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Amino Acid Substitutions at Positions 122 and 145 of Hepatitis B
Virus Surface Antigen (HBsAg) Determine the Antigenicity and
Immunogenicity of HBsAg and Influence In Vivo HBsAg Clearance
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A variety of amino acid substitutions, such as K122 and G145R, have been identified around or within the a determinant of hep-
atitis B surface antigen (HBsAg), impair HBsAg secretion and antibody binding, and may be responsible for immune escape in
patients. In this study, we examined how different substitutions at amino acid positions 122 and 145 of HBsAg influence HBsAg
expression, secretion, and recognition by anti-HBs antibodies. The results showed that the hydrophobicity, the presence of the
phenyl group, and the charges in the side chain of the amino acid residues at position 145 reduced HBsAg secretion and impaired
reactivity with anti-HBs antibodies. Only the substitution K122I at position 122 affected HBsAg secretion and recognition by
anti-HBs antibodies. Genetic immunization in mice demonstrated that the priming of anti-HBs antibody response was strongly
impaired by the substitutions K122I, G145R, and others, like G1451, G145W, and G145E. Mice preimmunized with wild-type
HBsAg (wtHBsAg) or variant HBsAg (vtHBsAg) were challenged by hydrodynamic injection (HI) with a replication-competent
hepatitis B virus (HBV) clone. HBsAg persisted in peripheral blood for at least 3 days after HI in mice preimmunized with vtHB-
sAg but was undetectable in mice preimmunized with wtHBsAg, indicating that vtHBsAgs fail to induce proper immune re-
sponses for efficient HBsAg clearance. In conclusion, the biochemical properties of amino acid residues at positions 122 and 145

of HBsAg have a major effect on antigenicity and immunogenicity. In addition, the presence of proper anti-HBs antibodies is
indispensable for the neutralization and clearance of HBsAg during HBV infection.

epatitis B surface antigens (HBsAgs), the envelope proteins of

hepatitis B virus (HBV), are the target for viral neutralization
by specific anti-HBs antibodies. The epitopes in HBsAg are found
mainly within the region comprising amino acid residues 99 to
169 of HBsAg, which is known as the major hydrophilic region
(MHR). The MHR of HBsAg forms several loop structures due to
complex folding involving cysteine residues in HBsAg. The core
part of MHR is termed the a determinant and harbors a cluster of
epitopes targeted by neutralizing anti-HBs antibodies. By analyz-
ing HBV isolates from patients, a variety of amino acid substitu-
tions have been identified within or around the HBsAg a determi-
nant. Such HBV isolates with amino acid substitutions in the
HBsAg a determinant often emerge in association with diagnostic
failure or the breakthrough of HBV infection in patients with anti-
HBs antibodies (1). Therefore, such variant HBsAgs (vtHBsAgs) are
of great importance for the diagnosis of HBV infection and vaccine
development. vtHBsAgs may have a reduced ability to bind anti-HBs
antibodies, thus escaping neutralization (3, 6). Such amino acid sub-
stitutions in vtHBsAg could affect HBsAg assembly and secretion,
virion formation, and HBV infectivity (14).

Among the large number of amino acid substitutions, the sub-
stitutions at positions 122 and 145 are of particular interest. The
glycine-to-arginine substitution at position 145 (G145R) is a re-
sult of a point mutation (G to A) at the nucleotide position 587
and is the best known mutation in immune escape and diagnostic
failure (2, 5, 31). The G145R substitution has been identified in a
great number of HBV isolates from a variety of patients, such as
vaccinated infants with HBV breakthrough and anti-HBV immu-
noglobulin-treated individuals after transplantation (2, 5, 9). The
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G145R mutant has been shown to be replication competent, may
persist stably over time, and could be transmitted vertically or
horizontally (9, 12, 21, 23). Chimpanzees could be successfully
experimentally infected with HBV G145R mutants (20). Other
substitutions, such as G145A, G145K, and G145T, were also iden-
tified but occurred in rare cases (24). The Arg/Lys residue at po-
sition 122 is the determinant for HBsAg serotypes d and y (15).
The K122I substitution in HBsAg has been frequently identified in
chronically infected patients who tested negative for HBsAg (10,
11, 27). The K122M and K122N substitutions were also found in
very few cases. Our previous study demonstrated that vtHBsAg
with K122I has a significantly reduced ability to bind anti-HBs
antibodies and to induce anti-HBs responses in mice (26, 28).
Among all of the HBsAg mutants studied, the K122I mutant has
the most severe impairment in reactivity with anti-HBs antibodies
in immunoassays.

