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ABSTRACT Hepatitis B virus (HBV) infection is a major public health problem.
Human hepatocytes are infected with HBV via binding between the preS1 region in
the large envelope protein of HBV and sodium taurocholate cotransporting polypep-
tide. Although several monoclonal antibodies (MAbs) that recognize the receptor
binding domain in preS1 and neutralize HBV infection have been isolated, details of
neutralizing epitopes are not understood. In this study, we generated 13 MAbs tar-
geting the preS1 receptor binding domain from preS1-specific memory B cells
derived from DNA-immunized mice. The MAbs were classified into three groups
according to the epitope regions, designated epitopes I to III. A virus neutralization
assay revealed that MAbs recognizing epitopes I and III neutralized HBV infection,
suggesting that these domains are critical epitopes for viral neutralization. In addi-
tion, a neutralization assay against multiple genotypes of HBV revealed that epitope
I is a semipangenotypic neutralizing epitope, whereas epitope III is a genotype-spe-
cific epitope. We also showed that neutralizing MAbs against preS1 could neutralize
HBV bearing a vaccine-induced escape mutation. These findings provide insight into
novel immunoprophylaxis for the prevention and treatment of HBV infection.

IMPORTANCE The HBV preS1 amino acid 2 to 47 region (preS1/2–47) is essential for
virus binding to sodium taurocholate cotransporting polypeptide. Several MAbs tar-
geting preS1/2–47 have been reported to neutralize HBV infection; however, which
region in preS1/2–47 contains the critical neutralizing epitope(s) for HBV infection is
unclear. Here, we generated several MAbs targeting preS1/2–47, and we found that
MAbs recognizing the N or C terminus of preS1/2–47 remarkably neutralized HBV
infection. We further confirmed the neutralizing activity of anti-preS1 MAbs against
HBV with a vaccine escape mutation. These data clarified the relationship between
the antibody epitope and the virus-neutralizing activity and also suggested the
potential ability of a vaccine antigen containing the preS1 region to overcome the
weakness of current hepatitis B vaccines comprising the small S protein.

KEYWORDS HBV, epitope, neutralizing antibodies, preS1

Hepatitis B virus (HBV) causes acute and chronic liver diseases and is a major global
health problem. The World Health Organization estimated that, in 2015, 257 mil-

lion people were living with chronic HBV infection and 887,000 deaths were caused by
HBV infection-related diseases such as cirrhosis, liver failure, and hepatocellular carci-
noma (1).
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HBV is a small, enveloped DNA virus of the family Hepadnaviridae. The HBV enve-
lope consists of three HBV surface antigens (HBs), small (HBs-S), middle (HBs-M), and
large (HBs-L) envelope proteins. These three envelope proteins are encoded by a single
open reading frame from three in-frame start codons. Human hepatocytes are infected
with HBV via the sodium taurocholate cotransporting polypeptide (NTCP), which is a
membrane transporter involved in bile acid uptake (2). The preS1 region of HBs-L pro-
tein binds to NTCP, and the N-terminal 47 amino acids of the preS1 domain (genotype
D) are crucial for the preS1-NTCP interaction (3–8). Indeed, inhibition of the preS1-
NTCP interaction effectively blocks HBV infection (9–11). Thus, the preS1-NTCP interac-
tion is considered to be a potent target for the prevention and treatment of HBV infec-
tion. Once HBV infects human hepatocytes via NTCP binding, covalently closed circular
DNA is formed in the nucleus of hepatocytes, making elimination of HBV by antiviral
drug therapy difficult (12). Therefore, prevention of HBV infection by immunoprophy-
laxis such as vaccine therapy is important.

Anti-HBV neutralizing antibodies (NAbs) are considered to contribute to the preven-
tion of infection as well as viral clearance. The “a” determinant, the antigenic loop poly-
peptide present at positions 101 to 172 in HBs-S protein, is an essential immunodomi-
nant region for HBV prevention by vaccination with current hepatitis B vaccines
consisting of HBs-S protein (4, 13–15). In addition, antibodies targeting the NTCP bind-
ing domain of the preS1 region in HBs-L can also neutralize virus infection in vivo and
in vitro (4, 16–18). However, neutralizing epitope analysis of the preS1 region has not
been systemically performed.

Here, we report the generation of murine monoclonal antibodies (MAbs) against a
46-residue peptide corresponding to the NTCP-interacting domain of preS1 (preS1/2–
47) from preS1/2–47-specific memory B cells derived from mice immunized with DNA
encoding preS1 and characterization of neutralization epitopes in the receptor binding
domain of HBV. Epitope analysis revealed the presence of three major epitopes, desig-
nated epitopes I to III. A virus neutralization assay demonstrated that MAbs targeting
epitopes I and III have potent neutralizing activity against HBV. Importantly, epitope I
is a semipangenotypic neutralizing epitope, and epitope III is a genotype-specific neu-
tralizing epitope. In addition, all virus-neutralizing MAbs (NAbs) could neutralize infec-
tion of HBV with the G145R mutation, which is a representative vaccine escape muta-
tion (VEM) observed in patients. These findings provide new insights into neutralizing
epitopes in the preS1/2–47 region.

RESULTS
Construction and immunization of plasmids encoding amino acids 2 to 47 of

HBV preS1. NTCP is an entry receptor of HBV, and the N-terminal myristoylated pep-
tide corresponding to preS1/2–47 of HBs-L protein effectively binds to NTCP (2). We
constructed various plasmids encoding preS1/2–47 (Fig. 1A) to obtain NAbs against
preS1. Plasmid pCAG-HBs-L encodes HBs-L protein derived from genotype C. Plasmid
pCAG-Sec-preS1 encodes preS1/2–47 with the secretion signal at the N terminus and a
Myc tag at the C terminus. Plasmid pCAG-Display-preS1 is identical to pCAG-Sec-preS1
except for the presence of the platelet-derived growth factor receptor (PDGFR) trans-
membrane domain at the C terminus for expression of preS1/2–47 on the cell surface.
Plasmid pCAG-GroEL-preS1 encodes preS1/2–47-Myc fused to GroEL, a chaperone pro-
tein derived from Escherichia coli, which is a molecular adjuvant for DNA immunization
(19).

PreS1/2–47 expression in cells transfected with all plasmids was confirmed with an
immunofluorescence assay following Triton X-100 treatment (Fig. 1B). Immuno-
fluorescence signals were also observed in the cells transfected with pCAG-Sec-preS1,
pCAG-Display-preS1, and pCAG-GroEL-preS1 without Triton X-100 treatment (Fig. 1B),
suggesting that these preS1/2–47 peptides were expressed on the cell surface. Major
single bands with predicted molecular weights were also observed with Western blot-
ting of proteins derived from cells transfected with pCAG-HBs-L, pCAG-Display-preS1,
and pCAG-GroEL-preS1 (Fig. 1C). We failed to detect the preS1 peptide in cells
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transfected with pCAG-Sec-preS1 with Western blotting, possibly due to the small mo-
lecular size.

