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Hepatitis C virus (HCV) nonstructural protein 3 (NS3),
with its protease , helicase , and NTPase enzymatic activities , plays a crucial role in viral replication, and
therefore represents an ideal target for the development of anti-viral agents. We have developed a recombinant human antibody (Fab) that reacts with the
helicase domain of HCV NS3. The affinity-purified Fab
antibody completely inhibited the helicase activity of
HCV NS3 at equimolar concentration. To evaluate the
effect of the Fab on HCV replication , the clone encoding the Fab gene was put into an expression vector,
which converts Fab into a complete IgG1 antibody.
Using a DNA-based transfection model , we demonstrated that intracellular expression of this antibody
resulted in significant reduction of HCV-negative
strand RNA synthesis. Intracellular expression of this
antibody into either a stable cell line replicating subgenomic RNA , or a transient full-length HCV replication model , reduced both HCV RNA and viral protein
expression. These results support the use of recombinant antibody fragments to inhibit NS3 enzyme as a
novel , feasible , and effective approach for inhibiting
HCV replication. (Am J Pathol 2004, 165:1163–1173)

and clear the virus. Prolonged inflammation in the liver
because of HCV infection leads to chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma. Currently, there
is no vaccine available for HCV infection. Interferon in
combination with ribavirin is the only approved therapy
for HCV. However, this combination therapy benefits only
approximately half of HCV-infected patients and produces considerable side effects.1 There is an urgent
need to develop a more specific and effective therapy to
treat HCV infection.
Several molecular approaches have been designed to
inhibit HCV using anti-sense oligonucleotide, ribozymes,
or RNA interference.2– 8 These strategies have been successful in inhibiting viral gene expression and to some
extent viral replication, but have not been efficient for the
treatment of some resistant viral strains, including viral
quasi-species. Recently, several laboratories have used
siRNA to inhibit HCV replication.9,10 The rationale of protein-based therapy to inhibit key viral enzyme function
intracellularly may represent an alternative anti-viral therapy for hepatitis C. The development of recombinant
antibodies (Fv, scFv, Fab, or IgG) and their expression
inside eukaryotic cells (so-called intracellular immunization) can be used to inhibit key viral enzyme activities.9 –23
This strategy has certain advantages over the use of
anti-sense oligonucleotides or ribozymes or RNA interference because the recombinant antibodies are directed
against key enzymes and are thus independent of viral
sequence variation. The recombinant antibodies also can
be expressed as a single chain, a Fab, or complete
antibody. The single chain antibodies are essentially one
protein consisting of heavy- and light-chain variable regions of immunoglobulin joined to a synthetic linker. As
an alternative to this, antibodies can be expressed as a
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Hepatitis C virus (HCV) infection represents the leading
cause of chronic liver disease in the United States and
around the world and is considered as a major public
health problem.1 The virus persists in the majority of the
infected population (85%) whereas only a minority (15%)
of patients can mount a successful immune response
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Fab fragment in which the variable heavy chain along
with the first constant domain are associated with the
complete light chain. Association of this heterodimer in
Fab molecules makes it much more stable than single
chain antibodies. In the case of Fab, heavy and light
chains are usually expressed from two separate expression cassettes. Both the heavy and light chains can assemble each other intracellularly and bind to antigen with
high affinity. The advantage of working with Fab molecules is that they are much more stable as compared to
single chain antibody. The rationale of using recombinant
antibody fragments to inhibit viral enzyme function may
be the best approach toward developing anti-viral therapy for hepatitis C. This approach is supported by the
recent development of combinatorial phage libraries for
selection of high-affinity antibodies and their applications
in anti-viral therapy.15–23 By way of example, recombinant antibody is currently in use against human immunodeficiency virus,17,18 respiratory syncytial virus,19 herpes
simplex virus,20 hepatitis B virus,12 and HCV.13
Our study is based on the premise that intracellular
expression of recombinant antibody against NS3 should
inhibit helicase activity and HCV replication in cultured
cells. We developed a human recombinant antibody Fab
(HFab-aNS3), which reacts with a conformational epitope
of NS3 helicase. The anti-viral properties of this clone
were sequentially studied using a cell-free helicase assay, followed by cell culture based on persistent and
transient HCV replication models. In this report, we show
a successful anti-viral effect of an intracellular expression
human antibody clone against HCV.

