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a b s t r a c t

Hepatitis B virus (HBV) is an infectious agent that is a significant worldwide public health issue. However,
the mechanism by which vaccination-induced antibodies prevent HBV infection remains unclear. To
investigate the mechanism by which antibodies induced by hepatitis B surface Ag (HBsAg)-vaccination
prevent HBV infection in humans, we prepared human monoclonal antibodies (mAbs) against HBsAg
using a novel cell-microarray system from peripheral blood B-lymphocytes from vaccinated individuals.
We then characterized the IgG subclass, L-chain subtype, and V-gene repertoire of the H/L-chain, as
well as affinities of each of these mAbs. We also determined the epitopes of the individual mAbs using
synthesized peptides, and the HBV-neutralizing activities of mAbs using the hepatocyte cell line HepaRG.
epatitis B surface antigen (HBsAg)

onoclonal antibody
eutralization
accination

Consequently, IgG1 and kappa chain was mainly used as the mAbs for HBsAg. Seventy percent of the mAbs
bound to the loop domain of the small-HBsAg and showed greater neutralizing activities. There were no
relationships between their affinities and neutralization activities. A combination of mAbs recognizing the
first loop domain showed a synergistic effect on HBV-neutralizing activity that surpassed conventional

he He
again
hepatitis B-Ig (HBIG) in t
effective mAb treatment

. Introduction

Hepatitis B virus (HBV) is a double-stranded DNA virus and
auses chronic liver disease, leading to cirrhosis and hepatocellu-
ar carcinoma. About 350 million people are chronically infected

ith HBV around the world, and the infection is a worldwide public
ealth problem (Ganem and Prince, 2004). In recent years, various
herapeutic regimens, such as interferon or viral reverse tran-
criptase inhibitors, have been established (The EASL Jury, 2003;
easley et al., 1983; Chayama et al., 1998). However, the effect of

nterferon is still unsatisfactory and long-term administration of
everse transcriptase inhibitors results in the emergence of resis-
ant mutant virus strains (Chayama et al., 1998). Administration of
pecific hepatitis B immunoglobulin (HBIG) and vaccination with

epatitis B surface antigen (HBsAg), which is mainly composed

rom small-HBsAg (S-HBs), provide passive or active immunization
gainst infection with HBV and useful ways to prevent infec-
ion with HBV (The EASL Jury, 2003; Alter, 2003; Beasley et al.,
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paRG cell line assay. These results may contribute to the development of
st HBV infection replacing conventional HBIG administration.

© 2010 Elsevier B.V. All rights reserved.

1983). Thus, antibodies directed HBsAg are useful to prevent the
infection of HBV. However, the mechanism by which S-HBs con-
tributes to HBV entry into hepatocytes and how antibodies against
S-HBs neutralize HBV remain to be clarified. Furthermore, the cur-
rently available HBIG is not an ideal source of therapeutic antibody
due to its limited availability, low specific activity and possible
contamination with infectious agents. Therefore the attempt to pre-
vent the infection of HBV with monoclonal antibodies (mAbs) has
been performed, but the result is still unsatisfactory (Kim et al.,
2008; Shin et al., 2007).

We established a cell-microarray system that allowed analysis
of large numbers of lymphocytes on a single-cell basis with high
sensitivity (Jin et al., 2009; Tajiri et al., 2007; Tokimitsu et al., 2007).
Previously, we analyzed B-lymphocytes responding to HBV from
S-HBs-vaccinated healthy volunteers and generated 31 different
mAbs for HBV (Jin et al., 2009; Tajiri et al., 2007; Tokimitsu et al.,
2007). In this study, we determined the epitopes of these mAbs on
S-HBs and their neutralizing effects against HBV infection in vitro
using the HepaRG cell line assay. Furthermore, we investigated the

possibilities for the therapeutic antibody using these mAbs or their
combination. The findings of the present study provide insight into
the mechanism by which S-HBs vaccination prevents HBV infection
and may contribute to the development of efficient recombinant
anti-HBsAg antibodies for prophylaxis.

dx.doi.org/10.1016/j.antiviral.2010.04.006
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:tajikazu@med-u.toyama.ac.jp
dx.doi.org/10.1016/j.antiviral.2010.04.006
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. Materials and methods