To induce anti-preS1 antibodies, mice were immunized with each constructed plas-
mid four times, followed by intraperitoneal injection of 293T cells transfected with
each plasmid as a final booster immunization. Immunized mouse sera were subjected
to an enzyme-linked immunosorbent assay (ELISA) to detect specific antibodies against
the preS1/2–47 peptide. Pooled sera of mice immunized with pCAG-HBs-L, pCAG-Sec-
preS1, and pCAG-GroEL-preS1 clearly showed positivity in the ELISA (Fig. 1D). Mouse
sera were further subjected to an HBV neutralizing assay using the nanoluciferase re-
porter virus of HBV (HBV/NL) from genotype C (20). HBV/NL infection was inhibited by
myristoylated preS1/2–47 peptide (preS1 peptide) or hepatitis B immunoglobulin
(HBIG) (Fig. 1E). Sera from mice immunized with plasmids encoding preS1/2–47

FIG 1 Immunization of mice with plasmids encoding HBV preS1/2–47. (A) Schematic diagram of plasmids encoding preS1/2–47, showing the
position of the CAG promoter (CAG), murine Ig κ-chain leader sequence (S), Myc tag (myc), PDGFR transmembrane domain (TM), and GroEL.
The amino acid sequence of preS1/2–47 is derived from HBV genotype C. The residue numbering of the HBV preS1 domain is based on HBV
genotype D. (B) Detection of preS1/2–47 in 293T cells transfected with each plasmid with the immunofluorescence assay. PreS1/2–47 in cells
with (1) or without (2) permeabilization was detected using anti-preS1 antibody. (C) Expression of preS1/2–47. Lysates of 293T cells
transfected with each plasmid were harvested at 3 days posttransfection and subjected to immunoblotting using anti-preS1 antibody. (D)
Detection of serum antibodies binding to the preS1/2–47 peptide. Pooled sera from mice immunized with the indicated plasmids were
diluted 500-fold and added to ELISA microtiter wells containing the preS1/2–47 peptide. Bound antibody was detected using HRP-
conjugated anti-mouse IgG secondary antibody. Data are averages of triplicate values, with error bars showing standard deviations. OD,
optical density. (E) Neutralizing activities of sera from mice immunized with preS1 expression plasmids. HBV/NL derived from genotype C
was preincubated with pooled sera derived from mice immunized with the indicated plasmids (500- or 50-fold dilution) and then used to
infect G2/NT-18 cells for 16 h. Luciferase activity was determined at 7 days postinfection and is expressed relative to activity without serum.
Myristoylated preS1 peptide (100 nM) or HBIG (40 mIU/ml) was used as a control. Data are averages of quadruplicate values, with error bars
showing standard deviations. **, P, 0.001 versus no-serum control group, Student's t test; n.s., not significant.
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showed dose-dependent neutralization of HBV/NL infection. Among them, sera from
mice immunized with pCAG-HBs-L and pCAG-GroEL-preS1 showed higher neutralizing
activity, although pCAG-HBs-L could induce not only anti-preS1 antibodies but also
anti-preS2 and anti-HBs-S antibodies.

Isolation of preS1/2–47-binding memory B cells. To obtain preS1/2–47-binding
memory B cells, splenocytes were extracted from mice immunized with pCAG-HBs-L or
pCAG-GroEL-preS1, due to the results of the ELISA as well as neutralizing activity.
B2201/CD381 memory B cells that bound to the preS1 peptide were isolated using a
magnetically activated cell sorting system and flow cytometry. Flow cytometry analysis
revealed the presence of preS1-specific memory B cells in mice immunized with pCAG-
HBs-L or pCAG-GroEL-preS1 (Fig. 2A). Single sorted B cells were cultured for 10 days,
and culture supernatants containing clonal IgG were screened by ELISA. Of 987 iso-
lated memory B cells, 411 were positive for anti-mouse IgG Fab antibody in ELISA (data
not shown) and 97 were positive for preS1/2–47 in ELISA (Fig. 2B). These 97 samples
were further evaluated for virus-neutralizing activities using HBV/NL. Several clones

FIG 2 Isolation and screening of preS1-specific memory B cells. (A) Splenocytes derived from mice immunized with the indicated plasmids were subjected
to flow cytometric analysis. Upper panels show representative data for the gating strategy. Lower panels show representative flow data for preS1/2–47-
binding memory B cells. (B) Detection of antibodies to the preS1/2–47 peptide in memory B cell culture supernatants. Culture supernatants of isolated
memory B cells were diluted 5-fold and added to ELISA microtiter wells containing preS1/2–47. Antibody binding was detected using HRP-conjugated anti-
mouse IgG secondary antibody. OD, optical density. (C) Neutralizing activities of memory B cell culture supernatants. HBV/NL derived from genotype C was
preincubated with culture supernatants (1:1) for 1 h and then used to infect G2/NT-18 cells. Luciferase activity of the cells was determined 7 days
postinfection and is expressed relative to activity without supernatant. Data are averages of quadruplicate values, with error bars showing standard
deviations.
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showed more than 70% reduction in HBV/NL infection (clones 3, 7, 13, 82, and 87)
(Fig. 2C).

Sequence analysis, expression, and epitope mapping of MAbs against preS1/
2–47. To generate recombinant MAbs against preS1/2–47, cDNAs of the variable
region were amplified from RNA extracted from memory B cells. Ig gene sequences of
heavy and light chain variable regions (VH and VL, respectively) were analyzed by
using IgBLAST, the web tool for sequence analysis of the Ig variable domain. We deter-
mined sequences of 74 sets of VH and VL from 97 memory B cell samples that were
positive for preS1 in ELISA. Amplification was unsuccessful for either or both of the VH
and VL regions in the remaining 23 samples. Sequence analysis revealed that 20 of 74
MAbs belonged to the subgroup IGHV1 with IGHJ3 (Fig. 3A) and 21 MAbs belonged to
the subgroup IGKV8 with IGKJ1 (Fig. 3B). Approximately 43% of MAbs (32 of 74 MAbs)
belonged to the IGKV8 subgroup. Sequence analysis also revealed 33 different MAbs in
the IGHV/IGKV subgroup combination (Fig. 3C), indicating that anti-preS1/2–47 MAbs
obtained in this study represent a diversity of clones. Among the 74 MAb sequences,
13 MAbs were selected for generation of recombinant MAbs, due to the remarkable
neutralizing activity (Fig. 2C) or representative sequence combination (Fig. 3C).
Selected MAbs are indicated by arrowheads in Fig. 3A to C. Generated recombinant
MAbs are listed in Table 1. The complementarity-determining region 3 (CDR3) amino
acid sequences of VH and VL are shown in Table 2, implying that some MAbs were