Materials and Methods
Purification of NS3 Protein
The recombinant clones containing wild-type helicase
and DQCH helicase mutant plasmids were provided by
Dr. Ding-Shinn Chen, Hepatitis Research Center, National Taiwan University Hospital, Taipei, Taiwan.24 The
NS3 plasmid clone contains the RNA helicase domain
encoding amino acids 1175 to 1657 (nucleotides 3864 to
5312). Expression of NS3 protein was induced in BL
21(DE3) Escherichia coli by 1 mmol/L isopropyl-1-thio-␤24
D-galactopyranoside using a standard protocol.
The
purified NS3 protein was run on a 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE)
gel and electrotransferred to a nitrocellulose membrane
(Hybond ECL, Amersham Biosciences, NJ, USA). The
membrane was blocked with 0.1 mol/L phosphate-buffered saline (PBS), pH 7.2, containing 0.05% Tween-20
(PBS-Tween-20) and 5% nonfat dried milk for 1 hour at
room temperature. The membrane was then incubated
with the rabbit polyclonal anti-NS3 antibody (at 1:1000
dilution) (Virostat Inc., Portland, ME) for 1 hour at room
temperature. After washing three times with PBS-Tween20, the membrane was incubated with peroxidase-conjugated goat anti-rabbit secondary antibody (1:1000 dilution) for 1 hour at room temperature. The membranes
were developed using the enhanced chemiluminescence

(ECL) detection system (ECL Western blotting system,
Amersham Biosciences, NJ, USA) according to the manufacturer’s instructions.

Purification of Fab Antibody
The Fab antibody clone used in this study was obtained
by molecular cloning in phage display combinatorial vector of the IgG1/kappa repertoire of an HCV-infected patient (genotype 1b) who suffered from chronic hepatitis.25
This Fab fragment recognizes amino acid residues 1192
to 1457 of the NS3 protein. Gene coding for the anti-NS3
human Fab was inserted into an appropriate expression
vector22 and the expression of recombinant Fab was
induced in XL1-blue E. coli in the presence of 1 mmol/L
isopropyl-1-thio-␤-D-galactopyranoside. The Fab fragment was purified using a protein G-anti-human Fab column using a standard published protocol.15 The purity of
the fractions was confirmed by Western blot analysis
using peroxidase-labeled anti-Fab antibodies (Sigma
Chemical Co., St. Louis, MO).

Affinity Measurements
An enzyme-linked immunosorbent assay (ELISA) was
used to examine binding affinity of Fab antibody fragment
to recombinant NS3 protein expressed in E. coli. Polystyrene plates (Corning Inc., Corning, NY, USA) were
coated with 200 l of purified NS3 protein at a concentration of 10 g/ml in 50 mmol/L bicarbonate buffer, pH
9.0, by overnight incubation. The wells were then washed
with 10 mmol/L PBS, pH 7.2, containing 0.05%Tween-20
(PBS-Tween-20) and blocked with 2% bovine serum albumin solution for 1 hour. Next, the wells were washed
three times with PBS-Tween-20 and incubated with
100 l of serial dilutions of purified Fab antibody for 1
hour at 37°C. The wells were then washed three times
with PBS-Tween-20 and incubated with 100 l of horseradish peroxidase-conjugated goat anti-Fab against human at 1:1000 dilution (Sigma) for 1 hour. After this incubation, wells were washed three times and color was
developed after adding 100 l of orthophenyl diamine
(OPD; Sigma) plus hydrogen peroxide for 10 minutes.
The reaction was stopped by the addition of 100 l of
2 mol/L H2SO4. The optical density of each well was
taken at 494 nm (ELISA reader). The relative affinity of the
purified Fab antibody was determined by competitive
ELISA method.26 Briefly, wells of microtiter plates were
coated with NS3 protein in bicarbonate buffer at 4°C. The
wells were washed and blocked with 2% bovine serum
albumin in PBS. The Fab antibody mixed different concentrations of purified NS3 protein and incubated in the
ELISA plate for 2 hours. The wells were washed with
PBS-Tween-20 (0.05%) and anti-Fab conjugated to
horseradish peroxidase was added for 1 hour. The wells
were washed and color was developed by the addition of
substrate. The optical density of the plate was read as
described earlier. The affinity of Fab antibody was determined by measuring the concentrations of NS3 required
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to inhibit 50% maximum binding (IC50) in the competitive
ELISA assay.

