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ABSTRACT
Hepatitis B virus (HBV) produces large (L), middle (M), and small (S) envelope proteins, alternatively
referred to as hepatitis B surface antigen (HBsAg). Currently, yeast-derived S protein serves as the
preventive vaccine, while hepatitis B immune globulin (HBIG) concentrated from pooled plasma of vaccine
recipients is employed for post-exposure prophylaxis. However, only a small proportion of the antibodies
in HBIG are HBV specific. In the present study, a human monoclonal anti-S antibody (G12) was developed,
produced under GLP conditions, and subjected to a panel of functional assays. In vitro results
demonstrated high affinity of G12 for the S protein (KD D 7.56 nM). It reacted with envelope proteins of all
7 HBV genotypes tested (A-F, H) by immunofluorescent staining, and more than 97% of HBsAg-positive
patient serum samples by enzyme-linked immunosorbent assay. G12 recognized a conformational
epitope, although the exact sequence remains unknown. Strikingly, G12 was at least 1,000-fold more
potent than HBIG in neutralizing HBV infectivity in both HepaRG cell line and HepG2 cells reconstituted
with the HBV receptor. In a transgenic mouse model of HBV persistence, a single peritoneal injection of
G12 markedly diminished serum HBsAg titers in all 7 mice, which was sustained for the observation period
of 144 d in mice with low pre-treatment levels. While the therapeutic potential of G12 warrants further
investigation using a large number of animals, G12 is a potent neutralizing human monoclonal antibody
and a promising candidate to replace or supplement HBIG in the prevention of HBV infection.

Abbreviations: anti-HBs, antibody against HBsAg; anti-S, antibody against small envelope protein; CDR, comple-
mentarity-determining region; CHO cells, Chinese hamster ovary cells; DAPI, 40,6-diamidino-2-phenylindole; ELISA,
enzyme-linked immunosorbent assay; HBeAg, hepatitis B e antigen; HBIG, hepatitis B immune globulin; HBsAg,
hepatitis B surface antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HRP, horseradish peroxidase;
HSPG, heparan sulfate proteoglycans; IF staining, immunofluorescent staining; mAb, monoclonal antibody; NTCP,
sodium taurocholate cotransporting polypeptide; PBS, phosphate buffered saline; PCR, polymerase chain reaction;
PEG, polyethylene glycol; SDS-PAGE, sodium dodecyl sulfate - polyacrylamide gel electrophoresis; S protein, small
envelope protein; SPR, surface plasmon resonance; VH, variable gene segment of the heavy chain; VL, variable gene
segment of the light chain
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Introduction

Approximately 350 million people worldwide are chronically
infected with hepatitis B virus (HBV), and some may eventually
develop liver cirrhosis and hepatocellular carcinoma (HCC).
Due to universal immunization with HBV vaccine at birth,1 the
hepatitis B surface antigen (HBsAg) carrier rate in China
declined steadily from 10 to 7% in the past decade.2 HBsAg is
the collective term for 3 co-terminal envelope proteins and
serves as a sensitive marker of ongoing HBV infection. Loss of
HBsAg is followed by the appearance of corresponding anti-
body (anti-HBs), and such a seroconversion event signals
recovery from infection.

The large (L), middle (M), and small (S) envelope proteins
contain preS1CpreS2CS, preS2CS, and S domain alone,
respectively. The S protein is the major envelope protein on
HBV virions, which have internal capsids shielding the partially
double-stranded DNA genome. In addition, the bulk of the S
protein is secreted as empty subviral particles lacking internal
capsids, which exceed virions by a factor of at least 1,000.3 Dur-
ing a new round of infection, the S domain mediates the first
step of virion attachment to cell surface heparan sulfate proteo-
glycans (HSPG), the low-affinity receptor.4-6 This somehow
exposes the preS1 domain on L protein for interaction with
sodium taurocholate co-transporting polypeptide (NTCP), the
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high-affinity HBV receptor.7,8 Therefore, anti-S and anti-preS1
antibodies neutralize HBV infectivity9-11 by blocking virus
binding to the low-affinity receptor and high-affinity receptor,
respectively.

The current HBV vaccine consists of yeast-derived, recom-
binant S protein. For post-exposure prophylaxis, hepatitis B
immune globulin (HBIG) with high anti-S titers provides
immediate, although short-term, protection against infection.
Furthermore, in babies born to hepatitis B e antigen (HBeAg)
positive mothers who are characterized by high viremia titers,
immediate injection of high-titer HBIG in addition to HBV
vaccine is needed to prevent maternal transmission of HBV
infection.12 As such a vertical mode of infection is very com-
mon in East Asian countries such as China, there is high
demand for HBIG. In addition, HBV reactivation often occurs
in patients undergoing organ transplantation due to immuno-
suppressive therapies, which can be prevented by administra-
tion of HBIG. Since HBIG is a product derived from blood of
individuals hyperimmunized with HBV vaccine, it is not only
expensive, but also rarely available in certain less developed
countries and regions. Finally, there is always concern regard-
ing the biosafety of a blood product.