The number of amino acid substitutions found in HBsAg is
large. However, this number is far smaller than the possible com-
binations of positions in the HBsAg a determinant and the num-
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ber of different amino acid residues available. In the present study,
we tested the hypothesis that only a few selected amino acid sub-
stitutions would significantly change the conformation of HBsAg
MHR and thereby impair the binding of anti-HBs antibodies
without reducing the viability of the virus. We introduced a num-
ber of different amino acid substitutions at positions 122 and 145
of HBsAg and studied their influence on HBsAg production, se-
cretion, and recognition by anti-HBs antibodies in immunoas-
says. Further, the ability of vtHBsAgs to induce anti-HBs antibod-
ies was determined by DNA immunization in mice to assess the
effect of different amino acid substitutions on the immunogenic-
ity of vtHBsAg. As a novel approach, we performed hydrodynamic
injection (HI) with two different replication-competent HBV
clones in mice that had been immunized with vtHBsAg. The clear-
ance of HBsAg from peripheral blood of the mice was then mon-
itored. The results suggested that only a few amino acid substitu-
tions at the positions 122 and 145 indeed significantly reduced the
binding of anti-HBs antibodies. However, amino acid substitu-
tions that did not significantly reduce the binding of anti-HBs
antibodies may impair the induction of anti-HBs antibodies. Fi-
nally, wild-type HBsAg (wtHBsAg) could be detected in periph-
eral blood and persisted for at least 3 days following hydrody-
namic injection despite prior immunization with vtHBsAg,
indicating severely impaired neutralization and the clearance of
HBsAg despite the preprimed vtHBsAg-specific immune re-
sponses.

MATERIALS AND METHODS

Construction of plasmids expressing vtHBsAg. A total of 24 expression
vectors of HBsAg variants with amino acid substitutions at position 122 or
145 were constructed (see Table S1 in the supplemental material). The
mutations were introduced into the wtHBsAg sequence (HBV genotype
B2, HBsAg subtype adw2) in the backbone vector pHBsAg-WT by PCR-
based mutagenesis using the primer pairs SP1/T145 or T122 and SP2/
G145X-U or K122X-U (X denotes the amino acid replacing G145 or
K122), which are listed in Table S2 in the supplemental material, as de-
scribed previously (28). The plasmids containing the mutated sequences
were subjected to sequence analysis to exclude the presence of unintended
mutations. As described previously, HBsAg expressed by these vectors
carries an amino-terminal hemagglutinin (HA) tandem tag with the se-
quence MYPYDVPDYANSPYPYDVPDYA, allowing the detection of
wtHBsAg and mutated HBsAg by Western blotting using a monoclonal
anti-HA antibody (MAD) (Sigma-Aldrich). The detection of HBsAg by
the HA tag is necessary, since the mutated HBsAg may be not properly
detected by anti-HBs antibodies and conventional HBsAg immunoassays.

HBYV replication-competent plasmids pAAV-HBV-GA1.3 and pAAV-
HBV-GBI.3 were used for hydrodynamic injection. pAAV-HBV-GA1.3
was constructed based on plasmid pHBV1.3, which contains a 1.3-fold
overlength HBV genotype A2 genome (subtype adw2; GenBank accession
no. X02763.1) (16). Plasmid pAAV-HBV-GB1.3 was made similarly with
a 1.3-fold overlength HBV genotype B2 genome (subtype adw2; GenBank
accession no. AY220698.1).

Transient transfection and detection of HBsAg by Western blotting
and ELISA. The expression of HBsAg in Huh7 cells by transient transfec-
tion and detection of HBsAg by Western blotting and enzyme-linked
immunosorbent assay (ELISA) were performed as described previously
(26, 28, 29). Human hepatoma cell line Huh7 (provided by American
Type Culture Collection, Manassas, VA) was used for transient transfec-
tion to express recombinant proteins. Transient transfection was per-
formed by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as de-
scribed previously (19). Four micrograms of plasmids was incubated with
10 wl of Lipofectamine 2000 in 100 pl of Opti-MEM (Gibco BRL, Neu-
Isenburg, Germany) for 25 min and was given to cells in 1 ml of Opti-
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MEM for 6 h at 37°C, 5% CO,. Transfected Huh7 cells were maintained
for 48 h at 37°C, 5% CO,. wt- and vtHBsAg presence in cell culture su-
pernatant and cell lysates was detected by the Architect system, an HBsAg
CMIA kit (Abbott Laboratories, Wiesbaden-Delkenheim, Germany), and
an HBsAg enzyme immunoassay (EIA) kit (Kehua, Shanghai, China) ac-
cording to the manufacturer’s instructions.

