RNAI vectors were transferred as super-
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helical plasmids by lipofection into HepG2.2.15 cells. As con-
trols, vectors containing either a nonsense shRNA cassette or
no shRNA cassette at all were used. After an initial selection
period of 2 weeks, the selection pressure with blasticidin was
reduced and completely withdrawn 4 weeks after transfection.
To determine HBV gene expression and RNAI efficiency, the
HBsAg concentration in the supernatant was measured at this
point by quantitative ELISA and was shown to be reduced
between ~90% for siRNA-A, ~70% for siRNA-B, and ~55%
for siRNA-C. The target regions of the two most efficient
sequences in the HBV genome are shown in Fig. 1A. All
further experiments were only made for the siRNA-A and
siRNA-B sequences and were done in total cell populations
rather than individual clones at 3 and 8 months posttransfec-
tion.

The data presented are the results of three subsequent in-
dividual transfection experiments.

To determine the intracellular state of the vector, Southern
analyses of total cellular DNA and Hirt extracts were per-
formed, as well as PCR amplification of the complete vector.
As shown in Fig. 2, the hybridization pattern clearly shows that
the vector was retained as an episome in the multiclonal cell
population for at least 8 months. From the intensity of the
signal obtained, we estimated that the vector was maintained at
a copy number below 10 per cell, as observed for other cell
lines (1, 14, 22).

Analysis of the supernatant. To analyze whether the sup-
pression of HBV gene expression observed at first was sus-
tained, the HBsAg concentration in the supernatant was again
measured 8 months posttransfection upon stimulation of HBV
gene expression (Fig. 3A). At this time point, the HBsAg
concentrations in the supernatant were reduced by about 82%
for siRNA-A and 51% for siRNA-B compared to those in
untransfected cells, with a standard deviation below 10%.

Remarkably, transfection with a vector containing nonsense
or no shRNA expression cassette at all even resulted in a slight
increase in HBsAg secretion. This phenomenon is not unex-
pected since HBV replication in HepG2.2.15 cells is very
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FIG. 3. Analysis of the supernatant. (A) Quantitative measurement by ELISA of HBsAg in cell supernatant (8 months after transfection)
collected at the indicated time points after stimulation of HBV replication. The HBsAg levels in cell culture medium of cells transfected with
pEPI-RNAI-A or pEPI-RNAI-B were compared to that of cells transfected with pEPI containing either no or nonsense siRNA and to that of
untransfected cells. All measurements were done in triplicate, and the standard deviation was found to be below 10% in all cases. (B) Dot blot
analysis, with a **P-labeled HBV DNA probe, of the supernatant of HepG2.2.15 cells collected at the indicated time points. Cells were left
untransfected (lane 1) or transfected with pEPI-RNAI-A (lane 2), pEPI-RNAI-B (lane 3), or pEPI containing a nonsense interfering RNA

(lane 4).

4 wnnuazsbunyasiod 4S9 Ag STOZ ‘92 Yd4elA uo /Bio°wse oee//:dny woiy papeojumoq


http://aac.asm.org/

2358 JENKE ET AL. ANTIMICROB. AGENTS CHEMOTHER.

>
vy

125 x 125
i 3 month

total DNA

2

100

K} 0
© ©
o o
o o
L L
3] 3]
3 2
c 75 c
ul g
- -
c c
=1 S
2 5 e
c c
Kol .2
- -
o Q
2 5 o
£ £
X xR

siRNA nonsense

siRNA A siRNA B siRNA A siRNA B

FIG. 4. Analysis of intracellular HBV mRNA and DNA. (A) Suppression of total HBV RNA at 3 and 8 months after transfection in relation
to untransfected cells. Relative HBV RNA expression was determined by real-time reverse transcription-PCR with B-actin expression as a control.
The HBV RNA expression levels of cells transfected with pEPI-siRNA-A, pEPI-siRNA-B, and pEPI-siRNA-nonsense were compared with that
of untransfected cells. The results shown are the means and standard errors of three (at 3 months) and two (at 8 months) independent transfections.
HBYV RNA expression was significantly reduced in cells transfected with pEPI-siRNA-A and pEPI-siRNA-B (P < 0.01 for both [Student’s ¢ test]).
All measurements were done in triplicate. (B) Total intracellular HBV DNA 8 months after transfection of pEPI-siRNA-A and -B into HepG2.2.15
cells in relation to untransfected cells. The relative HBV DNA concentration was determined by real-time reverse transcription-PCR with the
B-actin DNA concentration as a control. The HBV DNA levels of cells transfected with pEPI-siRNA-A, pEPI-siRNA-B, and pEPI-siRNA-
nonsense were compared with that of untransfected cells. The results shown are the mean and standard error of two independent transfections.
The level of intracellular HBV DNA was significantly reduced in cells transfected with pEPI-siRNA-A and pEPI-siRNA-B (P < 0.01 for both

siRNA nonsense

[Student’s ¢ test]). All measurements were done in triplicate.

sensitive and transfection with plasmids often leads to the
stimulation of HBV replication. Compared to those cells, sup-
pression of the HBsAg concentration was about 87% for
siRNA-A and 65% for siRNA-B.