Helicase Assay
The helicase activity of recombinant full-length NS3 protein was measured by the extent of unwinding of partial
double-stranded RNA as well DNA substrate. Partial double-stranded RNA (dsRNA) substrate was prepared by
transcribing in vitro a portion of multiple cloning sequences of a pGem 5Z vector (Promega, Madison, WI)
using T7 and Sp6 RNA polymerase. The T7 transcript
was labeled with 32P-UTP whereas the other RNA remained unlabeled. The sense and anti-sense RNA were
then annealed at a proportion of 1:3. The doublestranded RNA was gel purified and the helicase assay
was performed using a previously published protocol
with minor modification.27 Partial double-stranded DNA
substrate was prepared using two complementary DNA
oligonucleotides, 5⬘-AGAGAGAGAGGTTGAG AGAGAGAGAGTTTGAGAGAGAGAG-3⬘ (40-mer template strand)
and 5⬘-CAAA CTCTCTCTCTCTCAACAAAAAA-3⬘ (26-mer
release strand). The release strand was labeled at the 5⬘end with [␥-32P]-ATP using T4 polynucleotide kinase (Promega). To prepare the dsDNA hybrids, the two DNA oligonucleotides were combined at a molar ratio of 3:1 (template:
release) and annealed by denaturation for 5 minutes at
90°C, followed by slow renaturation at 23°C in buffer containing 20 mmol/L Tris-HCl (pH 8.0), 0.5 mol/L NaCl, and 1
mmol/L ethylenediaminetetraacetic acid (EDTA). The partial
duplex DNA substrate was purified by elution from a native
12% polyacrylamide gel using 0.5 mol/L ammonium acetate
and 1 mmol/L EDTA. The concentration of labeled DNA was
determined (cpm/nmol). The helicase assay was performed
in a 20-l reaction volume containing 25 mmol/L MOPSNaOH, pH 7.0, 2.5 mmol/L dithiothreitol, 100 g of bovine
serum albumin per ml, 3 mmol/L MgCl2, 1.25 to 40 nmol/L of
the NS3 protein, and 1 nmol/L of substrate. After preincubation for 15 minutes at 23°C, 5 mmol/L ATP was added to
start the helicase reaction. The reaction was incubated at
37°C for 30 minutes and then stopped by the addition of 5
l of termination buffer (0.1 mol/L Tris, pH 7.5, 20mmol/L
EDTA, 0.5% SDS, 0.1% Nonidet P-40, 0.1% bromophenol
blue, and 0.1% xylene cyanol). An aliquot of reaction of
mixture (10 l) was analyzed on a 12% native polyacrylamide gel. Strand separation was visualized by autoradiography using Kodak X-ray film (Eastman-Kodak, Rochester,
NY). The specificity of the enzyme reaction was confirmed
by using a control reaction, such as the helicase reaction in
the absence of ATP, to be sure that strand separation was
dependent on hydrolysis of ATP, this being a property of
NS3 helicase. To assess anti-viral effect, increasing concentrations of Fab antibody were mixed with 20 nmol/L of
NS3 protein for 1 hour at room temperature. The helicase
reaction was performed in the presence and in the absence
of antibody-NS3 protein complex. The following controls
were included side by side to confirm the specificity of
enzyme inhibition experiments: the helicase assay was performed using an unrelated purified Fab antibody; and the
helicase assay was performed in the presence of known

monoclonal antibody against NS3 (Novocastra Laboratories
Ltd., Newcastle, UK).

Intracellular Expression of Human Fab
The recombinant Fab antibody clone was expressed in
mammalian cells using the expression vector pFabCMV.28 This vector allows the expression of light and
heavy chains of Fab under the control of CMV promoter.
This vector has convenient restriction sites for cloning of
heavy and light chain genes from vector pComb3, and
can also be used for the expression of either Fab or whole
IgG1 molecules. First, the SacI-XbaI fragment from the
plasmid pComb3-NS3 carrying the light chain gene was
subcloned into pFab-CMV, with the resulting plasmid, is
called pFab-CMV-NS3 light chain. At the second step,
the XhoI-SpeI fragment carrying the heavy chain gene
was removed from pComb3-NS3 and cloned into the
pFab-CMV-NS3 light chain and the resulting plasmid
called pFab-CMV-NS3 (L⫹H). This vector has heavy
chain CH2, CH3, and part of the hinge region from a
germline immunoglobulin ␥1. This allows conversion of
recombinant Fab antibody into a complete IgG1 antibody
in the transfected cells. Huh-7 cells (1 ⫻ 106) seeded in
a 100-mm dish were transfected with 10 g of control Fab
expression plasmid or pFab-CMV-NS3 (L⫹H) plasmid
DNA using the FuGENE 6 transfection reagent (Roche
Molecular Biology, Indianapolis, IN). Intracellular expression of anti-NS3 antibodies in the transfected Huh-7 cells
was determined by immunostaining using a biotin-conjugated F(ab)2 fragment of human antibody developed in
goat as secondary antibody (Sigma). The following protocol was used to demonstrate expression of Fab antibody. Transfected cells were harvested after 72 hours
and immobilized on the glass slides by cytospin. The
cells were washed with PBS, pH 7.4, twice, air-dried, and
fixed with chilled acetone for 10 minutes. The cells were
then permeabilized with 0.05% saponin for 10 minutes at
room temperature. Blocking was performed with minimum essential medium with 3% normal goat serum for 30
minutes at room temperature. Endogenous biotin-avidin
activities were blocked using reagents from the kit (Avidin/Biotin Blocking kit; Vector Laboratories Inc., Burlingame, CA) and blocking for endogenous peroxidase was
done with 0.9% H2O2 for 30 minutes at room temperature.
The cells were incubated with biotin-conjugated antiF(ab)2 antibody at 1:500 dilution for overnight at 4°C. The
next day slides were washed and incubated for 30 minutes with Elite avidin-biotin peroxidase complex (Vector
Laboratories, Inc.). The slides were developed after reaction with diaminobenzidine for 10 minutes. Counterstaining was performed with hematoxylin for a minute.
The slides were mounted with permount after dehydration
and observed under an Olympus light microscope.