For Western blotting, a mouse anti-HA MAb (Sigma-Aldrich) was
used as the primary antibody. The levels of HBsAg expression were quan-
tified by densitometry, normalized against beta-actin, and expressed in
arbitrary units. The relative expression levels of vtHBsAg in supernatants
and cell lysates of transfected cells were calculated as a percentage of the
level of wtHBsAg expression. The reactivity of wt- and vtHBsAgs in a
commercial HBsAg immune assay kit (Abbott Laboratory) was also tested
by following the manufacturer’s instructions. In addition, three monoclo-
nal anti-HBs antibodies, A11, S11, and S1, produced against HBV subviral
particles (kindly provided by Yan Bin), were tested against vtHBsAgs.
These MAbs are not reactive with denatured HBsAg, therefore they may
recognize conformational epitopes on HBsAg. The fine specificities of the
three MADs to the epitope on HBsAg are not known.

IF staining of transfected cells. Immunofluorescence (IF) staining of
transfected cells was performed as described previously (28). In brief,
transfected cells were fixed with 3.7% paraformaldehyde. The expressed
wtHBsAg and other recombinant vtHBsAgs were detected by indirect IF
staining using mouse monoclonal anti-HBs antibody S1 and a monoclo-
nal antibody to HA tag (Sigma-Aldrich) as primary antibodies and fluo-
rescein isothiocyanate (FITC)- and rhodamine-labeled rabbit antisera to
mouse IgG (Novagen and Sigma-Aldrich) as secondary antibodies, re-
spectively. Cell nuclei were stained with Hoechst 33258 (Beyotime,
Shanghai, China). The stained cells were analyzed by System Microscope
(Olympus BX53; Japan).

DNA immunization of mice by in vivo electroporation. Female
BALB/cJ(H-2%) mice (6 to 8 weeks of age) were kept under standard
pathogen-free conditions in the Central Animal Laboratory of Wuhan
Institute of Virology, Chinese Academy of Sciences, and treated by follow-
ing the guidance of the institutional animal ethical standard. In vivo elec-
troporation was performed according to previously described protocols
(28,29). Mice were immunized by the intramuscular injection of 30 ug of
plasmids at a concentration of 1 mg/ml into Musculus tibialis anterior.
Two-needle array electrodes (BTX, San Diego, CA) were inserted into the
muscle immediately after DNA delivery for electroporation. The array
was inserted longitudinally relative to the muscle fibers with a distance of
5 mm between the electrodes. The parameters for in vivo electroporation
were set as 20-V/mm distance between the electrodes, 50-ms pulse length,
3 pulses with the reversal of polarity after the 3 pulses, 1 pulse/s, and were
controlled by a BTX 830 square wave generator (BTX, San Diego, CA).
The immunization procedure was repeated three times at intervals of 2
weeks. The control mice received 30 ul of phosphate-buffered saline
(PBS) instead of plasmid DNA.

Serological assays. Anti-HBs antibodies in sera were detected using a
commercial enzyme immunoassay AUSAB kit (Abbott Laboratory) by
following the manufacturer’s instructions as described previously (28). In
addition, anti-HBs antibodies were detected by specific ELISAs. The mi-
crotiter plates coated with HBsAg were provided by the commercial diag-
nostic kit (Kehua, Shanghai, China). Fifty ul of 1:10-diluted mouse sera
was added to the wells and incubated for 1 h at 37°C. Bound mouse IgG
antibodies were detected with a secondary antibody labeled with horse-
radish peroxidase (HRP) (Novagen) at a dilution of 1:10,000. The devel-
opment of color occurred at room temperature and was read at 450 nm.
The cutoff was set as 2.1 times above the level of negative controls.

HBsAg was detected with serum samples at a 1:10 dilution by the
commercial HBsAg EIA kit (Kehua, Shanghai, China) according to the
manufacturer’s instructions. The EIA values were read at 450 nm.

HBV challenge by hydrodynamic injection of pAAV/HBV1.3 in
mice. At 3 weeks after the last immunization, mice were challenged by the
hydrodynamic injection of pAAV-HBV-GA1.3 or pAAV-HBV-GBL1.3 as
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described previously (13, 29). Ten ug of plasmid in a volume of 0.9%
NaCl solution equivalent to 0.1 ml/g of the mouse body weight was in-
jected into the tail veins of mice within 8 s.

Detection of liver HBV core-associated DNA by real-time PCR. HBV
DNA was purified from intracellular core particles in liver tissue as de-
scribed previously (28). In brief, 60 mg liver tissue was homogenized in 1
ml of ice-cold Tris-EDTA (TE) buffer (pH 8.0) with 0.5% NP-40, and the
clarified supernatants obtained after centrifugation were treated with 150
U of DNase I (Sigma-Aldrich) to remove free DNA, followed by digestion
with 20 mg/ml proteinase K. Finally, HBV DNA was extracted with phe-
nol-chloroform and subjected to real-time PCR. A SYBR green mix kit
(Toyobo) was used for quantitative PCR according to the manufacturer’s
instructions with the primer pair RC-FW/RC-REV (see Table S2 in the
supplemental material). PCR parameters were 7 min at 95°C, then 40
cycles of 10 s at 94°C, 10 s at 57°C, and 10 s at 72°C. Additionally, the
specificity of the PCR products was verified by melting curve analysis and
agarose gel electrophoresis.