Human monoclonal antibodies (mAbs) against the S pro-
tein with good protective efficacy would provide a solution

to the high demand for HBIG and ease the biosafety con-
cern. However, the paucity of animals susceptible to HBV
infection other than chimpanzees has greatly handicapped
evaluation of such mAbs.13,14 Tupaia belangeri (tree shrew)
can be infected with HBV, but quite inefficiently.15 While
uPA-SCID mice repopulated with human hepatocytes pro-
vide a much better system of in vivo infection,16 they are
immune deficient and costly. HBV transgenic mice resem-
bles an in vivo system of stable HBV DNA transfection, as
the HBV genome integrated into mouse germline drives
DNA replication and protein expression in the liver.17 Since
this is not an infection system, anti-S antibodies can reduce
HBsAg antigenemia only through complex formation with
subviral particles, rather than the early step of virion entry
(neutralization). On the other hand, differentiated HepaRG
cells18 and HepG2 cells stably transfected with NTCP, the
high-affinity HBV receptor,7 have been developed as in
vitro systems of HBV infection. These systems provide an
opportunity to evaluate the neutralization capacity of an
anti-S antibody (ability to bind virions). Herein, we devel-
oped a human anti-S mAb and employed both cell lines of
HBV infection and a transgenic mouse model of HBsAg
persistence to evaluate its neutralizing and therapeutic
effects.

Figure 1. Characterization of 21 human anti-S mAbs to identify those with high affinity for the S protein. (A) ELISA method. Purified S protein (red) or anti-human Fab
antibody (blue) were coated on 96-well plates, and incubated with human Fab antibodies. Bound antibodies were revealed by HRP-conjugated anti-human Fab. (B) SPR
method. HBIgG12 and HBIgG21 at various concentrations were applied to BIAcore 3000 sensor chip CM5 immobilized with S protein. Each measurement represents an
average of 3 independent assays.

MABS 469



Results

Screening phage display libraries to identify potent human
anti-S mAbs

Phage display libraries VH-VL and VH-VK were constructed
using antibody genes isolated from blood of 18 human donors
immunized with hepatitis B vaccine. They contained 2.5 £ 107

and 2.2 £ 107 independent clones, respectively. After four
rounds of panning against purified recombinant S protein, 400
colonies were randomly picked and 199 interacted with S pro-
tein by enzyme-linked immunosorbent assay (ELISA).
Sequence analysis of the 199 Fab clones revealed the presence
of 21 unique clones, namely HBFab 1–21. They were analyzed
for variable immunoglobulin gene segments using VBASE2
software (www.vbase2.org). All the antibody light chains were
derived from kappa gene family including VK1 and VK3 (Sup-
plementary Table 1), while the antibody heavy chains were
derived from VH1 (one clone), VH3 (one clone), or VH4 (19
clones). ELISA analysis of clarified supernatants from the

bacterial lysate containing human Fab antibodies revealed vari-
able Fab expression levels and anti-S titers (Fig. 1A). The two
clones with higher anti-S titer relative to Fab expression level
(HBFab12 and HBFab21) were converted into IgG1 molecules
and renamed HBIgG12 (simplified as G12) and HBIgG21
(G21), respectively. The binding affinities (KD) and kinetic rates
of G12 and G21 for immobilized S protein were 7.56 nM and
8.04 nM, respectively, according to surface plasmon resonance
(SPR) analysis (Fig. 1B).

G12 could detect HBsAg from major HBV genotypes and
most clinical samples

To be useful, preventive or therapeutic antibodies should recog-
nize most if not all HBV isolates. As HBV isolates worldwide
are grouped into 8 genotypes (A-H),19,20 we transfected Huh7
cells with 7 full-length HBV genomes representing all HBV
genotypes except for genotype G. G12 could detect intracellular
envelope proteins from all 7 HBV genotypes by