.1. Generation of human monoclonal antibodies against HBsAg

All the experiments were performed with the approval of the
thical Committee of the University of Toyama and all the vol-
nteers gave their written informed consent prior to the study.
BsAg-specific mAbs were obtained using the cell-microarray

ystem as described previously (Jin et al., 2009; Tajiri et al.,
007; Tokimitsu et al., 2007). Briefly, we detected single HBsAg-
esponding B-lymphocytes (Tajiri et al., 2007; Tokimitsu et al.,
007) or anti-HBsAg antibody-secreting cells (ASCs) (Jin et al.,
009) from peripheral B-cells of healthy volunteers who had been
accinated with yeast-derived recombinant HBsAg (Bimmugen,
dr, genotype C; Kaketsuken, Kumamoto, Japan) at 7 days before
eripheral blood samples were drawn. We then retrieved the sin-
le cells from the microchip and amplified antibody cDNAs for
eavy and light chain variable fragments (VH and VL, respec-
ively) using a single-cell 5′-RACE method (Ozawa et al., 2006)
ith primers for gamma, kappa, and lambda chains, and then

nserted into expression vectors containing the whole constant
egion cDNAs of heavy and light chains. We analyzed the V gene
epertoire and IgG subclass of antibodies using the IMGT/V-Quest
ool (http://imgt.cines.fr/) (Table 1). Concerning the isoform of anti-
odies, we screened only IgG-positive or IgG-secreting cells and
mplified � chain cDNA to produce IgG, because IgG is superior
o other isoforms of Ig in physiological activity. We then cotrans-
ected Chinese hamster ovary (CHO) cells with both the heavy and
ight chain expression vectors to obtain supernatants containing
he whole antibody molecules, as described previously (Jin et al.,
009; Tokimitsu et al., 2007). We collected the supernatant of cul-
ured cells and purified the antibody using a protein A column
ith ÄKTA Prime plus (GE Healthcare, Uppsala, Sweden), and then
ialyzed against phosphate-buffered saline. The reactivities of all
he obtained antibodies against HBsAg were confirmed by HBsAg-
oated ELISA.

.2. Determination of the affinity of each mAb

We measured the affinity of each mAb by surface plasmon reso-
ance (SPR) using a Biacore 2000 instrument (Biacore AB, Uppsala,
weden). We activated the carboxylated dextran matrix of a CM5
ensor chip (Biacore, Cat. BR-1000-14) with a 7-min pulse (35 �L at
flow rate of 5 �L/min) of 0.2 M EDC/0.05 M NHS (Amine coupling
it, Biacore, Cat. BR-1000-50). Purified recombinant HBsAg (Kaket-
uken) was diluted in 10 mM sodium acetate, pH 4.0, and injected

t a flow rate of 5 �L/min until an adequate density was reached.
xcess active ester groups were blocked with 1 M ethanolamine
ydrochloride. Each antibody was diluted to 400, 200, 100, 50, 25,
2.5, 6.25, 3.125, and 0 nM in HBSS buffer containing 0.05% Tween
0. We then injected the diluted samples, and determined the value

Table 1
Sequence in the 3′ region of the human immunoglobulin G CH1 domain.

The upper rows show the amino acid sequences of each human IgG subclas
Lower rows show representative amino acid sequences of anti-HBsAg mA
arch 87 (2010) 40–49 41

of dissociation constant (KD) in accordance with the manufacturer’s
instructions (Biacore AB, Uppsala, Sweden).

2.3. Preparation of peptides and determination of
antibody-binding site in small-HBsAg

We investigated the binding site of each mAb by peptide
mapping of the extracellular domain of S-HBs. We determined
the conformational structure of S-HBs with two disulfide bonded
extracellular loop domains as reported previously by Stirk et al.
(Carman, 1997; Stirk et al., 1992) (Fig. 2). We used 10-mer to 15-
mer peptides covering the extracellular domain (aa 104–163) of
S-HBs (genotype C, adr) synthesized by Operon Biotechnologies
(Huntsville, AL) designed to conserve the disulfide bonded con-
formational structures. Briefly, the peptides were synthesized by
standard solid-phase methods using 9-fluorenylmethoxy carbonyl
chemistry and purified by reversed-phase high-performance liquid
chromatography. The peptides were cyclized by oxidation between
sulfhydryl groups of two cysteines in the peptide sequence. Cycliza-
tion of the peptides was confirmed by matrix-associated laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS), as detection of −2 m/z to the molecular weight of the
linear peptides. Biotin was added at the C-terminal of synthesized
peptides. Their amino acid sequences are shown in Fig. 2(B).

We examined the binding activity of each mAb for recombinant
peptides by ELISA with streptavidin-coated plates (Nunc, Roskilde,
Denmark). Plates were coated with the peptides at 10 mg/mL and
nonspecific binding was blocked with PBS containing 3% bovine
serum albumin. Each mAb was added to the wells for 2 h, followed
by washing and reaction with alkaline phosphatase-conjugated
anti-human IgG (Sigma, Saint Louis, MO). The O.D. value at 405 nm
was evaluated after addition of phosphate substrate (Sigma). Con-
trol human monoclonal IgG1 (cIgG, Athens Research & Technology,
Athens, GA) was added at the same concentration as a control.