Anti-Viral Effect of Human Fab Clone in HCV
Cell Culture Models
Anti-viral properties of this Fab clone were determined
using the highly efficient replicon cell line.29,30 This model

1166 Prabhu et al
AJP October 2004, Vol. 165, No. 4

has been widely used by different laboratories for studying HCV replication. Huh-7 cells were transfected with
HCV subgenomic replicon RNA31 and selected with
G-418 (500 g/ml) for ⬃4 weeks. Stable cell lines replicating subgenomic RNA were selected and used for all
subsequent experiments. Replicon cell line Con-15 was
transfected with 10 g of pFab-CMV-NS3 using FuGENE
6 transfection reagent. To make the argument that this
was not because of a nonspecific effect of Fab expression inside cells, replicon cells were transfected with
another plasmid pCMV-Fab expressing unrelated Fab.
The cultures were maintained in minimal essential medium without G-418 medium. Anti-viral efficacy of this
antibody clone was studied by measuring HCV-positive
strand RNA levels at different time points after transfection. Total RNA was prepared from antibody-transfected
replicon cells by the guaridineine isothiocyanate (GITC)
method and subjected to ribonuclease protection assay
(RPA) for the detection of genomic positive strand HCV
RNA using an anti-sense probe targeted to the 5⬘ UTR.
Half of the RNA extracts were subjected to RPA for
GAPDH mRNA. For RPA experiments, 25 g of total RNA
was mixed with negative strand RNA probe targeted to
the 5⬘UTR of HCV (1 ⫻ 106 cpm) in 10 l of hybridization
solution, denatured for 3 minutes at 95°C, and hybridized
overnight at 45°C. RNase digestion was performed in 200
l of RNase digestion buffer (10 mmol/L Tris, pH 7.5, 5
mmol/L EDTA, and 0.3 mol/L NaCl) containing
RNaseA/T1 cocktail at 1:100 dilutions (Ambion Inc., Austin, TX) for ⬃1 hour at 37°C. Then it was treated with 10 l
of 25% SDS and 10 l of proteinase K (10 mg/ml) for 15
minutes. Samples were extracted with phenol:chloroform
and precipitated with ethanol. The pellet was suspended
in 8 l of gel loading buffer, heat denatured, and separated on an 8% acrylamide/8 mol/L urea gel. The gel was
dried and exposed to X-ray film (Eastman Kodak Company). Appearance of 296- and 317-nucleotide protected
fragments indicated the presence of HCV-negative
strand and GAPDH mRNA, respectively.
We examined levels of NS3 proteins in the replicon cell
line after antibody transfection by the immunocytochemical method. Replicon cell line, Con-15, was transfected
either with pFab-CMV-NS3 clone or pCMV-Fab control
plasmid using FuGENE 6 transfection reagent. After 72
hours, cells were harvested by trypsin-EDTA. Transfected cells were immobilized on a glass slide by cytospin and immunostaining for NS3 antigen was performed
using a monoclonal antibody at 1:50 dilution (Novocastra
Laboratories Ltd.) using a standard procedure of our
laboratory.
Because this antibody clone efficiently blocks helicase
activity, we examined whether it could also inhibit HCV
replication in the full-length RNA transfection-based
model we developed in HepG2 cells.32,33 HepG2 cells
were transfected with 10 g of full-length in vitro-transcribed HCV RNA by the DEAE-dextran method. After a
week, we transfected these cells with antibody expression plasmid. As a negative control, we also transfected
plasmid that expresses an unrelated antibody. The levels
of HCV in the RNA-transfected cells were measured by
quantitative competitive reverse transcriptase-polymer-

Figure 1. Purification of HCV NS3 helicase protein. The HCV NS3 gene was
expressed in E. coli and affinity purified using a Ni-NTA affinity column. A:
Ten g of affinity-purified NS3 protein was separated on a SDS-PAGE gel and
stained with Coomassie blue. The affinity-purified NS3 helicase is pure
because a single band of ⬃55 kd is seen after Coomassie staining. B: Western
blot analysis showing that the affinity-purified NS3 protein reacts with a
polyclonal anti-NS3 antibody.

ase chain reaction using a primer set targeted to the 5⬘
NT region.34 To measure the nonspecific inhibition of
cellular gene because of the expression of antibody,
quantitation for glyceraldehyde phosphate dehydrogenase (GAPDH) mRNA was performed.
Subsequently, the effect of antibody expression on the
negative strand RNA synthesis was examined using a
DNA-based model established in our laboratory.35,36 For
this experiment, Huh-7 cells in a 100-mm dish were infected
with AdexCAT7 virus at a multiplicity of infection of 10. After
2 hours, Huh-7 cells were co-transfected with 10 g of
pMO9.6-T7-Rz (carrying full-length HCV cDNA) with or without 10 g of pFab CMV NS3 (L⫹H) plasmid or pFab CMV
control plasmid using FuGENE 6 transfection reagent
(Roche). Three days after transfection, RNA extracts were
prepared from transfected HepG2 cells, digested with
DNase I (5 U/g of RNA), and assayed for negative strand
RNA using a sense probe targeted to the 5⬘ UTR. RPA was
performed using a standard protocol instructed by the manufacturer (Ambion Inc., Austin, TX, USA).