FIG 3 Sequence analysis, expression, and epitope mapping of MAbs against preS1/2–47. cDNA sequences of VH and VL genes derived
from preS1/2–47-specific memory B cells were analyzed by using IgBLAST. (A) Combinations of heavy chain V-J subgroups from 74
preS1/2–47 MAbs. The sections inside the circle represent the IGHV subgroups, and the outer circumference shows IGHJ subgroups.
Black, blue, and red arrows indicate generated recombinant MAbs recognizing epitopes I, II, and III, respectively. (B) Combinations of
light chain V-J combinations from 74 MAbs. The sections inside the circle represent the IGKV subgroups, and the outer circumference
shows IGKJ subgroups. Black, blue, and red arrows indicate generated recombinant MAbs recognizing epitopes I, II, and III, respectively.
(C) IGHV-IGKV combinations of 74 preS1/2–47 MAbs. The sections inside the circle represent the IGHV subgroup, and the outer
circumference shows the IGKV subgroup. Black, blue, and red arrows indicate generated recombinant MAbs recognizing epitopes I, II,
and III, respectively. (D) ELISA for binding of recombinant MAbs (1mg/ml in PBS) to preS1/2–47 or HBs-L protein. OD, optical density. (E)
Epitope mapping of preS1-specific recombinant MAbs. Forty-seven synthetic overlapping peptides of 10 to 20 amino acids
corresponding to preS1/2–47 were used. The horizontal axis for each MAb shows absorbance units. The peptides showing antibody
binding are marked by an asterisk. (F) Summary of minimum epitopes recognized by each MAb. The preS1/2–47 amino acid sequences
used for immunization are shown. Yellow numbers in black bars represent the amino acid positions.
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derived from clonally expanded B cells (e.g., BP-L03, L07 and L13, or BP-G82 and G88).
After expression and purification of the 13 recombinant MAbs, binding of MAbs
against preS1/2–47 and HBs-L was confirmed by ELISA (Fig. 3D). Epitopes of these
MAbs were further analyzed using overlapping peptides, as shown in Fig. 3E. Each epi-
tope of the MAbs obtained in this study is summarized in Fig. 3F. Interestingly, 13

FIG 3 (Continued)
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MAbs obtained in our study were classified in three groups according to the major
region of the epitopes, i.e., amino acids 8 to 16 of preS1/2–47 (designated epitope I),
amino acids 23 to 35 of preS1/2–47 (designated epitope II), and amino acids 35 to 41
of preS1/2–47 (designated epitope III).

Neutralizing activities of recombinant MAbs against HBV infection. We per-
formed the virus neutralization assay with recombinant MAbs using HBV/NL derived
from genotype C. MAbs recognizing epitope I (BP-L34, L41, G82, and G88) neutralized
50% of HBV/NL infection at 7 to 438 ng/ml (Fig. 4A). MAbs recognizing epitope III (BP-
L03, L07, L13, and G87) showed higher neutralizing activity (50% inhibitory concentra-
tion [IC50] values of ,7 ng/ml), compared to that of epitope I-recognizing MAbs. MAbs
recognizing epitope II (BP-L10, L16, L37, G54, and G91) showed low or no neutralizing
activity against HBV/NL infection (IC50 values of .1,974 ng/ml) (Fig. 4B). Kinetic analysis
of these MAbs using the preS1/2–47 peptide was also performed (Fig. 5 and Table 3).
Although BP-L37 and G91 showed low affinity against the preS1/2–47 peptide, three
other MAbs that recognize epitope II (BP-L10, L16, and G54) showed high affinity
against the preS1/2–47 peptide, indicating that the low or absent neutralizing activity
of MAbs recognizing epitope II is not due to low affinity for the preS1/2–47 peptide.
These data suggest that epitopes I and III of preS1/2–47 are potential neutralizing epi-
topes for HBV infection.

We further examined the effect of selected MAbs against HBV derived from geno-
type A, B, or D. MAbs recognizing epitope I bound to the preS1/2–47 peptide from ge-

TABLE 1 Summary of recombinant MAbs targeting the preS1 receptor binding domain

Memory B
cell clone

Recombinant
MAb

Immunized
plasmid

Type of:

IGHV IGHJ IGKV IGKJ
3 BP-L03 pCAG-HBs-L 14-3 3 2-137 4
7 BP-L07 pCAG-HBs-L 14-3 3 2-137 4
10 BP-L10 pCAG-HBs-L 1-14 3 8-30 1
13 BP-L13 pCAG-HBs-L 14-3 3 2-137 2
16 BP-L16 pCAG-HBs-L 6-6 4 8-30 1
34 BP-L34 pCAG-HBs-L 5-6-3 2 8-27 1
37 BP-L37 pCAG-HBs-L 1-87 3 8-30 1
41 BP-L41 pCAG-HBs-L 5-4 3 2-137 5
54 BP-G54 pCAG-GroEL-preS1 10-3 4 8-30 2
82 BP-G82 pCAG-GroEL-preS1 8-12 3 8-30 1
87 BP-G87 pCAG-GroEL-preS1 1S29 2 1-110 1
88 BP-G88 pCAG-GroEL-preS1 8-12 3 8-30 1
91 BP-G91 pCAG-GroEL-preS1 1S135 3 8-30 2

TABLE 2 CDR3 sequences of preS1/2–47-specific MAbs

Recombinant
MAb

CDR3 sequence of:

Heavy chain Light chain
BP-L03 ALNWDGAWFAY MQHLEYPFT
BP-L07 ALNWDGAWFAY MQHLEYPFT
BP-L10 VRSPYYDYPWFAY QQYYTYPWT
BP-L13 ALNWDGAWFSY MQHLEYPFT
BP-L16 TSPTTATPFAY QQYYSYPWT
BP-L34 ARFDY HQYLSSWT
BP-L37 ARRGREGGFAY QQYYTYPWT
BP-L41 VRDLDY MQHLESPFT
BP-G54 VREGRAMDY QQYYTYPYT
BP-G82 ARVHSYDDPVFAY QQYYSYGT
BP-G87 ANGDL SQSTHVPWT
BP-G88 ARVYDYDDPVFAY QQYYSFGT
BP-G91 AGLGQAY QQYYSYPYT
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notypes A to C, although these MAbs except BP-L41 showed lower affinity against the
genotype D peptide (Fig. 6B and Table 4). Because a 1-amino acid difference is present
in genotype D at position 8 (Fig. 6A), we examined the effect of this amino acid on the
binding of these MAbs. In accordance with Fig. 6B, BP-L34, G82, and G88 bound to
the amino acid 3 to 22 peptide of genotype C and bound less to the peptide of geno-
type D (Fig. 6C). The lower binding was completely restored when the peptide of geno-
type D with a serine-to-proline mutation at position 8 was used, suggesting that the
proline residue at position 8 was crucial for binding of BP-L34, BP-G82, and BP-G88 to
preS1. BP-L03, L07, and L13 recognizing epitope III bound to the genotype C peptide
only, whereas BP-G87 bound to the preS1/2–47 peptide from genotypes A and C (Fig.
6B and Table 4). These data could be explained by the fact that the amino acid sequen-
ces of epitope I were highly conserved among genotypes A to D, with a 1-amino acid
difference at position 8 in genotype D, whereas epitope III contains a few amino acid
differences among genotypes (Fig. 6A). A neutralization assay using HBV/NL derived
from different genotypes revealed that MAbs recognizing epitope I neutralized infec-
tion by genotype A and B HBV/NL as well as genotype C in a dose-dependent manner
(Fig. 6D), whereas these MAbs did not neutralize HBV/NL derived from genotype D.
Among the four MAbs that recognize epitope III, three MAbs (BP-L03, L07, and L13) did
not neutralize infection by HBV genotypes A, B, and D (Fig. 6D). BP-G87 neutralized ge-
notype A HBV/NL in addition to genotype C HBV/NL but not genotype B and D HBV/
NL, suggesting that the virus-neutralizing activity of MAbs was dependent on the bind-
ing activity to the preS1/2–47 peptide. We also evaluated the neutralizing activity of
MAbs using cell culture-generated HBV (HBVcc) derived from genotypes C and D. As
shown in Fig. 6E, MAbs recognizing epitope I (BP-L34, L41, G82, and G88) neutralized
infection by HBV genotype C virus. However, infection by HBV genotype D was not
inhibited by these MAbs, in accordance with the result of the neutralization assay using
reporter virus (Fig. 6D). Taken together, MAbs recognizing epitope I are NAbs that
broadly bind to HBV genotypes A to C, and MAbs recognizing epitope III are genotype-
specific NAbs. Notably, BP-L41 recognizing epitope I bound to the genotype D peptide,
similar to other genotypes, regardless of not having neutralizing activity against HBV
genotype D (Fig. 6D and E).

Evaluation of neutralizing activities against HBV with VEM. NAbs induced by
HBV vaccination are targeted largely toward the conformational epitope of the “a”

FIG 4 Neutralization assay of recombinant MAbs using HBV/NL derived from genotype C. MAbs targeting epitopes I (A), II
(B), and III (C) were incubated with HBV/NL (20 GEq/cell) for 1 h and then infected into G2/NT-18 cells for 16 h. The
luciferase activity of cells was determined at 7 days postinfection and is expressed relative to activity without antibodies.
The concentration of antibody that results in 50% neutralization of HBV/NL infection (IC50) was calculated and is shown.
Data are averages of quadruplicate values, with error bars showing standard deviations.
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determinant (15). Mutations within this region cause conformational changes that can
allow infection of mutated viruses in vaccinated people (21). Although no reports have
indicated that anti-preS1 antibodies neutralize HBV with such mutations, we hypothe-
sized that anti-preS1 antibodies would neutralize HBV with VEM. To assess whether
MAbs against preS1 could neutralize infection caused by HBV with VEM, we generated
HBV/NL with a G145R mutation, which is representative of VEM observed in patients
(14, 21). A MAb against HBs-S neutralized wild-type genotype C HBV/NL but not HBV/
NL with VEM (Fig. 7A). In contrast, MAbs against preS1 showed equivalent neutralizing
activity against HBV/NL with or without mutation (Fig. 7B). Thus, MAbs targeting
preS1/2–47 could neutralize HBV as well as HBV with VEM.

DISCUSSION

In this study, we performed single-cell sorting of high-affinity memory B cells using
fluorescent labeling of the preS1/2–47 peptide and in vitro cell culture of mouse IgG
memory B cells and acquired 97 clones of preS1/2–47-specific memory B cells. The
method based on antigen-specific memory B cell sorting allows for rapid generation of
large numbers of functional MAbs. Furthermore, this method is an efficient tool to gen-
erate MAbs from single memory B cells at any maturation or differentiation stage, com-
pared to conventional hybridoma technology (22).

We determined the sequences of 74 murine MAbs against preS1/2–47 and found a

FIG 5 Binding kinetics of MAbs recognizing epitopes I to III against preS1/2–47 peptide derived from HBV genotype C, based on biolayer interferometry.
Association and dissociation measurements for 2-fold serially diluted MAbs were carried out for 2min each. Kinetic parameters (kon and koff) and affinities
(KD) were calculated from a nonlinear fit of BLItz instrument data using BLItz software.
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diverse preS1/2–47-specific memory B cell receptor repertoire; .20 combinations of
the V-J subgroup were found in both VH and VL. The VH gene allele is biased for spe-
cific antigens. For example, NAbs that broadly target the CD4 binding site on the HIV
envelope spike preferentially use either IGHV1-2 or IGHV1-46 germline alleles (23). In
HIV-infected individuals, the IGHV1-69 gene is dominant in NAbs that target the V2
loop of the GP120 trimer (24). The IGHV1-69 gene is also frequently observed among
NAbs that broadly target the highly conserved stem region of influenza virus hemag-
glutinin (25). The VH1-69 gene is the only human heavy chain gene that encodes two
hydrophobic residues at the tip of the CDR H2 loop (26), which is considered to pro-
vide the ability to interact with similarly charged residues in antigens (25, 26). Profiles
of VH and VL genes of anti-HBsAg antibodies were analyzed (27, 28). However, a com-
prehensive analysis of immunoglobulin usage of anti-preS1 antibodies has not yet
been reported. In this study, we determined 74 sequences of MAbs derived from
preS1/2–47-specific memory B cells (Fig. 3A to C). The top 10 VDJ rearrangement fre-
quencies of these 74 IGHV sequences are shown in Table 5. Several IGHV sequences
with no/low frequencies in naive BALB/c mice (29) (e.g., IGHV1-87, IGHV1S135, and
IGHV1S29) were observed at the highest frequencies in this study. The major sub-
groups of κ light chain in 74 MAbs were IGKV2, IGKV3, and IGKV8 genes, which are also
different from the B cell receptor in naive BALB/c mice (30). These data suggest that
IGHV and IGKV repertoires of antibodies against preS1/2–47 seem to be biased,
although the detailed mechanism is not yet clear.