2.4. Analysis of HBV-neutralizing capacity

We investigated HBV-neutralizing capacity using the HepaRG
cell line (supplied by Biopredic International, Rennes, France) that
has been established as an in vitro HBV infection model (Gripon et
al., 2002). The HepaRG cells were cultured as previously described
(Gripon et al., 2002) in William’s E medium supplemented with
10% fetal calf serum, 100 units/mL penicillin, 100 �g/mL strepto-
mycin, 5 �g/mL insulin, 5 × 10−7 M hydrocortisone hemisuccinate
for 2 weeks. For differentiation and infection, the HepaRG cells
were cultured for 2 weeks in medium supplemented with 2%

DMSO. About half of the HepaRG cells were differentiated to hep-
atocytes, confirmed by anti-albumin antibody staining (data not
shown) as previously described (Cerec et al., 2007). We preincu-
bated 2 × 104 copy of HBV (from serum of HBV-carrier, genotype
C, adr) and 1 �g of each mAb for 1 h at room temperature, and

s. Asterisk (*) indicates the key residues determining the subclasses.
bs.

http://imgt.cines.fr/
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Table 2
Characteristics of human monoclonal antibodies for small-HBsAg.

mAb Casea Light chain Subclass VH Heavy chain Light chain KD(M−1)

DH JH VL JL

HB0116 a Kappa IgG1 3-48*02 3-10*01 2*01 3-15*01 4*01 3.63 n
HB0477 b Kappa IgG3 4-04*02 4-17*01 4*01 4-01*01 1*01 369 n
HB0478 b Kappa IgG1 3-30*04 3-09*01 6*03 1-12*01 4*01 2.91 n
HB0905 c Lambda IgG1 7-4-1*02 3-10*01 6*02 1-44*01 2*01 20.3 n
HB1089 c Lambda IgG2 3-23*04 2-02*01 4*02 4-69*01 3*02 27.7 n
HB1474 c Lambda IgG1 3-09*01 6-13*01 5*02 1-51*01 2*01 6.52 n
HBV2.09 c Kappa ND 3-33*01 ND ND ND ND 7.48 n
HBV2.17 c Kappa ND ND ND ND 4-01*01 3*01 67.4 n
HBV2.18 c Kappa ND 5-51*01 ND ND 1-39*01 3*01 18.7 n
HBV2.22 c Lambda ND ND ND ND ND ND 3.20 n
HBV2.23 c Kappa ND ND ND ND ND ND 207 n
HB1363 d Lambda IgG2 3-13*02 ND ND ND ND 1.22 n
HB1367 d Kappa IgG1 3*21*02 3-16*02 6*03 3-15*01 5*01 30.3 n
HB1368 d Kappa IgG3 3-21*02 6-13*01 6*02 2-28*01 2*01 2.93 �
HB1370 d Kappa IgG1 3-30*02 2-02*01 5*02 ND ND 194 p
HB1378 d Lambda IgG1 3-48*03 2-08*02 4*02 1-40*01 1*01 1.92 n
HB1381 d Lambda IgG1 3-48*03 2-15*02 4*02 1-40*01 1*01 3.59 �
HB1421 d Kappa IgG1 3-21*01 3-16*02 6*03 3-15*01 5*01 239 n
HB1422 d Kappa IgG1 4-39*01 6-19*02 4*02 1-51*01 3*02 72.5 n
HB1425 d Kappa IgG1 3-23*04 6-13*01 6*02 2-28*01 4*01 103 n
HB1431 d Kappa IgG1 3-23*01 1-26*01 3*01 1-16*01 4*01 526 n
HB1434 d Kappa IgG1 6-01*01 3-03*01 6*03 1-05*03 2*01 107 n
HB1438 d Kappa IgG1 3-48*02 4-17*01 2*01 3-15*01 4*01 122 n
HB1440 d Kappa IgG1 3-33*01 2-21*02 4*02 1-39*01 4*01 107 n
HB1442 d Lambda IgG1 3-66*01 3-10*02 4*02 1-40*01 3*02 375 n
HB1444 d Kappa IgG1 3-33*01 6-19*01 4*02 1-39*01 4*01 311 n
HB1448 d Lambda IgG1 3-48*01 2-15*01 4*02 1-40*01 1*01 553 n
HB1453 d Kappa IgG2 3-33*01 5-05*01 4*02 1-39*01 3*01 803 n
HB1460 d Kappa IgG1 3-33*01 5-05*01 4*02 1-39*01 3*01 63.0 n
HB1462 d Kappa IgG1 3-23*04 6-13*01 6*02 2-28*01 4*01 6.20 n
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HB1465 d Kappa IgG3 4-39*0

n KD value, ‘n’ means nanomolar, ‘�’ means micromolar, and ‘p’ means picomolar;
a Each letter indicates each volunteer vaccinated with small-HBsAg.