Figure 2. G12 can recognize HBsAg from different HBV genotypes and vast majority of clinical samples. ((A)& B) Huh7 cells were transfected with 1.3 copies of the HBV
genome belonging to genotype A-F and H, followed by IF staining of intracellular envelope proteins by G12 (A) and ELISA detection of HBsAg released to culture superna-
tant using G12 coated plate (B). The three images for panel A are, from left to right, nuclear staining by DAPI (blue), HBsAg staining by G12 followed by FITC-conjugated
anti-human antibody (green), and merged images. Each bar represents 10mm. Cells transfected with pUC18 DNA served as a negative control (Mock). (C) G12-based ELISA
to detect HBsAg from 198 serum samples. The horizontal axis shows amounts of HBsAg (ng/ml) based on Light Initiated Chemiluminescence Analyzing System (Bo Yang),
while vertical axis represents values (S/CO) from ELISA with G12-coated plates. For G12-based ELISA the cutoff value was 2.1 times the average of negative controls, and
samples with S/CO>1 were scored positive (dotted line). S/CO: signal over cutoff.
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immunofluorescent (IF) staining revealing a cytoplasmic distri-
bution (Fig. 2A). Moreover, HBsAg released to culture superna-
tant, irrespective of the viral genotype, could be detected by
ELISA using G12-coated plates (Fig. 2B). These results suggest
that G12 recognizes an epitope highly conserved among differ-
ent HBV genotypes. In another assay, G12-based ELISA scored
positive for 194 (97.98%) of 198 HBsAg-positive serum samples
derived from chronic HBV carriers, and the HBsAg titer (ng/
ml) correlated with S/CO value in G12-based ELISA (r2 D
0.4133, p < 0.0001) (Fig. 2C). The 4 negative samples had very
low HBsAg titers (mean 19.37 ng/ml) in contrast to a mean
titer of 441.24 ng/ml for all 198 samples. DNA was extracted
from 2 negative samples and 4 samples with weak signals for
amplification of the S region by polymerase chain reaction
(PCR). Direct sequencing of the PCR products revealed no spe-
cific mutations, suggesting low HBsAg titers as the primary
cause for detection failure.

G12 recognizes a conformational epitope in the
immunodominant loop

G12 originated from recipients of HBV vaccine, the yeast-
derived S protein. The S protein has 226 residues and traverses
the membrane 4 times. Residues 101–163 form the major
hydrophilic (immunodominant) loop, which is exposed on the
surface of viral and subviral particles. Most anti-S antibodies

recognize the “a” determinant (residues 124–147) within the
immunodominant loop. To map the G12 epitope, we generated
38 consecutive deletion mutants of 6 amino acids to cover the
entire S protein. These deletion constructs of the S protein were
transfected to Huh7 cells, and S protein was measured from
both cell lysate and culture supernatant by ELISA using either a
commercial HBsAg detection kit (KHB) or G12-coated plates
followed by other reagents from the KHB kit. Deleting residues
2–6 did not prevent S protein detection by G12. Deletions
involving residues 7–72 abolished S protein secretion (Fig. 3B),
but intracellular S protein was still detectable by both KHB kit
and G12-based ELISA (Fig. 3A). Therefore, the G12 epitope
lies outside residues 2–72. By the same token, residues 163–
180, and 205–226 can be excluded as G12 epitope. Surprisingly,
within the immunodominant loop only one mutant with resi-
dues 127–132 deleted remained detectable by G12. Since dele-
tion mutants 109–114, 115–120, 121–126, 133–138, and 139–
144 could still be detected by the KHB kit (Fig. 3B), negative
results by the G12 antibody was not simply a consequence of
poor protein expression from the deletion mutants. Rather, fail-
ure to precisely map the G12 epitope using deletion mutants is
consistent with the involvement of a conformational epitope.

Indeed, G12 failed to detect by conventional Western blot
the S protein from lysate of Huh7 cells transiently transfected
with the HBV genome or S protein expression construct (data
not shown). On the other hand, if unheated proteins in the cell

Figure 3. Mapping the epitope of G12 using 38 deletion mutants of the S gene. The S gene was cloned to pcDNA3.1-flag vector and 38 consecutive deletion mutants with
every 6 residues removed (with the exceptions of mutant 2–6 and mutant 223–226) were generated and transfected to Huh7 cells. (A) Cells were harvested 48 hours later
and lysed with RIPA buffer for S protein detection by both G12-based ELISA (white bars) and KHB ELISA (black bars) without dilution. (B) Corresponding culture superna-
tant was diluted 1:5 for S protein detection by G12 based ELISA (white bars) and commercial KHB ELISA (black bars). Signals below the dotted line are considered as
negative. S/CO: signal over cutoff.
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lysate were separated in native agarose gel followed by transfer
to nitrocellulose filter, G12 could detect 2 major bands from S
protein transfected cells, but not from cells transfected with
pcDNA vector (Supplementary Fig. 1A). In another experi-
ment, G12 failed to detect even 2 mg of yeast-derived S protein
per se, but reacted with a protein band about twice the size
(Supplementary Fig. 1B). Thus, G12 might have much higher
affinity for S protein dimer than monomer.