We generated 13 anti-preS1 MAbs targeting the receptor binding site derived from
preS1/2–47. Eight of 13 MAbs inhibited HBV infection. Two neutralizing epitopes at the
N and C termini of preS1/2–47 were identified. MAbs recognizing epitope I at the N ter-
minus of preS1/2–47 showed semipangenotypic neutralization against HBV infection.
A previous report using a synthetic preS1 peptide showed that the preS1/2–21 peptide
could competitively inhibit HBV infection, whereas the preS1/9–48 peptide could not
inhibit HBV infection (7). These findings suggested that the N-terminal region of preS1/
2–47 is important for direct binding between HBV and NTCP. In fact, the amino acid
sequence of the N-terminal half of preS1/2–47 is highly conserved among multiple ge-
notypes. These findings imply that antibodies targeting epitope I are effective for
broad neutralization of HBV infection. Conversely, MAbs recognizing epitope III at the
C terminus of preS1/2–47 showed high neutralizing activity in a genotype-specific
manner. As a previous report showed that the preS1/2-33 peptide inhibits HBV

TABLE 3 Dissociation constants of MAbs recognizing epitopes I to III

Epitope and MAb KD (nM) kon (M21 s21) koff (s21)
Epitope I
BP-L34 0.45 2.0E105 8.7E205
BP-L41 2.2 4.5E105 9.9E204
BP-G82 ,1.0E203 4.0E105 ,1.0E207
BP-G88 ,1.0E203 2.4E105 ,1.0E207

Epitope II
BP-L10 1.6 7.5E105 1.2E203
BP-L16 1.5 5.3E105 7.9E204
BP-L37 2.7E102 1.6E105 4.2E202
BP-G54 1.8 3.4E105 6.1E204
BP-G91 1.3E106 11 1.4E202

Epitope III
BP-L03 ,1.0E203 3.66E105 ,1.0E207
BP-L07 ,1.0E203 1.36E105 ,1.0E207
BP-L13 ,1.0E203 1.43E105 ,1.0E207
BP-G87 ,1.0E203 7.33E104 ,1.0E207
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infection less efficiently than the preS1/2–47 peptide (7), epitope III may support effi-
cient preS1 binding to the host receptor, although the region is not essential for bind-
ing between preS1 and NTCP.

Although MAbs recognizing epitope I neutralized viral infection of genotypes A to
C, these MAbs could not neutralize genotype D reporter virus or HBVcc. A 1-amino acid
difference is present in epitope I between genotypes C and D. This difference affects
the affinity and neutralizing activity of BP-L34, G82, and G88 against the genotype D
sequence. Interestingly, BP-L41 did not show neutralizing activity against HBV/NL ge-
notype D, although the binding activity for the peptide derived from genotype D was
the same as that for peptides from genotypes A to C (Fig. 6B and C). HBV genotype D

TABLE 4 Dissociation constants of MAbs recognizing epitopes I and III against HBV
genotypes A to D

Epitope and MAb

KD (nM) for:

Genotype A Genotype B Genotype C Genotype D
Epitope I
BP-L34 3.4 1.4 0.45 2.7E102
BP-L41 2.8 2.4 2.2 12
BP-G82 ,1.0E203 ,1.0E203 ,1.0E203 1.5E105
BP-G88 ,1.0E203 ,1.0E203 ,1.0E203 2.3E103

Epitope III
BP-L03 —a — ,1.0E203 1.6E105
BP-L07 — — ,1.0E203 —
BP-L13 — — ,1.0E203 —
BP-G87 ,1.0E203 — ,1.0E203 1.9E102

a—, The parameter was not determined because no binding curve could be obtained.

FIG 6 Binding and neutralization analyses of recombinant MAbs against different HBV genotypes. (A) Amino acid sequence
alignment of the N-terminal preS1 region of HBV/NL. The residue numbering of the HBV preS1 domain is based on HBV genotype
D. A synthetic peptide consisting of positions 2 to 47 was used for ELISA. (B) Binding kinetics of MAbs recognizing epitope I or III
derived from HBV genotypes A to D, based on biolayer interferometry. The assay was performed at MAb concentrations of
167 nM (BP-L03, L07, and L13), 250 nM (BP-L34), and 500 nM (BP-L41, G82, G87, and G88). Association and dissociation
measurements of MAbs were carried out for 2min each. Kinetic parameters (kon and koff) and affinities (KD) were calculated from a
nonlinear fit of BLItz instrument data using BLItz software. (C) ELISA for binding of recombinant MAbs (4mg/ml in PBS) to amino
acids 3 to 22 of the preS1 peptide. Peptide sequences derived from genotype C, genotype D, and genotype D with a serine-to-
proline mutation at position 8 were used. OD, optical density. (D) Neutralization assay of MAbs recognizing epitope I or epitope
III, performed using HBV/NL derived from genotypes A to D. Serially diluted (10-fold) NAbs were incubated with 20 GEq/cell of
HBV/NL for 1 h and then infected into G2/NT-18 cells for 16 h. The luciferase activity of cells was determined at 7 days
postinfection and is expressed relative to activity without antibodies. The concentration of antibody that results in 50%
neutralization of HBV/NL infection (IC50) was calculated and is shown. Data are averages of triplicate values, with error bars
showing standard deviations. (E) HBVcc of genotypes C (1,000 GEq/ml) and D (1 GEq/ml) was mixed with HBIG (10 or 100 mIU/
ml) or MAbs (100 or 1,000 ng/ml) and inoculated into HepG2-NTCPsec1 cells. HBV-positive cells were visualized by staining with
an anti-HBc antibody, and nuclei were visualized with DAPI.
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has an 11-amino acid deletion (d11) in the preS1 region. This deletion is associated
with efficient HBV infection in vitro, possibly due to increased glycosylation of HBs-L
protein (20). The glycosylation status of the viral envelope may affect the interaction
between preS1 and NTCP. Therefore, d11 in preS1 of HBV genotype D may also affect
the binding of BP-L41 to the epitope of viral particles. Further study is needed to
understand the mechanisms.

The G145R mutation in the HBs-S region was first identified 30 years ago in infants
born to HBsAg-carrier mothers who developed breakthrough infections despite the
presence of protective antibody levels produced in response to the administration of
HBIG plus vaccine received at birth (31). Other HBs-S gene mutations in the “a” deter-
minant that can lead to increased viral evasion in vaccinated people have been identi-
fied (32, 33). Because most of the current hepatitis B vaccines consist of HBs-S protein,
VEM is a concern (31). To our knowledge, we demonstrated for the first time that anti-
preS1 antibody neutralizes HBV with or without VEM. In addition, about 10% of adults
are vaccine nonresponders or low responders, resulting in a lack of immunity against
HBV. Immune responses induced by vaccination with the hepatitis B vaccine contain-
ing HBs-S derived from genotype C are associated with human leukocyte antigen class

FIG 7 Neutralization assay of MAbs against HBV/NL genotype C with VEM. Anti-HBs-S MAb 1 (A) or MAbs recognizing epitope I or III (B) were incubated
with 20 GEq/cell of HBV/NL for 1 h and then infected into G2/NT-18 cells for 16 h. WT, wild-type. The luciferase activity of cells was determined at 7 days
postinfection and is expressed relative to activity without antibodies. The concentration of antibody that results in 50% neutralization of HBV/NL infection
(IC50) was calculated and is shown. Data are averages of triplicate values, with error bars showing standard deviations.
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II alleles (34), implying that a novel or additional vaccine antigen is needed to elicit
NAbs in nonresponders/low responders.