hen added them to HepaRG cells in medium with 4% PEG8000
Sigma). After overnight incubation, the HepaRG cells were gen-
ly washed three times with medium and then cultured with fresh

edium. On days 2, 4, 6, and 8 after infection, DNA was extracted
rom HepaRG cell lysate using a SMITEST kit in accordance with
he manufacturer’s protocol (Genome Science Laboratories, Tokyo,
apan). We amplified HBV-DNA by 50 cycles of PCR in a total vol-
me of 20 �L and detected products using SYBR Green (Stratagene,
edar Creek, TX), with quantification performed using a Strata-
ene Mx3000P qPCR machine (Stratagene, La Jolla, CA). The primer
equences were TTTGGGGCATGGACATTGAC (forward) and GGT-
AACAATGTTCCGGAGAC (reverse) designed to amplify a 157 base
air product from HBV core antigen of HBV genome. We then
arvested the culture supernatant, and quantified HBsAg in the
upernatant using a commercial chemiluminescent immunoassay
it (Architect; Abbott Japan, Osaka, Japan) on the indicated days. We
sed the same concentration of control human monoclonal IgG1
cIgG, Athens Research & Technologies) and HBIG (Japan Red Cross
enter, Tokyo, Japan) as a control. We determined the concentra-
ion of HBIG in the binding to HBsAg as same as the HB0116 with
BsAg-coated ELISA (data not shown). We evaluated the neutral-

zing capacity compared to that of cIgG.

.5. Immunohistological study

Eight days after infection, infected or uninfected (control)
epaRG cells were fixed in 4% paraformaldehyde for 30 min.

ell permeabilization was ensured by treatment for 30 min with

solution of 0.1% Triton-X. The first antibody was a spe-
ific rabbit polyclonal antibody directed against the HBV core
rotein (Dako, Hamburg, Germany). The second antibody con-
isted of a fluorescein isothiocyanate (FITC)-labeled antibody
6-19*01 4*02 2-28*01 4*01 536 n

ot determined.

directed against rabbit immunoglobulin (DAKO). 4′,6-Diamino-2-
phenylindole (DAPI; Sigma) was used for nuclear staining. We
quantified the FITC-fluorescence signal with NIH image software.

2.6. Statistical analysis

Statistical analyses were performed using StatView 4.02J (Aba-
cus Concepts, Berkeley, CA). Statistical evaluations between two
groups were performed using the Mann–Whitney U test. P < 0.05
indicated significance.

3. Results

3.1. Characteristics of monoclonal antibodies against HBsAg

We obtained 31 mAbs, which bound specifically to HBsAg, from
B-lymphocytes or antibody-secreting cells in the peripheral blood
of 4 volunteers (cases a–d, male, 30–50 y.o.) who had been vacci-
nated with S-HBs vaccine 7 days before blood sample collection (Jin
et al., 2009; Tajiri et al., 2007; Tokimitsu et al., 2007). Five mAbs
(HB0116, HB0477, HB0478, HB0905 and HB1089) were obtained
from memory B-lymphocytes (Tajiri et al., 2007; Tokimitsu et al.,
2007) and other 26 mAbs were from ASCs (Jin et al., 2009), because
amplification of mRNA from single B-lymphocyte is superior in
ASCs. We first determined the IgG subclass of the mAbs by the
sequence of amino acid at the C-terminal of the mAbs (Table 1). We
next investigated the subtype of the light chain (kappa or lambda),

VH or VL gene repertoire, as well as affinities (KD value) of the
mAbs as described in Section 2 (Table 2 and Fig. 1). The major-
ity of mAbs had a kappa chain as the L-chain (22/31, 71.0%) and
were of the IgG1 subclass (20/26, 76.9%). A minority of the mAbs
had a lambda chain as the L-chain (9/31, 29.0%), and belonged to
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ig. 1. Characteristics of mAbs obtained from S-HBs-vaccinated volunteers. (A) Pr
n = 26). (C) Repertoire of variable region in mAbs. The left panel shows the heavy
= 26). IGMT database accession numbers are shown.

he IgG2 or IgG3 subclass (3/26, 11.5%). None of the mAbs belonged
o the IgG4 subclass. The mAbs showed dissociation constant (KD)
alues ranging from 10−6 to 10−10 (Table 2). With regard to the vari-
ble region repertoire, we could not find the significant repertoire
Table 2 and Fig. 1(C)). Collectively, the majority of the antibodies
roduced against HBsAg in vaccinated individuals were IgG1/kappa
sing various V genes with various affinities, playing a critical role

n prophylaxis against HBV infection.

.2. Binding sites of each HBsAg-specific mAb

To examine the binding site of each HBsAg-specific mAb using
he peptide mapping method, we synthesized peptides covering
he extracellular region of S-HBs (Fig. 2(A)). As the extracellular loop
omain of S-HBs, known as the “a” determinant region, is an essen-
ial antigenic epitope for human B-lymphocytes (Carman, 1997;
tirk et al., 1992), we synthesized peptides with the appropriate
onformational structures. The extracellular domain of S-HBs con-
ains eight preserved cysteines and 2 disulfide bonds between 121
nd 124 or 124 and 137 together with 139 and 148 establish the
onformational structure (Carman, 1997; Qiu et al., 1996). Taking
his conformational structure into consideration, we synthesized
ecombinant peptides corresponding to the extracellular domain of
-HBs, as shown in Fig. 2. We synthesized peptides L1–L4 with a lin-
ar structure and peptides C1–C3 with disulfide bonds to maintain
he conformational structure.