Results
Recombinant Fab Antibody Reacts with NS3
Protein
We determined whether the recombinant Fab clone isolated from a human patient could react with NS3 protein
and block helicase activity in vitro. For this purpose, NS3
protein with an N-terminal hexahistidine tag was expressed in E. coli and purified using a Ni-NTA column. A
single band ⬃55 kd in size was seen on SDS-PAGE,
which appears to be very pure (Figure 1A). To determine
the specificity of this protein, Western blot analysis was
performed using a polyclonal antibody to NS3 (Figure
1B). These results suggest that the protein purified from
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Figure 2. ELISA showing that affinity-purified Fab antibody binds to purified
HCV NS3 helicase. Polystyrene plates were coated with NS3 helicase in
bicarbonate buffer. The wells were washed, blocked with 2% bovine serum
albumin, and then incubated with Fab antibody at different concentrations
for 1 hour. The wells were washed and incubated with horseradish peroxidase-labeled goat anti-Fab for 1 hour. After this step, wells were washed
three times and color was developed after adding 100 l of OPD solution
containing hydrogen peroxide. Finally, the reaction was stopped and optical
density at 494 nm was measured. The binding of antibody to NS3 helicase
was determined by plotting optical density versus antibody dilution.

E. coli was HCV NS3. This protein could not have been a
carry over from the E. coli because no similar band was
present when protein purification was performed using
lysates prepared from control DE3 (BL-21) E. coli. Recombinant Fab antibody was also purified from E. coli
using a protein G-anti-Fab immunoaffinity column. We
demonstrated using ELISA that the purified Fab fragment
binds to NS3 protein (Figure 2). The relative affinity of this
Fab antibody was determined by competitive ELISA and
found to be in the range of 1 nmol/L. Repeated attempts
to demonstrate the reactivity of this antibody fragment by
Western blot analysis using purified NS3 protein were
unsuccessful. This antibody therefore appears to be directed against a conformational epitope.

Recombinant Fab Antibody Blocks Helicase
Activity
To determine whether NS3 protein purified from E. coli
could have activity, a helicase assay was established
using double-stranded RNA as well as DNA substrates.
In preliminary experiments it was determined that the
NS3 protein could unwind either double-stranded RNA or
DNA substrates. Subsequent experiments were performed using a partially double-stranded DNA substrate
(DS). In the presence of NS3 protein, partial doublestranded DNA substrate was converted to a single strand
(SS) as detected by products with altered mobility on
acrylamide gel electrophoresis (Figure 3). The specificity
of the helicase assay was determined by running a helicase reaction without rATP (Figure 3). The results in
Figure 3C, suggest that ATP hydrolysis was essential for
the NS3 helicase activity. The helicase assay was performed using mutant NS3 helicase protein (DECH-

Figure 3. Strand separation helicase activity of purified recombinant NS3
protein using a partial double-stranded DNA substrate. A: Helicase activity of
mutant NS3 (DQCH mutant) protein at different concentrations. Mutant
helicase protein has no helicase activity. B: Helicase assay performed with
purified NS3 helicase protein (wild type) at similar concentration. C: Helicase
activity of NS3 protein (wild type) at similar concentration in the absence of
rATP. The purified NS3 protein unwinds partially double-stranded DNA
substrate; this helicase activity is not because of bacterial contamination and
dependent on rATP. Helicase activity is dependent on template to NS3
protein that can be saturable at 1:10 molar ratio.

-DQCH). Results of helicase assay using the mutant helicase protein presented in Figure 3A indicate that the
helicase activity is not derived from protein contaminants
from E. coli. The helicase assay was also performed using
different concentrations of NS3 protein (Figure 3B). This
experiment indicates that the NS3 helicase activity is
saturable at a template DNA to protein ratio of 1:2. These
results suggest that the NS3 protein purified from E. coli
possesses helicase activity similar to the previously published results of other laboratories. In the next step, specific inhibition of helicase activity of NS3 protein in the
presence of different concentrations of purified Fab fragment was studied. Different proportions of purified Fab
were incubated with 20 nmol/L of NS3 protein for 1 hour,
and then the mixture was added to the helicase assay.
The helicase activity was completely blocked by increasing the concentration of Fab, with maximum inhibition at
1:1 molar ratio (Figure 4B). To exclude the possibility of a
nonspecific effect of the Fab, the helicase assay was
performed in the presence of an unrelated Fab directed
against influenza virus (supplied by R. Burioni). This control Fab did not inhibit the helicase activity of HCV NS3
protein (Figure 4A).
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Figure 4. Affinity-purified human Fab antibody inhibits helicase of NS3
protein in a concentration-dependent manner. A: Helicase assay was performed in vitro in the presence of different concentrations of unrelated Fab
antibody control. Control Fab did not inhibit helicase activity of NS3 protein.
B: Helicase assay was performed in vitro in the presence of different concentrations of human Fab to NS3 (HFab-aNS3) antibody. Helicase activity can
be inhibited by human Fab at 2:1 molar ratio.