A previous report showed that murine BX-182 MAb and humanized KR127 MAb tar-
geting preS1 protected chimpanzees from HBV infection (18, 35). The epitope of BX-
182 MAb was mapped between positions 5 and 9 in the preS1/2–47 sequence, which
partially overlaps with epitope I. The epitope of KR127 MAb was mapped between
positions 26 and 34 in the preS1/2–47 sequence, which is located within epitope II (9),
whereas our MAbs recognizing epitope II did not show strong neutralizing activity.
Recently, anti-preS1 MAb 2H5-A14, the epitope of which was mapped between posi-
tions 19 and 27 in the preS1/2–47 sequence and partially overlaps with epitope II, also
neutralizes HBV infection in vitro and acts therapeutically by eliciting Fc-dependent
immunological effector functions that effectively suppress viral infection in HBV-
infected mice (17). Interestingly, the neutralizing activity of 2H5-A14 was 200-fold
higher than that of KR127 MAb. Considering the preferential presence of the HBs-L
protein on infectious HBV particles (36), NAbs targeting preS1 may be a novel clinical
candidate for prevention of HBV infection.

In summary, we identified two critical neutralizing epitopes in preS1/2–47 by sys-
tematically characterizing 13 preS1/2–47-specific MAbs. Our data provide evidence for
a potential novel vaccine containing the preS1 region, to overcome the weakness of
current hepatitis B vaccines containing HBs-S, and new insights into neutralizing epi-
topes in the preS1/2–47 region, thus enhancing our understanding of novel immuno-
prophylaxis for the prevention and treatment of HBV infection.

MATERIALS ANDMETHODS
Cell cultures. The human embryonic kidney 293T cell line was maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with nonessential amino acids (NEAA), 100 U/ml penicillin,
100mg/ml streptomycin, and 10% fetal bovine serum. The HepG2 cell line expressing NTCP, G2/NT-
18C (37), was maintained in DMEM supplemented with NEAA, 100 U/ml penicillin, 100mg/ml strepto-
mycin, 1mM sodium pyruvate, 1mg/ml puromycin, and 10% fetal bovine serum. HepG2-NTCPsec1
cells were maintained as described (38). Cells were cultured at 37°C in a 5% CO2 incubator. The
Expi293F cell line (Thermo Fisher Scientific) was cultured in accordance with the manufacturer’s
instructions.

Plasmid construction for DNA immunization. pCAG-HBs-L was constructed by insertion of cDNA
encoding the genotype C HBV L protein from pHBV/C-AT (39) into pCAGGS. To generate pCAG-Sec-
preS1, cDNA encoding amino acids 2 to 47 of preS1 with the Myc tag sequence (EQKLISEEDL) at the C
terminus was amplified from pCAG-HBs-L, and cDNA encoding the murine Ig κ-chain secretion signal
was amplified from pDisplay (Thermo Fisher Scientific). The residue numbering of the HBV preS1 domain
is based on HBV genotype D. The resultant fragments were inserted into pCAGGS by using the In-Fusion

TABLE 5 IGHV rearrangement frequencies in naive BALB/c mice reported by Collins et al. (29)
and in preS1/2–47-specific memory B cell genes in this study

IMGT description

Rearrangement frequency (%) in:

Collins et al. (29) This study (total of 74 samples)
IGHV1-87 —a 13.5
IGHV6-6 1.96 13.5
IGHV1S135 0.06 6.8
IGHV5-4 2.65 6.8
IGHV5-6-3 0.23 5.4
IGHV14-3 2.08 5.4
IGHV3-2 5.84 4.1
IGHV1-14 1.25 2.7
IGHV1S29 — 2.7
IGHV3-6 1.88 2.7
IGHV5-15 0.25 2.7
IGHV6-3 — 2.7
IGHV8-12 0.88 2.7
IGHV10-3 1.06 2.7
IGHV10S3 0.64 2.7
a—, Not applicable in data.
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HD cloning kit (TaKaRa). To generate pCAG-Display-preS1, cDNA encoding the PDGFR transmembrane
domain from pDisplay was inserted into the C terminus of the Myc tag sequence of pCAG-Sec-preS1.
pCAG-GroEL-preS1 was constructed by insertion of cDNA fragments encoding amino acids 2 to 4 of
preS1 with the Myc tag and cDNA fragments encoding GroEL from pCADEST1-ETAR-GroEL (19) into
pCAGGS.

IgG expression plasmids were described previously (22). The constant region of the heavy chain
expression plasmid was replaced with the murine IgG 2a constant region (GenBank accession number
V00825).

DNA transfection. For Western blotting and the immunofluorescence assay, 293T cell monolayers
were transfected with plasmid DNA using FuGENE 6 transfection reagent (Promega) in accordance with
the manufacturer’s instructions. To produce MAbs, Expi293F cells were transfected with H and L chain
expression plasmids in accordance with the manufacturer’s instructions.

Antibodies. Anti-preS1 antibody (LT-1) was obtained from Santa Cruz Biotechnology. Horseradish
peroxidase (HRP)-coupled anti-mouse IgG was obtained from Cell Signaling. Anti-HBc antibody (Ab-1)
and Alexa Fluor 555-conjugated anti-rabbit IgG antibody were obtained from Thermo Fisher Scientific.
Anti-mouse IgM (II/41), IgD (11-26c), CD4 (GK1.5), CD5 (53-7.3), Gr1 (RB6-8C5), and CD93 (AA4.1) were
obtained from eBioScience. Anti-mouse CD43 (S7) was obtained from BD Biosciences. Anti-mouse
CD11b (M1/70), B220/CD45R (RA3-6B2), and CD38 (90) were obtained from BioLegend. HBIG was
obtained from Japan Blood Products Organization. Anti-HBs-S MAbs 1 and 6 were described previously
(40). Antiflavivirus MAb (D1-4G2) was obtained from Millipore and used as a negative control.

Immunoblotting. Cells on the culture plate were washed with phosphate-buffered saline (PBS) and
suspended in lysis buffer (50mM Tris-HCl [pH 7.6], 300mM NaCl, 1% Triton X-100). Cell lysates were soni-
cated with a Bioruptor UCD-250 (Tosho Denki) and boiled for 10min at 99°C after mixing with SDS sam-
ple buffer. Samples were separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). The membrane was blocked for 1 h in Tween 20/Tris-buffered saline (TTBS) (0.05%
Tween 20, 50mM Tris-HCl, 150mM NaCl) with 1% skim milk (Becton, Dickinson). Then, the membrane
was washed three times with TTBS for 5min and incubated for 1.5 h at room temperature with anti-
preS1 antibody (LT-1) diluted in Can Get Signal solution 1 (Toyobo). The membrane was further washed
three times with TTBS for 5min and incubated for 1 h at room temperature with HRP-conjugated anti-
mouse IgG secondary antibody (Cell Signaling) in Can Get Signal solution 2 (Toyobo). After washing
three times with TTBS, immunoreactive signals were visualized using an enhanced chemiluminescence
detection system (SuperSignal West Femto maximum sensitivity substrate; Thermo Fisher Scientific) and
an LAS-3000 imager (GE Healthcare).