G12 was over 1,000-fold more potent than HBIG
in neutralizing HBV infectivity in cell culture

Not all monoclonal anti-S antibodies are neutralizing. To
verify the neutralization capacity of G12, we employed dif-
ferentiated HepaRG cells18 and NTCP stably transfected
HepG2 cells (HepG2/NTCP cells)7 as susceptible cell lines
of HBV infection. These cells were infected with viral

particles concentrated from culture supernatant of a cell
line stably transfected with HBV,21 in the absence or pres-
ence of serially diluted G12 or HBIG. HBeAg released from
infected cells, which was detected by a commercial ELISA
kit (KHB), served as a sensitive and quantifiable marker of
infectivity.

G12 could neutralize HBV infectivity in both HepaRG cells
and HepG2/NTCP cells. In HepaRG cells, G12 at 0.005 mg/ml
was more effective than HBIG at 0.0056 mg/ml in neutralizing
HBV infectivity (Fig. 4A). Therefore, G12 was at least 1,000-
fold more potent than HBIG in blocking HBV infectivity in
this cell line. In HepG2/NTCP cells, G12 at 0.013 mg/ml
achieved a similar neutralization effect as HBIG at 0.023 mg/
ml, and G12 at 0.003 mg/ml was as effective as HBIG at
0.0056 mg/ml (Fig. 4B). Thus, G12 was more than 1,000-fold
more effective than HBIG in neutralizing HBV infectivity in
HepG2/NTCP cells.

Figure 4. Neutralization of HBV infectivity in HepaRG cells (A) and HepG2/NTCP cells (B) by G12 or HBIG. Cells seeded in 96-well plates were incubated overnight with cell
culture derived HBV particles in the absence or presence of serial 4-fold dilutions of G12 or HBIG, or control antibody (Cont. Ab). Cells were washed and further cultured
with medium change every 2 or 3 d HBeAg values at one week post-infection were measured using an ELISA kit (KHB). The cutoff value (2.1 times the negative control) is
shown as dotted line. Please note that the concentration of G12 shown is mg/ml, whereas that of HBIG is mg/ml.
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Preliminary studies suggested that G12 might promote
HBsAg elimination in HBV transgenic mice with low
pre-treatment levels

A transgenic mouse model of HBsAg expression established in
our laboratory22,23 was employed to assess the potential thera-
peutic effect of G12 in vivo. Previous work revealed variability
in serum HBsAg levels ranging from 100 to 2,000 IU/ml.22

Twelve mice with descending HBsAg titers at week 7 (Fig. 5A
& B; Supplementary Table 2) were divided into 6 groups of
2 mice each, and 2 mice of the first 5 groups were randomly
assigned to phosphate-buffered saline (PBS) group (#9, #11,
#13, #16, and #7) or G12 group (#3, #12, #8, #20, and #19). The
last 2 mice (#22, #24) were also given G12 to examine whether
G12 could clear HBsAg when the starting level was already low.
At week 11, the mice were injected intraperitoneally with
0.5 ml of PBS (5 mice) or 600 IU (214 mg) of G12 diluted in
PBS (5C2 mice), and sera were collected 5 hours (0.2 day) and
1, 2, 5, 8, 17, 47, 87, and 144 d post-injection. Injection of G12
led to marked drop of free HBsAg titers in all 7 mice 5 hours
later (Fig. 5B; supplementary Table 2), from a mean value of
909 IU/ml to 15 IU/ml. In contrast, the mean value for PBS-
treated mice changed only moderately from 1,005 IU/ml to
655 IU/ml (Fig. 5A; supplementary Table 2). In three G12-
injected mice with high pretreatment levels (#3, #12, #8),

HBsAg titer rebounded at day 5 or 8, although at day 144 post-
injection the mean HBsAg titer (294 IU/ml) was much lower
than the pretreatment level (1,675 IU/ml) (Fig. 5B). Since a
similar decline of HBsAg titer was observed in the 3 mice from
the PBS group (#9, #11, #13) with high pretreatment levels
(from 1,313 IU/ml to 217 IU/ml) (Fig. 5A), this most likely
reflects a time-dependent decline unrelated to therapeutic
effect. Strikingly, in the 4 mice with low pretreatment HBsAg
levels (#20, #19, #22, #24), the extremely low HBsAg titer main-
tained throughout the observation period of 144 d without sig-
nificant rebound (Fig. 5B). The mean values were 334 IU/ml
before antibody injection and only 6 IU/ml at day 144 post-
injection.