We then assessed the binding activity of each mAb to the pep-
ides by ELISA. Representative binding activities to C1, C2, and L4
eptides with various concentrations of 6 different mAbs are shown

n Fig. 3(A), and the binding sites of all the mAbs tested are shown
n Fig. 3(B) and (C). As summarized in Fig. 3(C), 38.7% (12/31) of

he mAbs bound to the first loop domain (C1: aa 123–137), and
9.0% (9/31) of the mAbs bound to the second loop domain (C2: aa
39–148). Thirteen percent (4/31) of the mAbs bound to the non-

oop domain, and we could not determine binding of the remaining
Abs. These data suggest that the majority of mAbs against HBsAg
on of light chain subtype of mAbs (n = 31). (B) Proportion of IgG subclass in mAbs
variable region (VH, n = 28) and the right panel shows that of the light chain (VL,

bind to the extracellular domain of S-HBs, which would be respon-
sible for their HBV-neutralizing activities.

3.3. HBV-neutralizing activities of each of the mAbs

First, we evaluated the HepaRG neutralization system using
human mAbs; HB0116, HB0478, and HBW6 that had been reported
to show neutralization activities for HBV in vivo (Sawada et al.,
1995; Tokimitsu et al., 2007), and cIgG and HB0477 that have been
shown to have no neutralization activities (Table 3) (Tokimitsu et
al., 2007). We preincubated HBV with each of the mAbs or control
IgG prior to infection of HepaRG cells, and quantified HBV-DNA in
the cell lysates as well as HBsAg in the supernatant after 2–7 days
in culture. As shown in Fig. 4(A) and (B), the levels of HBV-DNA in
cell lysates and HBsAg in the culture supernatants increased grad-
ually from day 2 after infection with HBV that had been pretreated
with cIgG or HB0477. However, pretreatment of HBV with HB0116,
HB0478, and HBW6 significantly inhibited the increases in intracel-
lular HBV-DNA or HBsAg in the supernatant. We could not find an
increase in HBV-DNA or HBsAg in both groups treated with effective
mAbs and cIgG or non-effective mAb, until day 14 after infection.
HBV attachment or entry to target cells can be well reflected in
HepaRG cells assay whereas HBV replication may be less reflected
in HepaRG as previously reported (Gripon et al., 2002; Lucifora et
al., 2010). We also confirmed the neutralization activity of HB0116
using immunohistochemical methods. HBV pretreated with cIgG,
HB0477 or HB0116 was used to infect HepaRG cells, and the cells
were then stained with anti-HB core protein Ab after 7 days in cul-
ture. As shown in Fig. 4(C), treatment of HBV with HB0116 mAb
inhibited infection of HepaRG cells. These results indicated that the
HepaRG system is useful to analyze HBV-neutralizing capacity in

vitro.

After evaluation of the HepaRG system as an in vitro
HBV-neutralization assay, we determined the HBV-neutralizing
capacities of each of 31 mAbs against HBsAg using HepaRG cells.
The results indicated that 76.2% (16/21) of mAbs that bound to the
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ig. 2. Synthesized peptide covering extracellular domain of small-HBsAg. (A) Con
-HBs contains eight preserved cysteines (large circles). Small circles show amino
ines represent linear synthesized peptides (L1–L4), whereas bold lines indicate cyc
eptides. C1m is the synthesized cyclized peptide with amino acid mutation 121C t

rst and second loops of HBsAg showed HBV-neutralizing capac-
ties, while only 20.0% (2/10) of mAbs that bound to non-loop
egions showed such activities (Fig. 4(D) and Table 3). We next
ompared the levels of neutralization capacities of mAbs binding
o the first loop, the second loop, and the non-loop regions. The

Abs that bound to the first and second loops showed signifi-
antly higher neutralization capacities than those binding to the
on-loop regions (Fig. 4(E)). We also examined the relationship
etween the neutralization capacities and affinities of each mAb
o HBsAg. As shown in Fig. 4(F), no such relationships were found
R2 = 0.167). As for the subclass or repertoire of IgG, we could not
nd the difference in the neutralizing capacity due to the small
umber. These observations implied that the neutralizing capacitiy
f mAbs toward HBsAg depends mainly on the epitopes to which
ach of the mAbs binds, but not their affinities. The results also
emonstrated that both the first and second loops of S-HBs may
lay key roles in infection of hepatocytes by HBV.