Intracellular Expression of Fab in Hepatic Cells
The ability of the Fab to inhibit helicase activity of HCV
NS3 protein prompted us to test its anti-viral effect in HCV
cell culture systems. For this purpose, the Fab gene was
cloned and expressed in Huh-7 cells as a complete IgG1
antibody molecule using the vector pFab-CMV. The expression of NS3-specific Fab antibody as well as control
antibody was examined by immunocytochemical method
at 72 hours after transfection. A very strong positive staining was observed in the cytoplasm of most of the Huh-7
cells transfected with either pFab-CMV-NS3 (L⫹H) plasmid or control Fab plasmid (Figure 5). No staining was
present in Huh-7 cells that were mock transfected. These
results confirm that the NS3 antibody is expressed in
transfected Huh-7 cells.

Figure 6. Intracellular expression of Fab in stable cell line replicating subgenomic RNA inhibits HCV-positive strand RNA. Con-15 cells were transfected with Fab antibody expression plasmid using FuGENE 6 reagent. Total
RNA was isolated at 3 and 5 days after antibody transfection. Positive strand
HCV-RNA was measured by RPA using a probe targeted to the 5⬘ UTR region.
A: RPA for HCV-positive strand RNA, 5 days after antibody expression in the
Con-15 cells. Intracellular expression of HFab-aNS3 in a replicon cell line
inhibits HCV-RNA levels. The level of HCV-RNA was not altered after expression of a control Fab antibody. B: RPA for GAPDH mRNA level in the
antibody-transfected cells. GAPDH mRNA levels remained unaltered after
antibody transfection. C: Potential anti-viral effect of HFab-aNS3 clone
against HCV was examined in three separate RPA experiments. The band
intensity was measured. Percentage of inhibition was recorded. Data are
expressed as mean ⫾ SD.

Figure 5. Expression of human Fab antibody (HFab-aNS3) in Huh-7 cells. Huh-7 cells were transfected with pFab-CMV-NS3 (H⫹L) plasmid using FuGENE 6
reagent and after 72 hours the cells were examined for the expression of Fab by immunocytochemistry. Transfected Huh-7 cells were immobilized on glass slides
by cytospin, reacted with biotin-labeled anti-human F(ab)2 antibodies, and reacted with ABC reagents. Color was developed with DAB. Cytoplasmic expression
of antibody in the transfected cells (brown staining, shown by arrows) was present in the majority of cells transfected with Fab expression plasmid.
Mock-transfected Huh-7 cells were negative.
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Figure 7. Intracellular expression of Fab antibody in a replicon cell line clears the HCV NS3 protein expression. A replicon cell line Con-15 was transfected with
either HFab-NS3 or control Fab expression plasmid. After 72 hours cells were harvested and NS3 antigen expression in replicon cell line was measured by
immunocytochemistry using a monoclonal antibody. Top: The expression of NS3 protein. Bottom: The expression of ␤-actin protein. Expression of HCV NS3
was specifically inhibited in a majority of cells after antibody expression.

Fab Antibody Inhibits Replication of
Subgenomic HCV RNA
Anti-viral efficacy of this recombinant antibody fragment
was determined using in vitro cell culture models for HCV.
First, the highly efficient replicon Huh-7 cell line replicating chimeric subgenomic HCV RNA was used. This cell
line was transfected with chimeric subgenomic HCV RNA
that expresses nonstructural genes. Autonomous replication of chimeric subgenomic RNA by the nonstructural
proteins in the Huh-7 cells makes the cells resistant to

G-418. We used this model to determine whether antiNS3 antibody could have an effect on full-cycle replication of HCV. The anti-viral effect of this antibody clone
was tested using a replicon cell line Con-15. Intracellular
expression of NS3 Fab antibody resulted in significant
inhibition of HCV RNA levels in the Con-15 replicon cell
line (Figure 6). Expression of control Fab did not affect
HCV RNA levels, indicating that this might be a specific
effect of HFab-aNS3 clone. The GAPDH mRNA levels in
the antibody-transfected cells remained to be the same,
excluding the possibility of variation in the amount of RNA
used in the RPA.

Fab Antibody Inhibits Viral Protein Expression
We have also examined whether the Fab antibody could
alter the level of viral protein expression. Expression of
viral NS3 protein in the antibody-transfected cell was
examined by an immunocytochemical method. The results of this experiment clearly show that virus protein
levels were also reduced after expression of the Fab but
not in the control antibody-transfected replicon cells (Figure 7). Taken together, these results suggest that intracellular expression of NS3-specific Fab clone inhibits
replication and expression of NS3 protein in a replicon
cell line.
Figure 8. Intracellular expression of Fab inhibits full-length HCV replication.
HepG2 cells were transfected with 10 g of in vitro transcribed full-length
HCV RNA using the DEAE-dextran method. A week later, cells were transfected with antibody expression plasmid (HFab-aNS3). RNA extracts were
prepared from transfected cells at 3, 6, 9, and 12 days and HCV RNA levels
were measured using competitive reverse transcriptase-polymerase chain
reaction assay. Intracellular HCV RNA levels were reduced significantly after
antibody transfection without any alteration in the GAPDH mRNA level.