ELISpot assay. Enzyme-linked immunospot (ELISpot) assay was car-
ried out using the mouse gamma interferon (IFN-vy) precoated ELISpot
kit (Dakewe, Shenzhen, China) according to the manufacturer’s instruc-
tions. Briefly, 96-well flat-bottomed microtiter plates were preincubated
with the coating antibody (anti-IFN-vy monoclonal antibody) at 4°C over-
night and blocked for 2 h at 37°C. Mouse splenocytes at a density of 2 X
10° cells per well were added to wells in triplicate with 10 ug/ml peptides
(HBsAg peptides 29 to 38; IPQSLDSWWTSL for H-2L%-restricted cyto-
toxic T lymphocytes [CTLs]) separately and incubated at 37°C, 5% CO,
for 24 h. Five pug/ml of concanavalin A (ConA) (Sigma, St. Louis, MO) was
used as a positive control. Thereafter cells were removed. Wells were
washed 10 times with PBS containing 0.05% Tween 20 (PBST) and incu-
bated with 100 ul of biotinylated anti-IFN-vy antibody for 1 h. The plates
were washed again with PBST and incubated with 50 ul HRP-strepto-
avidin solution at 37°C for 1 h. Spot-forming cells were counted and
analyzed with an ELISpot plate reader (BioReader 4000; Biosys, Ger-
many). Results were presented as spot-forming cells per 2 X 10° cells.

Statistical analysis. The statistical analysis was carried out using
GraphPad (GraphPad Software, San Diego). Differences in multiple com-
parisons were determined for statistical significance using Student’s ¢ test.
P < 0.05 was considered statistically significant. Results are presented as
means * standard deviations.

RESULTS
Expression and secretion of wt- and vtHBsAg in transfected
mammalian cells. Western blot analysis was performed to detect
wt- and vtHBsAg in culture supernatants and cell lysates of tran-
siently transfected Huh7 cells using a specific antibody targeting
the HA tag (Fig. 1). Two bands corresponding to the glycosylated
and unglycosylated forms of HBsAg were detected for wtHBsAg
and all vtHBsAgs with amino acid substitutions at the G145 and
K122 positions, which is consistent with previous results (22, 26,
28). The amount of vtHBsAg with amino acid substitution
G145W was greatly reduced in culture supernatant and appar-
ently increased in the intracellular fraction, indicating that this
vtHBsAg was secretion deficient (Fig. 1A). Other wtHBsAgs with
amino acid substitutions G145L, G145I, G145P, G145N, and
G145R showed a slightly reduced efficiency in exporting HBsAg
compared to that of wtHBsAg (Fig. 1A). Among vtHBsAgs with
substitutions at position K122, only amino acid substitution
K1221led to the secretion deficiency of HBsAg (Fig. 1B), as already
described (28). Thus, amino acid substitutions at positions 145
and 122 of HBsAg did not prevent the expression but may change
the secretion efficiency of HBsAg.

Reactivity of wt- and vtHBsAgs in commercial ELISA Kkits.
wtHBsAg with an HA tag could be recognized properly in com-
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FIG 1 Expression of wt- and vtHBsAgs with amino acid substitutions at po-
sition 145 or 122. Huh?7 cells were transfected with the expression plasmids
pHBsAgWT, pHBsAgK122X (including 122G, 122M, 122L, 1221, 122P, 122N,
122Q, 122T, 122D, 122E, 122W, and 122H), and pHBsAgG145X (including
145M, 145L, 1451, 145P, 145N, 145Q, 145T, 145D, 145E, 145W, 145H, and
145R). Culture supernatants and lysates of Huh7 cells were collected at 48 h
after transfection. HBsAgs were detected by a monoclonal mouse antibody to
the HA tag for the expression analysis. Beta-actin was used as a loading control.
CK, cells transfected with empty plasmid as a negative control. The levels of
HBsAg expression were quantified by densitometry, normalized against
beta-actin, and expressed in arbitrary units. The relative expression levels of
vtHBsAg in supernatants and cell lysates of transfected cells were calculated as
a percentage of the level of wtHBsAg expression.