.4. Synergistic effects of combinations of two mAbs directed
oward the 1st loop domain on HBV-neutralizing activities

We then examined the effects of combination of mAbs on their
BV-neutralizing activities using the HepaRG system. We pre-

reated HBV with combinations of each of the mAbs and determined
heir neutralization activities. In several cases, the mAb combina-
ions showed increased neutralizing effects (data not shown), but a

arked increase in HBV-neutralizing capacity was observed when

B0116 and HB0478, both of which bind to the first loop domain,
ere combined (Fig. 5(A) and (B)). Importantly, the neutralizing

apacity was much greater than that of HBIG at the same con-
entration to bind to HBsAg. We confirmed the synergistic effect
f the neutralization capacity using immunohistochemical meth-
tional structure of the extracellular domain in S-HBs. The extracellular domain of
other than cysteine. The triple lines indicate the proposed disulfide bonds. Dotted
ynthesized peptides (C1–C3). (B) Amino acid sequences of each of the synthesized

ods. As shown in Fig. 5(C) and (D), we observed a marked decrease
in HB core protein with the combination of HB0116 and HB0478
compared to HB0116 alone. These observations indicated that two
mAbs directed to the epitopes within the first loop of S-HBs show
a synergistic neutralizing effect on HBV infection. This was unex-
pected as we initially presumed that a combination of one mAb
that binds to the first loop and another that binds to the second
loop would show a synergistic effect on HBV-neutralizing capacity.

To further analyze the mechanism underlying the synergistic
effect on neutralization capacity, we examined the precise loca-
tions of the epitopes bound by the mAbs. As the amino acid motif
between 121C and 124C is important as an antigenic epitope for
HBV (Alves Vianna et al., 2006; Chen et al., 1996; Qiu et al., 1996), we
synthesized peptides with an amino acid change from 121C to A in
the first loop (120–137, C1m). We also prepared a peptide without
the disulfide bond between cysteines 124 and 137 (C3, 120–136),
and then determined the binding activities of HB0116 and HB0478
to C1, C1m, and C3 peptides. As shown in Fig. 5(E), both HB0116
and HB0478 bound to C1 and C1m peptide, but not to C3 peptide.
We found that the binding of HB0116 to C1m was not significantly
less than that to C1, while HB0478 showed significantly less bind-
ing to C1m than to C1. These results imply that both HB0116 and
HB0478 bind to the first loop containing a disulfide bond between
cysteines124 and 137, and the binding of HB0478 is more depen-
dent on the KTC motif of the first loop (aa 122–124) than that of
HB0116. Thus, we concluded that the extracellular domain of S-
HBs, especially the first loop domain (aa 122–137), plays a key role

in infection of hepatocytes by HBV, and that a combination of dif-
ferent mAbs that recognize adjacent epitopes of the KTC motif of
the first loop domain somehow exhibits a synergistic HBV neutral-
ization effect, probably due to the structure of the KTC motif of the
first loop (aa 122–124).
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. Discussion

This study was performed to determine the characteristics
f anti-HBV mAbs obtained from peripheral blood memory B-
ymphocytes or ASCs in peripheral blood of HBsAg-vaccinated
olunteers. The results showed that the majority of the anti-
BV mAbs were IgG1-kappa and bound to the extracellular loop
omain of S-HBs. They exhibited higher HBV-neutralizing capaci-
ies than those that bound to the extracellular non-loop domain,
nd there were no correlations between their affinity and neu-
ralization capacity. Importantly, two different anti-HBV mAbs
irected against the first loop of S-HBs showed a synergistic effect
n HBV neutralization that surpassed the neutralizing effect of
BIG in the HepaRG cell system. These observations regarding

he efficient production of mAbs from human B-lymphocytes in
eripheral blood of vaccinated volunteers or patients suffering from

nfectious diseases may not only contribute to our understanding
f the mechanism by which antibody-mediated immunity prevents
nfection of the host, but may also facilitate rapid and efficient drug-
iscovery of mAbs to prevent and treat various infectious diseases,

ncluding AIDS, pandemic influenza, bioterrorism, etc.
HBV has envelope proteins consisting of the S-HBs, middle-

BsAg (M-HBs), and large-HBsAg (L-HBs). The S-HBs are the major
omponents of the HBV envelope, while L-HBs and M-HBs are
resent in very small amounts in the HBV envelope (Glebe and

rban, 2007; Seeger and Mason, 2000). Although there is no doubt

hat the envelope protein of HBV plays an essential role in entry
f HBV into hepatocytes, the precise mechanism of HBV entry
nto hepatocytes, especially the role of S-HBs in HBV infection,
emains unresolved. Sequence 2–48 of the preS1 region (L-HBs)
ata of binding of mAbs to synthesized peptide, C1 (123–137), C2 (139–148), and L4
hows the OD at 405 nm. The X-axis shows the concentrations of the applied mAbs.
of mAbs binding to each peptide. Y-axis shows the proportion of each mAb binding

was reported to play a certain role in HBV entry into hepatocytes
(Gripon et al., 2002; Le Seyec et al., 1998; Neurath et al., 1986).
Furthermore, recent analysis using hepatitis delta virus suggested
that amino acid sequence around Cys-121 is essential for the anti-
genic loop formation and hepadnavirus entry (Abou-Jaoudé and
Sureau, 2005, 2007). In the present study, we demonstrated that
human mAbs for S-HBs, especially those directed toward the first
loop domains, efficiently inhibit HBV infection. Our data also sug-
gested that the loop domains of S-HBs play an essential role in entry
of HBV into human hepatocytes, although we could not determine
the binding site on hepatocytes. HBV vaccination using S-HBs is
now widely used in clinical settings, and our results provide new
insights into the mechanism of prevention of HBV infection with
S-HBs vaccination.