We also measured free anti-S titers in the mouse sera. Anti-S
was undetectable in PBS-treated mice at any time point (data
not shown). In the G12 group, highest anti-S titer was observed
at 5 hr post-injection (Fig. 6; Supplementary Table 3). The titer
was highest in mouse #20, followed by #19, #22, #24, #8, #3,
and #12. Consequently, anti-S persisted for 17 d in #20 mouse
but only 2 d in #3 mouse (Fig. 6). The four mice with the high-
est initial anti-S titers (#20, #19, #22, #24) happened to be those
with sustained HBsAg elimination. They had much lower pre-
treatment HBsAg titers (mean 334 IU/ml) than the 3 mice (#3,
#12, #8) with HBsAg rebound (mean 1,675 IU/ml), which had
lower anti-S titers at 5 hr post-injection. Therefore, from the
limited number of mice studied it appeared that a low pretreat-
ment HBsAg titer correlated with higher serum anti-S concen-
tration after antibody injection, and sustained HBsAg
elimination.

Discussion

Preventing HBV infection and treating those already infected
are the 2 main fronts in our battle against HBV-related health
burdens. HBIG is needed to block HBV vertical transmission,
transmission through accidental needle stick, sexual contact, or
re-infection of transplanted liver. However, HBIG suffers from
high cost, limited availability, and a low percentage of antibod-
ies specific for HBV. Recent advances in antibody engineering
have allowed humanized or fully human antibodies to be
made,24 and human mAbs with broad reactivity toward

Figure 5. Effect of PBS and G12 treatment on serum HBsAg titers in lineage
59 HBV transgenic mice. (A) Sequential serum HBsAg titers in 5 mice receiving
intraperitoneal injection of PBS. (B) Sequential serum HBsAg titers in 7 mice receiv-
ing intraperitoneal injection of 600 IU of G12.

Figure 6. Sequential serum anti-HBs titers in 7 lineage 59 HBV transgenic mice
receiving intraperitoneal injection of 600 IU of G12. Shown are anti-HBs titers from
0.2 day (5 hours) to 17 d post-injection.
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different viral genotypes have been used for prevention or treat-
ment of infectious diseases and cancer therapy.25-27 Therefore,
high titer neutralizing human monoclonal anti-S antibodies
could overcome the problems associated with HBIG.

In this study, a clone with high affinity for the S protein was
identified and converted into an IgG1 molecule (Fig. 1). Subse-
quent studies demonstrated that this clone, G12, could recog-
nize HBsAg from all 7 genotypes tested and all HBsAg-positive
blood samples except for those with low titers (Fig. 2). G12 was
found to recognize a highly conserved epitope and can bind its
target as assessed through IF staining, ELISA, as well as immu-
noprecipitation (unpublished data). Its inability to detect dena-
tured S protein by Western blot, but ability to detect S protein
under nondenaturing conditions (supplementary Fig. 1A), is
consistent with a conformational rather than linear epitope.
Indeed, many 6-aa deletions inside the immunodominant loop
abolished G12 binding (Fig. 3), suggesting that the epitope tar-
geted by G12 is formed by discontinuous amino acids across a
long distance. Alternatively, the G12 epitope is formed by
higher structure such as a dimer (Supplementary Fig. 1B). A
precise mapping of the G12 contact sites will require the con-
struction of site-directed mutants covering the entire immuno-
dominant loop.

G12 was compared head-to-head with HBIG for neutraliza-
tion of HBV infectivity in cell culture. G12 could block HBV
infection not only in HepG2 cells reconstituted with NTCP, a
recently identified HBV receptor,7 but also in differentiated
HepaRG cells (Fig. 4). G12 could no longer neutralize HBV
infectivity if added immediately after removal of the viral inoc-
ulum, which is consistent with the fact that the S domain medi-
ates the early step of virus attachment to cell surface.4-6 Over
1,000-fold higher protein concentration of HBIG was needed
to achieve comparable neutralization effect. Similar to our find-
ings, others found an anti-S mAb had 1,000-fold higher neu-
tralizing capacity than HBIG in primary human hepatocytes.28

The much greater neutralization capacity of G12 than HBIG is
most likely attributable to the low abundance of anti-S antibod-
ies in HBIG preparation, as well as the much higher affinity of
G12 for the S domain (KD D 7.56 nM) than most anti-S mole-
cules in the HBIG pool. Considering that neutralization is
mediated by antibody binding to virions rather than the large
excess of subviral particles, an additional possibility is that G12
has higher affinity for virions than subviral particles. At any
rate, such high neutralizing titer, coupled with its relatively sim-
ple production and purification procedures, makes G12 a
promising candidate to replace HBIG in blocking HBV
mother-to-infant transmission, re-infection of transplanted
liver, and reactivation of HBV in immune compromised
patients. As nucleos(t)ide analogs (NAs) could markedly
reduce viremia titer (see below), combination therapy between
G12 and potent NAs could achieve synergistic effect in prevent-
ing infection or re-infection.