Immunofluorescence. Cells on the culture plate were washed with PBS and fixed in 4% paraformal-
dehyde for 30min at room temperature. Fixed cells were permeabilized for 30min with 0.2% Triton X-
100 in PBS and washed with PBS. Cells were then blocked for 1 h with Block Ace (Snow Brand Milk
Products Co.). After washing with PBS, cells were incubated for 1.5 h at room temperature with primary
antibody diluted in PBS. Cells were subsequently washed three times with PBS and incubated for 1 h at
room temperature with Alexa Fluor 488-goat anti-mouse IgG secondary antibody (Invitrogen) in PBS.
Cells were then washed three times with PBS, and immunoreactive signals were visualized by using the
IX81 inverted fluorescence microscope (Olympus).

ELISA. Approximately 0.5mM amino acids 2 to 47 of the HBV preS1 peptide (genotype C) or 1mg/ml
HBs-L protein (BCL-AG-001; Beacle) in Tris-buffered saline (TBS) (50mM Tris-HCl, 150mM NaCl) was
adsorbed onto MaxiSorp 96-well plates (Nunc) by overnight incubation at 4°C. Wells were washed,
blocked with 1:5 diluted Block Ace (Snow Brand Milk Products Co.), and then washed with PBS contain-
ing 0.05% Tween 20 (TPBS). Diluted sera or antibodies were added to each well, and plates were incu-
bated for 1.5 h at room temperature. The supernatant was then discarded, and each well was washed
three times with TPBS. HRP-coupled anti-mouse IgG (Cell Signaling) was added to each well, and plates
were incubated for 1 h at room temperature prior to addition of substrate (peroxidase detection kit;
Sumitomo Bakelite). The absorbance at 450 nm was determined with a plate reader (Bio-Rad).

Production and infection of HBV reporter virus encoding nanoluciferase. Production of an HBV
reporter virus encoding nanoluciferase (HBV/NL) was described previously (20, 41). Briefly, to generate
HBV/NL, in the plasmid containing 1.2-fold HBV genome HBe/c was replaced with NL (designated
pUC1.2xHBV/NL), and the plasmid bearing a packaging-defective 1.2-fold HBV genome (designated
pUC1.2xHBV-DdelS) was used. pUC1.2xHBV/NL encodes the NL gene instead of HBe/c antigens, and the
pregenome RNA generated from this plasmid is incorporated into the virion. On the other hand,
pUC1.2xHBV-DdelS has mutations in the encapsidation signal and thus is not incorporated into the vi-
rion. This plasmid produces all HBV proteins except for HBs antigens. The HBV genome in these plasmids
was derived from the isolate C_JPNAT, genotype C (GenBank accession number AB246345). To generate
HBV/NL containing all HBs species (HBs-L, -M, and -S) of genotypes A, B, and D, the coding region of
these proteins in pUC1.2xHBV/NL was replaced with that of genotype A (GenBank accession number
LC488828), genotype B (GenBank accession number AB246341), and genotype D (GenBank accession
number LC488706) strains. The plasmid of HBV-dEdelS was also prepared by deleting the expression of
all HBs species of HBV-dE (originally designated pUC1.2xHBV-D, encoding the 1.2-fold HBV genome lack-
ing the encapsidation signal). To generate the HBV/NL containing the VEM, the representative VEM of
glycine to arginine at amino acid 145 (G145R) was introduced into the plasmids of pUC1.2xHBV/NL. To
obtain HBV/NL, these plasmids were transfected into HepG2 cells with Lipofectamine 3000 reagent. The
secreted HBV/NL was harvested 1week after transfection, and the viral titer was measured by real-time
PCR with the primer and probe set targeting the Nano Luc gene after treatment with DNase (RQ1
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RNase-Free DNase). Twenty genome equivalents (GEq)/cell of HBV/NL was used for infection of G2/NT-
18 cells.

Production and infection of HBVcc. To obtain HBVcc of genotype C, a replication-competent HBV
genotype C clone (GenBank accession number AB246345) with a 1.38-fold genome length was trans-
fected into HepG2-NTCPsec1 cells with Lipofectamine 3000 reagent (Thermo Fisher Scientific). The cul-
ture supernatant was harvested 1week posttransfection. To obtain HBV of genotype D, HepG2.2.15 cells
were cultured without G418 (42). The generated HBVs in the culture medium were passed through a
0.45-mm filter to remove cell debris, concentrated with Amicon Ultra centrifugal filters (100 kDa; Merck
Millipore, Billerica, MA), purified with iodixanol gradients, and centrifuged at 38,000 rpm for 16 h at 4°C
in an SW 41 Ti rotor (20). The DNA titer of HBVcc was measured by real-time PCR with the primer and
probe set targeting HBs, and HBVcc was inoculated into HepG2-NTCPsec1 cells at 1,000 GEq/ml (geno-
type C) or 1 GEq/ml (genotype D) after incubation with MAbs or HBIG for 1 h at 37°C. After 12 days of
culture, HBV-infected cells were fixed with 4% paraformaldehyde and permeabilized. The HBV core pro-
tein-positive cells were visualized by staining with rabbit polyclonal anti-HBc antibody (Ab-1) and Alexa
Fluor 555-conjugated anti-rabbit IgG (Thermo Fisher Scientific). The nuclei were stained with 49,6- diami-
dino-2-phenylindole (DAPI) (42).

Virus neutralization assay. For the HBV neutralization assay, HBV/NL was incubated with diluted
sera or antibodies in the presence of 4% polyethylene glycol (PEG) 8000 and 2% dimethyl sulfoxide
(DMSO) at room temperature for 1 h and then inoculated into G2/NT-18 cells for 16 h at 37°C. Following
infection, the supernatant was removed, cells were washed three times with PBS, and cells were then
incubated with culture medium containing 2% DMSO. Luciferase activity of cells was determined at
7 days postinfection using the Nano-Glo luciferase assay system (Promega).