mercial HBsAg immune assays (Fig. 2), and as shown previously,
there was no difference from HBsAg without an HA tag (28). The
amino acid substitutions G145R and K122I reduced the binding
of HBsAg with specific anti-HBs antibodies. Thus, many immu-
noassays for HBsAg detection failed to recognize such vtHBsAgs
(18, 26, 28, 30). We addressed the question of whether other
amino acid substitutions at positions 145 and 122 also impair the
recognition of vtHBsAg in immunoassays. Although wtHBsAg
and vtHBsAgs were expressed at a comparable level inside trans-
fected cells (Fig. 1), the reactivity of vtHBsAgs with amino acid
substitutions was different in immunoassays and often reduced to
a level of less than 50% of the reactivity of wtHBsAg, as demon-
strated by the results of cell lysates (Fig. 2). The majority of amino
acid substitutions at position 145, G145L, G1451, G145P, G145T,
G145D, G145W, G145H, and G145R, reduced the reactivity of
HBsAg to alevel ofless than 50% of that of wtHBsAgin at least one
of the two commercial HBsAg immunoassays (Fig. 2A and C).
However, vtHBsAg with amino acid substitution G145W was the
only one having markedly lower reactivity value in supernatants
than that in cell lysates detected in both commercial HBsAg im-
munoassays (Fig. 2A and C), suggesting that its low reactivity of
supernatants is due to both impaired secretion and recognition by
anti-HBs antibodies.

Previously, vtHBsAg with K122I was found to be nonreactive
with the majority of HBsAg immunoassays tested (26, 28) (Fig. 2B
and D). Although the expression level of vtHBsAg with K122I in
cell lysates was about 75% of that of wtHBsAg (Fig. 1B), its reac-
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FIG 2 Reactivity of vtHBsAgs expressed in transient transfection in commercial HBsAg assays corrected against the expression levels in cell lysates. The culture
supernatants and cell lysates of transiently transfected cells expressing wt- and vtHBsAgs were collected at 48 h. wt- and vtHBsAgs were detected by the Architect
system and HBsAg CMIA kits (Abbott Laboratories, Wiesbaden-Delkenheim, Germany) (A and B) and an HBsAg enzyme immunoassay (EIA) kit (Kehua,
Shanghai, China) (C and D) according to the manufacturer’s instructions. The reactivity of vtHBsAgs with the amino acid substitutions at position 145 (A and
C) or 122 (B and D) was standardized by the relative expression levels of wt- and vtHBsAg based on the Western blotting result (Fig. 1) and is expressed as the
percentage of the OD 5, of samples compared to that of the wtHBsAg. The average values from 4 replicates were calculated and given as the final reactivity of

wt- or vtHBsAgs. CK, cells transfected with empty plasmid as a negative control.

tivity in both commercial HBsAg immunoassays was less than 1%
of that of wtHBsAg (Fig. 2B and D). However, other amino acid
substitutions at position 122 did not affect the reactivity of HBsAg
in at least one of the two commercial HBsAg immunoassays, even
the similar amino acid substitution K122L, as demonstrated by the
results of cell lysates (Fig. 2B and D). Thus, the amino acid substi-
tution K1221 was a unique case that may affect the conformational
epitopes of HBsAg for anti-HBs antibodies. Notably, the impaired
secretion as well as the reduced recognition by anti-HBs antibod-
ies may contribute to the low reactivity of supernatants in the case
of K1221 substitution, similarly to the G145W substitution.
Reactivity of wt- and vtHBsAgs in ELISAs based on other an-
ti-HBs MAbs. The commercial HBsAg immunoassays use se-
lected anti-HBs antibodies and recognize vtHBsAg with high
specificity and sensitivity. Therefore, we further tested the reactiv-
ity of vtHBsAgs in ELISAs based on other monoclonal anti-HBs
antibodies to judge the effect of the amino acid substitutions at
positions G145 and K122 in general. Three monoclonal anti-HBs
antibodies, A11, S11, and S1, described in Materials and Methods,
were used in this study. Figure 3 shows that the vtHBsAgs with
amino acid substitutions at position 145 reacted to the anti-HBs
antibodies. The amino acid substitutions of G145I, G145P, and
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G145W led to a strong reduction of the reactivity of vtHBsAgs in
all three ELISAs in either supernatants or cell lysates (Fig. 3A and
B). The reactivity of vtHBsAgs with G145N and G145D was nor-
mal to A11 but reduced to S11 and S1 (Fig. 3A and B). However,
vtHBsAg with G145R could be recognized well by S11 and S1 but
not by A11 (Fig. 3A and B). In addition, we tested the reactivity of
vtHBsAgs in ELISA based on monoclonal antibodies specifically
against vtHBsAg with G145R. Only vtHBsAg with G145R was rec-
ognized in this specific ELISA, while wtHBsAg and the other
vtHBsAg with the G145 substitution were not reactive (see Fig. S1
in the supplemental material). For the amino acid substitutions at
position K122, only vtHBsAg with the K122I substitution showed
no reactivity with all monoclonal anti-HBs antibodies (Fig. 3C
and D), which is consistent with our previous findings (28). The
reactivity of wtHBsAg and other vtHBsAgs with K122 substitu-
tions was comparable in ELISAs with A11, S11, and S1 (Fig. 3C
and D).