Next, we examined how the antibodies against S-HBs are
induced and the mechanism of their preventive effect against HBV
infection in humans. We examined the subclass of mAbs elicited by
HBsAg vaccination and showed firstly at the single B-lymphocyte
level that the predominant subclass produced by HBsAg vaccina-
tion in humans is IgG1 (Fig. 1). This finding is in accordance with
previous reports using serum (Borzì et al., 1992; Huang et al., 2006)
indicating that the IgG1 subclass is predominantly found in the
serum of HB-vaccinated subjects and infected patients. We then
determined the epitopes of the mAbs produced by HBsAg vaccina-
tion using synthesized peptides, and showed that 70% of the mAbs

bound to the extracellular loop domain in S-HBs, generally called
the “a” determinant, while the rest bound to the non-loop region.
With regard to the epitopes of mAbs in S-HBs, the conformation
involving the eight cysteines preserved between different geno-
types should be considered (Carman, 1997; Stirk et al., 1992; Vyas
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Fig. 4. HBV-neutralizing activities evaluated using HepaRG cells. (A and B) Quantification of HBV-DNA in HepaRG cells or HBsAg in the supernatant of HepaRG on before
infection (b.i.) and various days after infection with HBV pretreated with mAbs. In part (A), the Y-axis shows that the relative HBV-DNA load as HBV-DNA level at day 2 is
1. In part (B), the Y-axis shows the concentrations of HBsAg. Means ± SD of three independent experiments are shown. (C) Immunohistochemical study with anti-HB core
(HBc) protein antibody. HepaRG cells were infected with HBV pretreated with control human monoclonal IgG1 (cIgG), HB0116 or HB0477 mAbs and cells were stained with
anti-HBc antibody after 7 days in culture. DAPI was used for nuclear staining. The bar in each panel represents 100 �m. Representative data of three independent experiments
are shown. Merged images at higher magnification are shown in the left lower corner of each panel. White arrow means infected cells. (D) HBV-neutralizing capacities of each
mAb. HBsAg levels in the supernatant of HepaRG on day 4 after infection with HBV pretreated with each of the mAbs were assessed. The black bar indicates the level of HBsAg
with cIgG. Dashed bars, open bars, and gray bars indicate the levels of HBsAg with mAbs that bound to the first loop, the second loop, and the non-loop regions, respectively.
M n HBV
g ip bet
o nity of
L

e
l
t
H
R

eans ± SD of three independent experiments are shown. (E) Relationship betwee
roups: loop 1 (aa 123–137, �), loop 2 (139–148, ©), and others (�). (F) Relationsh
f HBsAg in culture supernatant and the mAb affinity. The X-axis indicates the affi
ower HBsAg level represents higher HBV-neutralizing capacity.
t al., 1972). Located from amino acid 101 to 159 in the extracellu-
ar domain in S-HBs is a major hydrophilic region, and residues 121
o 147 are especially important for the binding of antibodies to S-
Bs (Carman, 1997; Mangold and Streeck, 1993; Stirk et al., 1992).
esidues 121–124 are especially important for the epitope of B-cells
-neutralizing activity and the antibody epitope. Epitopes were divided into three
ween antibody affinity and HBV-neutralizing capacity. One dot indicates the level
antibody (KD), whereas the Y-axis shows the HBsAg level at day 4 post-infection.
(Alves Vianna et al., 2006; Chen et al., 1996; Qiu et al., 1996; Sa’adu
et al., 1991; Waters et al., 1992). However, these previous studies
were performed using animal-derived mAbs or B-cells immortal-
ized with Epstein-Barr virus. Our data support the basic concept
that the conformational structure of the loop is essential as the
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Fig. 5. Synergistic effects of mAbs on HBV-neutralizing capacity. (A) Level of HBsAg in the supernatant of HBV-infected HepaRG cells treated with mAbs. HepaRG cells were
cultured for 4 days with HBV pretreated with each of the mAbs alone or various mAbs combinations. Means ± SD of three independent experiments are shown. Statistical
significance between cIgG and mAbs was set as *P < 0.05. #P < 0.05 in comparison with HB0116. (B) Quantification of HBV-DNA in HepaRG cells at day 7 after infection with
HBV pretreated with mAbs or their combination. The Y-axis shows that the relative HBV-DNA load as HBV-DNA level at day 2 is 1. Statistical significance between cIgG and
mAbs was set as *P < 0.05. #P < 0.05 in comparison with HBIG. (C) Immunohistochemical study with HB0116 and a combination of HB0116 and HB0478. In part (C), the upper
three panels show DAPI staining and the lower three panels show the results of staining for HB core protein with FITC-labeled anti-HBc antibody. The bar in each panel
represents 100 �m. Merged images at higher magnification are shown in left lower corner of each panel. White arrow means infected cells. Representative data of three
independent experiments are shown. (D) Relative quantitative intensity of HB core protein expression determined using NIH Image software. Pixel intensity in the same area
of each mAb was quantified. **P < 0.01, *P < 0.05. (E) Binding of representative mAbs to modified first loop domain peptides assessed by ELISA. The binding of mAbs to C1 (aa
123–137), C1m (aa 120–137; mutation of 121C to A), and C3 (aa 120–136; CKTC motif without disulfide bond between C124 and C137). Average values of three independent
experiments are shown. The Y-axis shows the OD at 405 nm.
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Table 3
The epitope and neutralizing capacity of mAbs.