In addition to G12, others have produced human or non-
humanmAbs against HBsAg and tested their neutralization capac-
ity.10,11,13,14,28 However, differences in the system of infection
(chimpanzees,10,13,14 primary human28 or Tupaia hepatocytes,11

HepaRG cells, NTCP-reconstituted HepG2 cells), method of neu-
tralization (preincubation with the virus or co-administration to
cell culture), and multiplicity of infection make these diverse

reports difficult to compare. It will be crucial to compare different
antibodies under the identical experimental conditions so as to
identify themost potent humanmAb against HBV infection.

Currently, pegylated interferons and NAs have been
approved for therapy of HBV infection. As immune modula-
tors, interferons are effective in only about one-third of patients
and may display severe side effects. NAs target a late step of the
intracellular HBV lifecycle, namely DNA synthesis. They can
markedly reduce viremia titer to undetectable levels, but fail to
affect viral mRNA transcription or protein translation. Conse-
quently, they do not reduce HBsAg expression and are ineffec-
tive at promoting HBsAg seroconversion. In this regard, anti-S
antibodies have the potential to reduce HBsAg titer by immune
complex formation with subviral particles followed by clear-
ance. To study whether there is a potential use for G12 in
reducing HBsAg titer, its therapeutic effect was examined in
transgenic mouse lineage 59 established in our laboratory.22,23

A single injection with 600 IU of G12 resulted in a significant
short-term decrease in serum HBsAg titers for at least 2 d
(Fig. 5B). Interestingly, 4 of the 7 mice injected with G12 con-
tinued to have only trace amount of HBsAg 144 d later, and all
4 had lower HBsAg levels before injection (191–409 IU/ml)
than the 3 mice with HBsAg rebound (1,032–2,683 IU/ml).
The mechanism for sustained HBsAg elimination in the 4 mice
remains unclear at present, but could involve phagocytosis of
the immune complex via the Fc receptor. Curiously, HBsAg
also declined to some extent in the 5 mice receiving PBS within
the first few days post-injection. In mouse #16 HBsAg eventu-
ally became nearly negative (9 IU/ml at day 144). Nevertheless,
compared with HBsAg loss in only 1 of the 5 mice from the
PBS group, 4 of the 7 mice from the G12 group showed sus-
tained HBsAg elimination. Therefore, our results suggest that
G12 does contribute to HBsAg elimination in this HBsAg
transgenic mouse line despite simultaneous age-dependent
decline in HBsAg titer as manifested in the PBS group. Cer-
tainly, our initial experimental design was flawed in that the 2
mice with the lowest HBsAg titers were both assigned to the
G12 group, and the total number of mice was too small to reach
statistical significance. Future experiments using a much larger
number of mice with low pre-treatment HBsAg levels will be
needed to validate the therapeutic effect of G12.

Using HBV transgenic mice to evaluate the therapeutic efficacy
of human anti-HBs mAbs has its limitations because human anti-
bodies are foreign proteins for mice and can be rapidly cleared
from the circulation through induction of anti-human antibodies.
Such a limitation makes it impossible to examine the effect of
repeated antibody injection. In the future, Fc and Fab fragments of
G12 can be remodeled for higher dendritic cell-stimulation effi-
cacy29,30 and for higher antibody-mediated cytotoxicity.29,31,32

Alternatively, construction of divalent anti-preS1/anti-S antibodies
could efficiently prevent mother-to-infant HBV transmission by
blocking virus attachment to bothHBV receptors.

Materials and methods

Derivation of G12 mAb from a phage display library

The phage display Fab libraries were constructed following
established methods.33,34 Briefly, lymphocytes were isolated
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from the peripheral blood of 18 healthy Chinese volunteers
who responded well to an HBV vaccine (Beijing Tiantan Bio-
logical Products Co., Ltd., China, licensed from Merck Co.).
The collection and use of human samples were reviewed and
approved by the Ethics Committee of China CDC, which uses
international guidelines to ensure confidentiality, anonymity,
and informed consent. Written informed consent form was
signed by the donors. Total cellular mRNAs were extracted
using RNeasy Mini Kit (Qiagen) and cDNA synthesis was
primed with oligo (dT) using Transcriptor High Fidelity cDNA
Synthesis Kit (Roche). The light and heavy chain genes were
amplified from the cDNA by PCR and sequentially cloned into
the pComb 3 H vector using a standard protocol.34,35 The final
antibody libraries were panned against S protein purified from
Chinese hamster ovary (CHO) cell culture (Beijing WantaiBio-
Pharm) following the standard panning procedure.36 After 4
rounds of panning, crude Fab antibody preparations were
tested by indirect ELISA using 96-well plates coated with 0.5–
1 mg of purified S protein, with horseradish peroxidase (HRP)-
conjugated anti-human Fab serving as the secondary antibody.
Twenty-one unique clones reactive to the S protein were identi-
fied, and 2 of them (HBFab12 and HBFab21) were converted to
human IgG by cloning the Fab genes into IgG expression cas-
sette vector pAc-K-Fc.37 These 2 human mAbs (HBIgG12 and
HBIgG21, simplified as G12 and G21, respectively) were sepa-
rately expressed in SF9 insect cells (ATCC CRL-1711) and
purified on Protein A columns. They were dissolved in PBS
(pH7.4) for further characterization and functional analysis.
The purity of the mAbs was confirmed using SDS-PAGE.