Fab Antibody Inhibits Full-Length HCV RNA
Replication
Because the replicon cell line does not assemble complete virus particles, we decided to test its anti-viral effect
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Figure 9. Intracellular expression of HFab-aNS3 inhibits HCV-negative
strand. Huh-7 cells were infected with a replication-defective adenovirus
carrying T7 RNA polymerase gene. These cells were then co-transfected with
transcription plasmid and antibody expression plasmid. After 72 hours, RNA
extracts were prepared, digested with DNase, and tested for negative strand
HCV RNA by RPA assay. Top: RPA for HCV-negative strand RNA in the cells
transfected with HFab-aNS3. Bottom: RPA for GAPDH mRNA. Lane 1, Probe
alone; lane 2, probe digested with RNase; lane 3, cells transfected with
pMO9.6T7-Rz alone; lane 4, cells co-transfected with pMO9.6T7-Rz and
pFab CMV (control); lane 5, cells co-transfected with pMO9.6T7-Rz and
pFab-CMV-NS3 (H⫹L).

Figure 10. Strand specificity of RPA. Positive and negative strand full-length
HCV RNA transcripts were prepared by in vitro transcription reaction. Tenfold serially diluted HCV RNA were hybridized with either a gel-purified
negative strand RNA probe or positive strand RNA probe targeted to the
5⬘UTR (nucleotides 45 to 341). RPA was performed using a commercially
available RPA kit. Top: Negative strand RNA probe only hybridized to
positive strand HCV RNA. Bottom: Positive strand RNA probe only hybridized to negative strand HCV RNA. The RPA assay used in our experiment is
strand-specific.

in a full-length RNA transfection-based HCV replication
system that was established in our laboratory. We have
shown previously that transfection of full-length RNA into
HepG2 cells results in the assembly of complete virus
particles, which are infectious in chimpanzees.32 This
model closely resembles HCV replication in an infected
liver. We assessed the anti-viral effect of HFab-aNS3
clone in this model by after inducing antibody expression
in HepG2 cells already transfected with full-length HCV
genomic RNA. HCV-RNA levels were measured in this
system using a competitive reverse transcriptase-polymerase chain reaction method described previously. Results of this analysis suggest that the anti-NS3 Fab clone
inhibited full-length RNA in the HepG2 cells, with HCV
RNA levels below the detection limit after 6 days (Figure
8). The GAPDH mRNA levels in the HFab-aNS3 or control
Fab-transfected cells remained unaltered.

Fab expression (Figure 9). The RPA was performed using
a probe targeted to the highly conserved 5⬘ UTR region
(46 to 341). Because this part of the HCV genome has
several stem-loop structures, it was important to examine
strand specificity of the RNA probes used in the RPA
experiment. To evaluate the strand specificity of antisense RNA probe used in RPA assay, it was hybridized to
in vitro transcribed positive and negative strand genomelength HCV-RNA and RPA was performed. The antisense RNA probe hybridized only to positive strand HCVRNA, and not to negative strand HCV-RNA (Figure 10,
top). To evaluate strand specificity of sense RNA probe,
it was hybridized to in vitro-transcribed positive and negative strand genome-length HCV-RNA and RPA was performed. The sense RNA probe hybridized only with in
vitro-transcribed negative strand HCV-RNA, but not with
positive strand HCV-RNA (Figure 10, bottom).

Fab Antibody Inhibits Negative Strand HCVRNA Synthesis

Discussion

We also examined the effect of HFab-aNS3 expression
on negative strand RNA synthesis using a DNA-based
model. The antibody expression plasmid was co-transfected with a transcription plasmid containing full-length
HCV to Huh-7 cells using a two-step transfection procedure. After 72 hours, total RNA isolated and negative
strand RNA was measured by RPA. Intracellular expression of HFab-aNS3 clone blocked synthesis of negative
strand RNA formation, with no inhibition seen by control