Different subcellular distributions of wt- and vtHBsAg. The
amino acid substitutions in HBsAg may affect the secretion of
HBsAgand lead to the accumulation of HBsAg in the endoplasmic
reticulum (ER) lumen and Golgi apparatus and the unusual dis-
tribution of HBsAg inside cells, which in turn can induce ER stress
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FIG 3 Reactivity of vtHBsAg in immunoassays based on three monoclonal anti-HBs antibodies. The culture supernatants (A and C) and cell lysates (B and D)
of transiently transfected cells expressing wt- and vtHBsAgs were collected at 48 h. wt- and vtHBsAgs were detected by ELISAs based on three monoclonal
anti-HBs antibodies, A11, S11, and S1. The reactivity of vtHBsAgs with the amino acid substitutions at position 145 (A and B) or 122 (C and D) was expressed
as the percentage of the OD 5, of samples compared to that of the wtHBsAg. The average values from 4 replicates were calculated and given as the final reactivity
of wt or vtHBsAgs. CK, cells transfected with empty plasmid as a negative control.

and contribute to the immunopathogenesis of HBV infection (4,
28). Thus, we examined the subcellular localization of HBsAg by
anti-HA antibody and anti-HBs monoclonal antibody S1 (28).
Anti-HA antibody stained all HBsAgs expressed in cells while the
S1 antibody only recognized HBsAg folded and thereby with the
conformational HBsAg a determinant.

The wtHBsAg and all vtHBsAgs, including G145R and K122,
were positively stained by anti-HA antibody (Fig. 4), confirming
that wt- and vtHBsAgs were produced at comparable levels in
transfected cells (Fig. 1). An even distribution of staining through
the cytoplasm of transfected cells was seen for wt- and vtHBsAgs
(Fig. 4).

4662 jvi.asm.org

wtHBsAg was stained by anti-HBs antibody S1 and showed a
strong and even distribution throughout the cytoplasm of trans-
fected cells, which is consistent with our previous finding (Fig. 5)
(28). However, the fluorescence intensity for vtHBsAgs with the
amino acid substitutions at position G145 was reduced. In partic-
ular, weak staining was observed for vtHBsAgs with G145I,
G145P, G145D, G145W, and G145R, suggesting that the binding
ability of these vtHBsAgs to anti-HBs antibody S1 was impaired
(Fig. 5). Laser confocal scanning microscopy was used to clarify
the subcellular localization of vtHBsAgs with reduced fluores-
cence intensity, and it demonstrated the dot-like distribution of
vtHBsAgs with G1451, G145E, and G145W substitutions in cells
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FIG 4 IF staining of wt- and vtHBsAgs with amino acid substitutions with anti-HA antibody. HeLa cells were transfected with the expression plasmid
pHBsAgWT, pHBsAgG145X, or pHBsAgK122X, respectively. Cells were fixed 48 h after transfection and stained with a monoclonal mouse antibody to the HA
tag. The nuclei were stained with Hoechst 33258. Magnification, X400. CK, cells transfected with empty plasmid as a negative control.

(see Fig. S2B in the supplemental material). There were some mi-
nor differences among HBsAg ELISAs due to the anti-HBs anti-
bodies and the higher concentrations of antibodies used for IF.
Consistently with our previous study, vtHBsAg with K122I was
not detected by staining with anti-HBs antibody S1 (28). Other
vtHBsAgs with amino acid substitutions at position K122 were
positively stained like wtHBsAg (Fig. 5).

Induction of anti-HBs antibodies (against wtHBsAg) by wt-
and vtHBsAgs. Our previous studies showed that vtHBsAgs with
G145R and K122I substitutions had greatly reduced abilities to
induce anti-HBs antibody responses (28, 30). This could be one
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reason that the G145R and K122I substitutions emerged much
more frequently than the other possible amino acid substitutions
at the two sites in the clinic. Therefore, we asked if the other
vtHBsAgs in our studies are able to induce the HBsAg-specific
antibody and T-cell responses. DNA immunizations by in vivo
electroporation were performed to test the ability of wt- and
vtHBsAgs to induce anti-HBs antibody responses in mice at the
indicated time points (Fig. 6A). We selected vtHBsAg with G145],
G145E, G145W, G145R, K122L, and K122I substitutions accord-
ing to their different reactivities in HBsAg immunoassays. Mice
were immunized three times with plasmids pHBsAg-WT, pHB-
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FIG 5 TF staining of wt- and vtHBsAgs with amino acid substitutions with anti-HBs monoclonal antibody S1. HeLa cells were transfected with the expression
plasmid pHBsAgWT, pHBsAgG145X, or pHBsAgK122X, respectively. Cells were fixed 48 h after transfection and stained with the anti-HBs antibody S1. The
nuclei were stained with Hoechst 33258. Magnification, X400. CK, cells transfected with empty plasmid as a negative control.