GLP level production of the G12 mAb

GLP production of G12 was carried out under contract by
Wuxi Pharma (Wuxi Apptec) with a well-established protocol.
Briefly, the G12 gene was subcloned to pOptiVEC-TOPO and
pcDNA 3.3-TOPO (Freedom DG44 Kit, Invitrogen) and
expressed in CHO/DHFR G44 cells. Pools and several cell lines
were screened for their ability to produce high levels of G12.
Candidate cells were used for further analysis to meet industrial
standards for mAb drugs. Two of such cell lines were estab-
lished and subjected to a small scale production in a 5-liter bio-
tractor. With a yield over 0.5 g/l during the dish culture system,
G12 was purified through a G protein chromatography and
polishing protocol. The final product passed all the established
evaluation tests, including color, purity, Tm, stickiness and gly-
cosylation. A stock solution of 21.5 mg/ml (61,511 IU/ml) in
20 mM Tris buffer (pH 6.0) was used in this study.

Determination of the affinity constants of G12 and G21
for the S protein

Affinity of G12 and G21 for the S protein was measured by
SPR, using BIAcore biosensor CM5 (BIAcore 3000, GE).
Purified S protein (Beijing WantaiBioPharm) was immobi-
lized on the sensor chip in 10 mM sodium acetate buffer,
pH5.0, and exposed to G12 or G21 at 7.82, 15.63, 31.25,
62.5, 125, 250, 500, and 1000 nM concentration in HBS-Ep
Buffer (GE). The binding on (Ka) and off (Kd) rates were

calculated using the bivalent analysis model included in the
BIA evaluation software.

G12-based ELISA for HBsAg detection from serum samples

Serum samples from 198 HBsAg-positive carriers were col-
lected from Putuo District Center Hospital, Shanghai. HBV
infection markers (HBsAg, anti-HBs, HBeAg, anti-HBe and
anti-HBc) were quantified with Light Initiated Chemilumines-
cence Analyzing system (Bo Yang), while the HBV DNA viral
load was determined by StepOnePlus system (KHB). For
HBsAg detection by G12-based ELISA, 96-well plates (Thermo
Fisher) were coated at 4�C for 16 hours with G12 diluted
1:10,000 in carbonate sodium buffer (pH9.6). The plates were
washed with PBST, blocked at 37�C for 2 hours with 5%
skimmed milk dissolved in PBST. Serum samples at 1:10 dilu-
tion as well as reference positive and negative controls were
added to the plates, which were incubated at 37�C for 1 hour.
After another wash, HRP-conjugated anti-HBs antibody
(KHB) was added and incubation continued at 37�C for
1 hour. Tetramethylbenzidine was added followed by a 15-min-
ute incubation. The reaction was stopped by H2SO4 and the
absorbance values at 450 nm and 630 nm were measured.

Two serum samples that failed to be detected by G12-based
ELISA and 4 samples with weak signals were analyzed further.
DNA was extracted from 200 ml of serum samples using the
QIAmp DNA Mini kit, and dissolved in 50 ml TE buffer. DNA
(10 ml) was subjected to 35 cycles of PCR amplification using
PrimeSTAR DNA polymerase from Takara, sense primer
ATTGGATCCATGGAGAACATCGC (S region start codon in
bold) and antisense primer CGCGAATTCTTAAATGTA-
TACCC (S region stop codon in bold). The PCR product was
purified and sequenced directly.