Studies on the development of experimental therapies on
HCV infection have been enhanced by the availability of
infectious clones and cell culture models. HCV is a positive strand RNA virus that replicates via synthesis of
negative strand RNA in the cytoplasm of infected cells.
The genome of HCV is ⬃9600 nucleotides in length and
encodes a large polyprotein of ⬃3010 amino acids in
length. This large polyprotein is co- and posttranslationally processed by cellular and viral proteases to produce
three structural proteins (with the exception of small P7
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protein) and six nonstructural proteins.37 The nonstructural protein 3 (NS3) of HCV is a multifunctional protein,
having protease activity at the N-terminus and helicase
and NTPase activities at the C-terminus.38,39 The helicase/NTPase activity of NS3 protein are presumed to be
involved in replication of viral RNA by unwinding the
double-stranded RNA intermediates. The chimpanzee
model has shown that the protease, helicase, and NTPase activities of NS3 are absolutely critical for replication processes.40 Therefore it is expected that an agent
that could block any of these three activities of viral
replication should be an excellent anti-viral HCV agent.
In this study, we attempted to block helicase activity of
NS3 protein by the use of a human Fab antibody. To test
the anti-viral properties of this clone in vitro, we first expressed NS3 protein in E. coli and purified it by Ni-affinity
column. The purified protein possessed helicase activity
similar to the full-length NS3 protein from other HCV
isolates. To determine whether this Fab antibody could
block the enzyme activities in vitro, this Fab was expressed in E. coli and affinity-purified using a protein
G-anti-human Fab column. We showed that affinity-purified Fab could block helicase activity of HCV NS3 protein.
This inhibition of helicase activity is specific because a
control Fab purified using the identical procedure did not
inhibit the helicase activity of NS3 protein. The affinity of
this recombinant Fab antibody was determined by competitive ELISA method and found to be in the range of 1
nmol/L. The affinity of this antibody was comparable to a
mouse monoclonal antibody (Novocastra Laboratories
Ltd.) used in the immunostaining found to be 10 nmol/L.
In our experience, antibodies generated by phage display repertoire library cloning are usually directed
against conformational epitopes and low-affinity antibodies. This seems to be the case for this particular human
Fab antibody. It is also possible that NS3 antigen bound
to an ELISA plate could have resulted in an additional
change to the native conformation of NS3 protein, which
could have contributed to the low reactivity. These data
led to further study of the anti-viral effects of this Fab
antibody clone on virus replication in cell culture models.
In cell culture models, we expressed anti-NS3 antibody clone in cells using vector pFab-CMV (H⫹L). This
vector allows intracellular cytoplasmic expression of
IgG1 in transfected cells. We examined anti-viral effect of
the Fab clone in a stable cell line that replicates subgenomic RNA. Continuous replication of HCV in the cytoplasm of this stable cell line makes it resistant to G-418
drug. We showed that expression of Fab antibody in this
cell line inhibited HCV-RNA levels and protein expression
in a majority of cells. This effect seems specific to this Fab
clone because the control (unrelated) Fab did not inhibit
HCV. We also showed that the difference in the RPA
results is not because of amounts of RNA present in the
extracts, because GAPDH-mRNA levels of the two samples were the same. Anti-viral effect of this Fab clone was
tested in a cell culture model we established in HepG2
cells. Interestingly, we found that HCV-RNA levels in the
HepG2 cells were reduced by intracellular expression of
this Fab using co-transfection studies. We also demonstrated that intracellular expression of anti-NS3 human

antibody clone inhibited HCV-negative strand RNA formation. Our study has used all of the HCV in vitro cell
culture models that are currently available. Taken together, results of this study demonstrate that inhibition of
HCV replication by the use of intracellular immunization
by recombinant antibodies may be an alternative approach for these patients who remain resistant to interferon therapy.
Recombinant antibody fragments have been reported
to be therapeutically useful in the treatment of viral as well
as nonviral diseases.41– 43 Use of recombinant antibodies
against core protein of HCV has been reported.44 A series of human Fab targeted to the envelope protein of
HCV have been developed.45,46 There are some reports
of using recombinant antibody fragment to inhibit enzyme
activities of NS3 protein.47 In most of these studies, including ours, single chain antibodies have been used to
inhibit either protease or helicase activity of NS3 protein
and polymerase activity of NS5B protein.13,47,48 However, the single chain variant of this mouse monoclonal
antibody was found to lose the ability to bind helicase as
compared to the parent antibody. Previously, we have
developed adenovirus constructs expressing single
chain antibodies against NS3 and NS4A protein.13 The
NS3 scFv inhibits helicase activity and HCV levels in a
primary hepatocyte culture model. Later, we found that
none of these antibodies could inhibit HCV replication in
the highly efficient replicon-based cell culture models.
We thought it might be because of low affinity of scFvs,
therefore, this human Fab antibody was selected. We found
that this antibody appears to have good anti-viral activity
against HCV. Finally, the antibody used in this study is fully
human, limiting the possibility of an immune response by
the host against cells producing this molecule.
In summary, inhibition of helicase activity of HCV NS3
protein by a specific human antibody reported here is an
important step toward developing an intracellular therapy
for HCV. It is possible that antibodies can be directed
against other key enzymes to treat viral infection. Intracellular delivery of antibodies may be problematic. These
issues can be resolved by future research to develop
methods to deliver efficiently therapeutic antibodies in
vivo either by the use of viral vector or by direct delivery
of antibodies. Intracellular expression of antibodies targeting HCV proteins and inhibiting important viral functions may represent a new direction to follow for the
development of effective therapy for HCV infection.
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