In parallel, the release of progeny HBV particles into the
supernatant was determined by dot blot analysis (15) as shown
in Fig. 3B. The release of DNA-containing HBV particles was
suppressed as efficiently as the expression of the HBV S pro-
tein and thus the secretion of HBsAg.

Analysis of intracellular HBY mRNA and DNA. To study the
RNAI effect at the RNA level, total RNA was extracted 3 and
8 month posttransfection. cDNA was synthesized with random
primers, followed by real-time PCR with primers specific for
B-actin and the 3.5-kb HBV RNA which encompasses the
HBYV pregenome. As shown in Fig. 4, pregenomic HBV RNA
levels were reduced by about 90% by siRNA-A and 70% by
siRNA-B 3 months after pEPI transfection. This difference
between siRNA-A and siRNA-B was found to be reproducible
in three independent transfections, while the copy number per
cell as estimated by Southern analysis, as well as the stability of
the episome, did not differ.

The suppression compared to control cells only slightly de-
creased (70 to 75% for siRNA-A and 55% for siRNA-B) 8
months after transfection (Fig. 4A). This decline is not unex-
pected considering previous observations that the mitotic sta-
bility of this vector system—in the absence of selection pres-
sure—is slightly below 1 due to a maldistribution of the

plasmids during mitosis (18). Based on our data, we calculated
a 2 to 4% probability for an unequal distribution of each
individual plasmid between two daughter cells. This stability is
fairly comparable to that of other large mammalian artificial
chromosomes. Similar observations were obtained previously
with other cell lines (18, 22).

To demonstrate that RNAi-mediated degradation of HBV
RNA resulted in the inhibition of intracellular HBV DNA
replication, we analyzed total intracellular HBV DNA by real-
time PCR (Fig. 4B). This was done after a 7-day stimulation of
HBYV expression so that the influence of HBV DNA integrated
into the HepG2.2.15 genome compared to free HBV DNA can
be assumed to be insignificant (12). As shown in Fig. 4B, at 8
months after transfection, intracellular HBV DNA concentra-
tions were reduced by 77% and 60% for siRNA-A and
siRNA-B, respectively.

DISCUSSION

In this study, we showed that expression of siRNAs by the
S/MAR-based, episomally retained vector pEPI-1 suppresses
HBV gene expression, intracellular HBV DNA replication,
and release of progeny HBV very efficiently for up to 8 months
in the absence of continuous selection pressure when it is
transfected into stably HBV-replicating hepatoma cells.

Due to the emergence of viral resistance to conventional
therapy (26), new alternative therapeutic approaches have to
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be established. In the past, various groups have shown that
disruption of the viral life cycle by RNAi-mediated RNA deg-
radation is possible in principle. However, this approach cur-
rently relies on either repeated treatment with synthetic RNAi
oligonucleotides or expression of shRNA from virus-based vec-
tors (11, 13, 21, 24). Both approaches still suffer from either
practical or safety problems and are consequently only of very
limited use for the future treatment of chronic HBV infection.
Therefore, we made an attempt to disrupt the HBV life cycle
by shRNA expression encoded on the nonviral vector system
pEPI-1. The function of this vector relies exclusively on chro-
mosomal elements (7), is stably retained intracellularly as an
episome, and seems to be free of safety limitations (10) ob-
served with commonly used vector systems.

Our data clearly show that this vector system is suitable as a
tool for long-term HBV suppression mediated by shRNA ex-
pression. Expression of pregenomic, as well as subgenomic,
HBV RNAs was significantly silenced. In addition, analysis of
total intracellular HBV DNA, as well as the secretion of prog-
eny HBV particles into the supernatant of HepG2.2.15 cells,
demonstrated successful disruption of the viral life cycle. The
observed difference in effectiveness between various siRNA
sequences is most likely sequence dependent since we did not
observe differences in copy number or plasmid stability.

This suppressive effect on HBV expression was long lasting
in the absence of blasticidin selection pressure, with only a slow
decline attributed to the fact that the mitotic stability of pEPI-1
is slightly below 1 (18, 22). However, in vivo, any cells with
sufficient suppression of HBV replication will most probably
have a significant survival advantage because cells expressing
HBYV antigens will be targeted by HBV-specific cytotoxic T
lymphocytes. Therefore, the liver most likely will be repopu-
lated by cells in which HBV replication is suppressed (17).

In addition, reduction of HBV antigenemia by RNAi-medi-
ated degradation of viral RNA may restore an effective T-cell
response. There is strong evidence that chronic antigen stim-
ulation has a negative impact on the T-cell response (17). It
also might be that HBV antigens negatively influence antigen
presentation by dendritic cells. Therefore, RNAi-mediated dis-
ruption of the viral life cycle, in combination with established
antiviral treatments such as, for example, lamivudine, might
help the immune system to ultimately clear the infection. Even
though these considerations are very promising, one major
obstacle affecting all known vector systems still remains un-
solved, i.e., how to deliver these constructs to hepatocytes in
vivo.

In summary, the novel S/MAR-based vector system used in
this study might open new perspectives on gene therapy of
hepatitis B. As a nonviral vector approach, it most likely fulfils
the requirements for a safe genetic therapy that allows long-
term suppression of HBV replication.
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