mAb Epitope HBV-neutralizing capacity

HB1367 L1: 104–120 −
HBV2.17 L2: 108–123 +
HB0116 C1: 123–137 ++a

HB0478 C1: 123–137 ++a

HB0905 C1: 123–137 +
HB1089 C1: 123–137 +
HB1363 C1: 123–137 −
HB1368 C1: 123–137 −
HB1421 C1: 123–137 −
HB1422 C1: 123–137, C3: 120–136 ++
HB1425 C1: 123–137 ++
HB1431 C1: 123–137 +
HB1438 C1: 123–137 ++
HB1448 C1: 123–137 +
HB1434 L3: 135–144, C2: 139–148 ++
HB1440 C2: 139–148 +
HB1442 C2: 139–148 +
HB1444 C2: 139–148 +
HB1453 C2: 139–148 +
HB1460 C2: 139–148 +
HB1465 C2: 139–148 −
HBV2.18 C2: 139–148 −
HBV2.23 C2: 139–148 +
HB1378 L4: 149–163 −
HBV2.22 L4: 149–163 +
HB0477 Undefined −b

HB1370 Undefined −
HB1381 Undefined −
HB1462 Undefined −
HB1474 Undefined −
HBV2.09 Undefined −

We evaluated the HBV-neutralizing capacities as the difference of HBsAg in the
s
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upernatant at day 4 post-infection from that with cIgG. −, P > 0.05; +, P < 0.05; ++,
< 0.01.
a These mAbs also showed HBV-neutralizing ability in chimeric mice study.
b This mAb did not neutralize HBV in chimeric mice study (Tokimitsu et al., 2007).

Abs HB0116 and HB0478 bound to C1 peptides (aa 123–137), but
ot C3 peptide (aa 120–136 without the disulfide bond between
124 and C137) (Fig. 5(E)). This was confirmed using mAbs that
ound to the C1 peptide (Fig. 3(B)) and found that none of them,
xcept for HB1422, bound to C3 (data not shown).

The present study provided new insight regarding the efficacy
f neutralization of human mAbs against HBV. First, although it
as been reported that mAbs with high affinity have more potent
BV-neutralizing activity compared to those with low affinities

n animal models or using humanized antibodies (Maynard et al.,
002; Wu et al., 1998), our data clearly demonstrated that HBV-
eutralizing activity is more dependent on the epitope of the
ntibodies rather than their affinities (Figs. 2–4 and Table 3). Sec-
nd, we have demonstrated that a combination of mAbs for the
rst loop domain showed more efficient HBV-neutralizing capac-

ties than those for different loop domains (Fig. 5). It has been
eported that combination therapy with two mAbs is effective for
he prevention of HBV infection (Eren et al., 2000; Galun et al.,
002), although the mechanism was not verified. Our data indicate
hat different mAbs that recognize adjacent epitopes of the KTC

otif of the first loop domain exhibit synergistic HBV-neutralizing
apacities, probably because of the KTC motif structure of the first
oop. Furthermore, our data demonstrated that the neutralization
apacity of the combination of two mAbs exceed that of conven-
ional HBIG, suggesting that a combination of human mAbs that
ind to the functional epitopes in the viral entry may be substi-

uted for HBIG in the prevention and therapy of HBV infection in
uture.

In conclusion, we showed that IgG1 with kappa chain is induced
nd confers protection against HBV with S-HBs vaccination in
uman subjects. The first loop domain of the “a” determinant region
arch 87 (2010) 40–49

in S-HBs may be essential for HBV infection, and the neutraliza-
tion activity is more dependent on the epitopes of mAbs than their
affinities. Further investigation of functional epitopes in the first
loop domain of S-HBs may lead to the development of efficient
anti-HBV antibody therapeutics capable of replacing HBIG.
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