Immunization of mice. Groups (n= 4 each) of specific-pathogen-free female BALB/c mice (9weeks
old) were purchased from SLC Japan. Plasmid injection via the intramuscular route followed by in vivo
electroporation was performed according to a previously described method (43). Briefly, hyaluronidase
(50 U) was injected into the quadriceps muscles. After 15min, mice were anesthetized with isoflurane,
and 20mg of each plasmid was injected into the quadriceps muscles. The same procedure was per-
formed on the other quadriceps muscle. Electrode needles were then inserted into the muscle, and elec-
tric pulses were delivered using an electric pulse generator (NEPA21; Nepa Gene). Three poring pulses
(50 V for 30ms), followed by three transfer pulses (20 V for 50ms), were administered three times to
each injection site. Booster DNA immunizations were given 2, 4, and 8weeks after the primary immuni-
zation. Additionally, 1� 107 cells/head 293T cells transfected with each plasmid were intraperitoneally
injected at week 13 as a final booster immunization. Sera were collected 1week after the last immuniza-
tion. Blood samples were collected in Bloodsepar vials (Immuno-Biological Laboratories) and centrifuged
at 2,500� g for 2min at room temperature. Supernatants were collected and heat inactivated at 56°C
for 30min for use in neutralization assays. To obtain preS1-specific memory B cells, pCAG-HBs-L- and
pCAG-GroEL-preS1-immunized mice were further immunized at week 29 with 293T cells transfected
with each construct, followed by intraperitoneal injection at week 32 of 20mg/head of preS1/2–47 pep-
tide conjugated to keyhole limpet hemocyanin. Murine spleens were collected 6 days after the last
boost. All animal experiments were approved by the Animal Care and Use Committee of the National
Institute of Infectious Diseases and were carried out in accordance with the approved guidelines.

Isolation of memory B cells from splenocytes of mice immunized with preS1 plasmids. Single-
cell suspensions from two mouse spleens for each construct were incubated with anti-mouse IgM, IgD,
CD43, CD4, CD5, CD11b, Gr1, and CD93 directly coupled to fluorescein isothiocyanate (FITC). Cells were
further incubated with anti-FITC MicroBeads (Miltenyi Biotec), and stained cells were removed by mag-
netically activated cell sorting to negatively select class-switched memory B cells. The resulting cells
were further stained with BV785 anti-mouse B220/CD45R, Pacific Blue-coupled anti-mouse CD38, LIVE/
DEAD Fixable Aqua stain (Thermo Fisher), and phycoerythrin-coupled preS1/2–47 peptide. Single mem-
ory B cells binding to the preS1 peptide were sorted using FACSAria (Becton, Dickinson) according to
surface marker expression patterns (FITC negative, B220 positive, and CD38 positive).

Single-cell culture of memory B cells. Single-cell culture of memory B cells was described previ-
ously (44). Briefly, sorted memory B cells were cultured at a single cell per well in 96-well plates with NB-
21.2D9 cells in B cell medium (RPMI 1640 medium supplemented with 10% fetal bovine serum, 55mM 2-
mercaptoethanol, 100 U/ml penicillin, 100mg/ml streptomycin, 10mM HEPES, 1mM sodium pyruvate,
and 1% MEM NEAA). After 10 days of culture in B cell medium with 2 ng/ml recombinant mouse interleu-
kin-4, all culture supernatants were harvested, and plates were stored at 280°C. Screening with
the preS1 ELISA and HBV/NL neutralization assay were performed by using 5-fold diluted culture
supernatants.

Immunoglobulin cDNA cloning from memory B cells. Total RNA from memory B cells was reverse
transcribed using final amounts/concentrations of 150 ng random hexamer primer, 1mM each deoxynu-
cleoside triphosphate, 10mM dithiothreitol, 10 U Prime RNase inhibitor, and 50 U SuperScript III reverse
transcriptase (Invitrogen). Reverse transcription reactions were performed at 25°C for 10min, 50°C for
50min, and 94°C for 5min. Mouse Igh and Igk V gene transcripts were independently amplified by two
rounds of PCR starting with 1ml cDNA as the template. The first round of PCR was performed at 95°C for
15min, followed by 43 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1min, with a final incubation at
72°C for 5min. Nested PCR was performed using 1ml unpurified first-round PCR product at 95°C for
15min, followed by 43 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1min, with a final incubation at
72°C for 5min. PCR products were analyzed on 1% agarose gels. After identification of germline Ig V and
J genes by IgBLAST (http://www.ncbi.nlm.nih.gov/igblast), PCR was repeated using 1ml unpurified sec-
ond-round PCR product as the template and combinations of single gene-specific V and J gene primers.
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All primers used in Ig gene-specific PCRs included restriction sites (AgeI and SalI for Igh and AgeI and
BsiWI for Igk) that allowed direct cloning into expression vectors encoding mouse Igg2a or Igκ constant
regions (22). PCR products were purified with the Monarch PCR and DNA cleanup kit (New England
BioLabs), followed by digestion with AgeI and SalI (Igh) or BsiWI (Igk). Ligation reactions were performed
using the DNA ligation kit (TaKaRa Bio).

Expression and purification of recombinant antibodies. Plasmids encoding Ig heavy and light
chains were cotransfected into Expi293F cells in accordance with the manufacturer’s instructions.
The culture supernatant containing recombinant MAbs was harvested 4 days after transfection.
Recombinant MAb in the supernatant was concentrated with Amicon Ultra centrifugal filters (Merck)
and purified using PureSpeed 20-ml ProG resin tips (Rainin). The IgG concentration was determined
by the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific).

Epitope mapping of preS1 MAbs. Epitope mapping was performed by ELISA using 10- to 20-amino
acid overlapping peptides of the preS1/2–47 sequence. Peptides (20mM) in TBS (50mM Tris-HCl,
150mM NaCl) were adsorbed onto MaxiSorp 96-well plates (Nunc) by overnight incubation at 4°C. The
wells were washed, blocked with 1:5 diluted Block Ace (Snow Brand Milk Products Co.), and then washed
with TPBS. Recombinant MAbs were added to each well, and plates were incubated for 16 h at 4°C.
MAbs then were discarded, and each well was washed three times with TPBS. HRP-coupled anti-mouse
IgG (GE Healthcare) was added to each well, and plates were incubated at room temperature for 1 h
prior to the addition of substrate (peroxidase detection kit; Sumitomo Bakelite). The absorbance at
450 nm was determined with a plate reader (Bio-Rad).

Kinetic analysis of antibody binding to preS1/2–47. Binding kinetics of MAbs targeting preS1/2–
47 were measured by biolayer interferometry on the BLItz instrument (Primetech). Streptavidin biosen-
sors were loaded with 1.5-mg/ml solutions of biotinylated preS1/2–47 peptides derived from HBV geno-
type A to D consensus sequences. Loaded sensors were washed with BLI buffer (PBS containing 0.02%
Tween 20 and 0.1% bovine serum albumin), and association and dissociation measurements for 2-fold
serially diluted MAbs were carried out for 2min each. Kinetic parameters (kon and koff) and affinities (KD)
were calculated from a nonlinear fit of BLItz instrument data using BLItz software.
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