sAg-G145], pHBsAg-G145E, pHBsAg-G145W, pHBsAg-G145R,
pHBsAg-K122L, and pHBsAg-K122I. A commercial anti-HBs as-
say was used to detect the anti-HBs antibody response. Certainly,
it is to be noted that the commercial anti-HBs assays are designed
to determine antibodies specifically against wtHBsAg and may not
recognize antibodies that are reactive only with vtHBsAgs. The
result showed that the ability of vtHBsAgs to induce anti-HBs
antibodies was well correlated with their reactivity (Fig. 6). Mice
immunized with wtHBsAg developed anti-HBs antibodies with a
titer of 39 mIU/ml on average (Fig. 6). vtHBsAg with G145E had a
reduced reactivity in different immunoassays and had a low ability
to induce anti-HBs antibodies (at a titer of 10.7 mIU/ml on aver-
age). Mice immunized with the other three vtHBsAgs with G145,
G145W, and G145R showed a strongly impaired antibody re-
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sponse to HBsAg (at a titer below 5.0 mIU/ml on average) (Fig. 6).
vtHBsAg with K122L induced anti-HBs antibodies responses in
mice with an average titer of 17 mIU/ml, while the group immu-
nized with vtHBsAg with K1221 showed no anti-HBs antibody,
which is consistent with our previous results (Fig. 6) (28).

The HBsAg expression level in vivo after the injection of naked
DNA is low and cannot be detected by Western blotting properly.
In a previous publication, we measured HBsAg-specific T-cell re-
sponses to judge the expression of HBsAg in vivo (18). It is known
that DNA vaccination induces HBsAg-specific T-cell responses in
a dose-dependent manner (7). Therefore, we compared the HB-
sAg-specific T-cell responses induced by different vtHBsAgs and
found that the HBsAg-specific T-cell responses in immunized
mice were comparable and did not show a significant difference
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FIG 6 vtHBsAgs with amino acid substitutions at position 145 or 122 had
reduced ability to induce anti-HBs antibody response. BALB/c (H-2 L) mice
were immunized with 30 ug of the expression plasmid pHBsAgWT (n = 8),
pHBsAgG1451 (G1451) (n = 6), pHBsAgGl45E (GIl45E) (n = 6),
pHBsAgG145W (G145W) (n = 6), pHBsAgG145R (G145R) (n = 10),
pHBsAgK122L (K122L) (n = 6), pHBsAgK122I (K122I) (n = 6), or with 30 ul
of PBS (n = 10) as a control. The immunizations were given three times within
3-week intervals. Sera were collected and tested for anti-HBs antibodies at day
10 after the last immunization. Results are shown as the anti-HBs IgG (mIU/
ml) level for each mouse per group. Filled circles represent IgG titers in indi-
vidual mice. Solid lines represent geometric mean values. The dotted line rep-
resents the cutoff, which was assumed to be 2.1-fold the mean value of the
negative samples.

(see Fig. S6 in the supplemental material). These results indicate
that vtHBsAgs are able to prime comparable T-cell responses but
different antibody responses.

Dynamic of HBsAg and anti-HBs in mice preimmunized
with wt- or vtHBsAg. As vtHBsAg had a reduced ability to induce
antibodies cross-reactive with wtHBsAg, it is interesting to exam-
ine the impact on secondary challenge with wtHBsAg. The HI
method has been used to study HBV clearance after immuniza-
tions with different DNA vaccines (29). Here, mice were immu-
nized with wtHBsAg or different vtHBsAgs and then challenged
by HI with 10 ug of replication-competent wild-type HBV plas-
mid pAAV-HBV-GB1.3 at day 14 after the third immunization
(Fig. 6A). HBsAg and anti-HBs antibodies in mouse sera were
monitored for up to 21 days after HI.

After HI challenge, HBsAg became detectable in sera of all mice
of the PBS group from day 1 (see Fig. S5 in the supplemental
material). It reached a peak beginning on day 3 and maintained a
high level until day 10, and then it declined to an undetectable
level at day 14 (Fig. 7A). In contrast, all mice in the group immu-
nized with wtHBsAg remained HBsAg negative for the follow-up
period until day 21 (Fig. 7A; also see Fig. S5 in the supplemental
material). HBsAg became detectable in some mice of the groups
immunized against vtHBsAg on day 1 and reached the peak level
on day 3 (Fig. 7A). In particular, 4 of 6 mice immunized against
vtHBsAgs with G145E, G145W, G145R, and K122I were strongly
positive for HBsAg (see Fig. S5B, C, D, and F in the supplemental
material), indicating that vtHBsAgs were not able to prime an
efficient protective response to HBV challenge. Nevertheless,
HBsAg levels in all mice immunized with HBsAg were below the
detection limit from day 5 on (Fig. 7A; also see Fig. S5). Consis-
tently, HBV DNA concentrations in the liver of mice immunized
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with HBsAg were below the detection limit of quantitative PCR
(10° copies/ml) at day 5 (Fig. 7B), while the average load in control
mice was 3.4 X 10° copies/ml at day 5 (Fig. 7B), indicating that the
preexisting immunity induced by either wtHBsAg or vtHBsAgs
leads to an accelerated kinetic of HBV clearance.