G12 detection of HBsAg from different HBV genotypes

One.3 copies of the HBV genome (1.3mer) of 7 HBV genotypes
(A-F, H) were chemically synthesized based on sequences from
GenBank (accession numbers AP007263, AB540582,
AB540583, AB267090, AP007262, AB214516, AB298362) and
inserted to pUC18 vector. Huh7 cells were cultured at 37�C
with 5% carbon dioxide in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100U/ml penicillin, 100mg/ml streptomycin and 0.03% L-gluta-
mine. Cells seeded in a 24-well plate were co-transfected with
0.4mg of the 1.3 mer plasmids and 0.1mg of luciferase reporter
plasmid using TurboFect Transfection Reagent (Thermo Fisher
Scientific). Cells were fixed 48 hours later with 4% formalde-
hyde and permeabilized with PBST buffer. After incubation at
room temperature for 2 hours with 1:500 diluted G12 in 1%
BSA/PBS, cells were further incubated with 1:1000 dilution of
FITC-labeled goat anti-human IgG. Cells were stained with
DAPI reagent for 5 min, and viewed under the microscope.
Cells transfected with pUC18 DNA served as a negative con-
trol. HBsAg released to culture supernatant was detected by
ELISA using G12-coated plates, similar to the detection of
HBsAg in serum samples described above. Culture supernatant
was diluted 1:5 with PBS before testing.
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The S gene of HBV isolate C8 (GenBank accession number
AF461363) was cloned to pcDNA3.1-flag vector to express the
full-length S protein of 226 residues. From this parental con-
struct 38 deletion mutants with consecutive 6-aa deletions
extending from the N-terminus were made using a mutagenesis
kit (Toyobo). The parental construct and deletion mutants
(1 mg) were transfected to Huh7 cells grown in 24-well plates.
Culture supernatant harvested 48 hours later was diluted 1:5
for S protein detection by G12 based ELISA in comparison
with the commercial ELISA kit (KHB). In addition, cells were
lysed with 100 ml of RIPA buffer for S protein detection by
ELISA without dilution.

Cell culture systems of HBV infection and
neutralization by G12

HepaRG cells were cultured according to the established proto-
col.18 Cells were grown in 96-well plates in William’s E medium
supplemented with cortisone and insulin. Once the cells
reached confluency, they were further cultured in above
medium supplemented with 2% DMSO for a minimum of
2 weeks to stimulate cell differentiation. The establishment of
HepG2 cell line stably transfected with human NTCP will be
described elsewhere (Li et al., manuscript in preparation). HBV
inoculum was concentrated from culture supernatant of
HepDE19 cell line21 by incubation with PEG (5% final concen-
tration) at 4�C overnight followed by centrifugation at
14,000 rpm for 30 min. For infection experiments, cells were
incubated overnight with the viral inoculum (M.O.I. of 500)
alone or together with various dilutions of G12 or HBIG (from
Chengdu Rongsheng Bioproduct Company, with a protein con-
centration of 144 mg/ml), with 4% PEG present during virus
infection. Medium was changed every 2 or 3 days, and HBeAg
was measured at 1 week post infection using Diagnostic Kit for
Hepatitis B e antigen (ELISA) (KHB).

G12 treatment of HBV transgenic mice

The experiment was performed on HBV transgenic mouse line
59 previously established in our lab.22,23 Blood was collected
from retinal venous plexus of the 7-week old mice and serum
HBsAg levels were measured by the ELISA kit from KHB.
Serum samples were diluted 1:100 with PBS and tested in tripli-
cate. The HBsAg titers in IU were calculated by charting the
OD 450 nm values against a curve generated by serial dilutions
of an HBsAg standard (Beijing Jinhao Pharmaceutics; stock
concentration at 2 IU/ml). When the absorbance value fell out-
side the upper limit of the standard curve, the 1:100 diluted
sample was further diluted 1:10 for another measurement.
Twelve mice with descending HBsAg titers were divided into
the PBS group (5 mice) and G12 group (7 mice) as detailed in
the Results section. The mice were injected intraperitoneally
with 0.5 ml of PBS (5 mice) or 600 IU (214 mg) of G12 in PBS
(7 mice), respectively, 34 d later. Blood samples were collected
at specified time points from retinal venous plexus and sub-
jected to ELISA detection of HBsAg using the KHB kit. Finally,
all samples (including the pretreatment samples) at 1:50 or

1:100 dilution were further quantified for HBsAg levels by a
chemiluminescent microparticle enzyme immunoassay (CMIA,
Abbott) at the Clinical Virology Laboratory, Ruijin Hospital,
School of Medicine, Shanghai Jiaotong University. The values
calculated for the undiluted samples were very similar from the
2 methods and only values from the Abbott assay were
presented.

Anti-HBs in mouse sera was detected by the Diagnostic Kit
for Antibody to Hepatitis B Surface Antigen (ELISA) (KHB),
using 1:100 or 1:1,000-fold diluted samples for samples col-
lected at 5hr, 1, 2, 5, 8, 17, and 47 d post-injection with G12. A
standard curve was generated using HBIG diluted to 0.2 IU/ml,
as well as 6 2-fold serial dilutions from that concentration. No
anti-HBs could be detected at the pre-exposure (¡34 day) sam-
ples as well as samples collected at day 87 and 144, even at 1:10
dilution.

Statistical analysis

Pearson’s correlation coefficient was used to measure the linear
correlation between variables. Independent-sample t test was
used to compare the difference between samples. Kruskal-
Wallis test was used to analyze ordinal categorical data.
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