The levels of anti-HBs antibodies in mice were determined
from day 1 on and up to day 21 after HI challenge. In mice immu-
nized against wtHBsAg, the anti-HBs levels declined slightly at day
3 and then increased steadily to higher levels at day 21, indicating
that HI challenge has a boosting effect on the antibody response
(Fig. 7A). Similarly, the mice of other groups developed anti-HBs
antibodies with different kinetics and became positive for anti-
HBs antibodies at day 5. Only the group immunized with vtH-
BsAg-K122L showed kinetics similar to those of the group im-
munized against wtHBsAg. The results were consistent with the
detection of HBsAg in mouse sera, as the appearance of anti-
HBs antibodies coincided with the elimination of HBsAg in
sera (Fig. 7A).

Characterization of cellular responses to HBsAg before and
after HI. Previously, we have shown that amino acid substitutions
in the HBsAg loop did not abolish the ability of HBsAg to prime
specific T-cell responses in DNA vaccination (18, 28). However,
HBsAg clearance occurred significantly earlier in mice immunized
against wtHBsAg, as shown in Fig. 7. Therefore, we addressed the
question of whether the specific CTL response to HBsAg by
wtHBsAg and vtHBsAgs contributes to the different kinetics of
HBsAg clearance. Here, we further addressed the question of
whether the G145R substitution could influence the induction
of cell-mediated immune responses to HBsAg. The levels of the
HBsAg-specific CTL responses to the major H-2L -restricted CTL
epitope HBsAg amino acids 29 to 38 in mice were assessed by
ELISpot assays (28). As shown in Fig. 8A and B, cell-mediated
immune responses in mice immunized against wtHBsAg and
vtHBsAg with G145R did not differ from each other, with the
average frequencies of IFN-y-producing cells being 64 and 53 in
2 X 10° splenocytes, respectively. The mean spot sizes of HBsAg-
specific IFN-y-producing cells were 42.3 X 10~ *and 44.5 X 10~%/
mm? in mice receiving immunizations against wtHBsAg and vtH-
BsAg with G145R, respectively. After HI challenge, the numbers
and the mean spot sizes of HBsAg-specific T cells increased greatly
in all mice of both groups, as measured at day 5 after HI challenge
(P < 0.05) (Fig. 8A and B). However, there was no significant
difference in either of the numbers or mean spot size of HBsAg-
specific IFN-y-producing cells between the pHBsAg-G145R pre-
immunized group and wtHBsAg preimmunized group. Thus,
G145R substitution in HBsAg did not affect the induction of HB-
sAg-specific CTLs, which is consistent with previous descriptions
(28). In addition, the preexisting immunity may accelerate HBsAg
clearance from peripheral blood at day 5 after HBV challenge,
coinciding with the rise of HBV-specific antibody and T-cell re-
sponses.

DISCUSSION

Results of the present study demonstrated clearly that only a lim-
ited number of amino acid substitutions in HBsAg lead to a sig-
nificant change of binding of anti-HBs antibodies. At amino acid
positions 145 and 122 of HBsAg, the majority of amino acid sub-
stitutions did not have a measurable effect on the binding to anti-
HBs antibodies in immunoassays. The results are summarized in
Table 1. Itis obvious that the biochemical properties of amino acid
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FIG 7 Kinetics of HBsAg and HBV DNA clearance and anti-HBs antibody responses in immunized mice after HI. Hydrodynamic injection with
PAAV-HBV-GBI1.3 was carried out with immunized mice at day 14 after the last immunization. Sera were collected at 1, 3, 5, 7, 10, 14, 17, and 21 days
postinfection, and the anti-HBs antibodies (left y axis) or HBsAgs (right y axis) (A) were detected by ELISA. The HBsAg level was presented as the OD 5.
The anti-HBs antibody level was presented as the OD 5, with a cutoff, which was assumed to be 2.1-fold the mean value of the negative samples. (B) HBV
DNA concentrations in mouse sera at 5 days postinfection were determined by real-time PCR. The relative levels of HBV DNA were calculated by the
average of HBV DNA concentrations to the average of HBV DNA concentrations of control mice. Control mice developed a level of serum HBV DNA
concentrations at 3.4 X 10° copies/ml, which was set as 100%. The hydrodynamic injection with pAAV-HBV GB1.3 was performed with 4 to 7 mice per
group as indicated.
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FIG 8 HBsAg-specific T-cell immune responses in immunized mice before or
after hydrodynamic injection. The numbers (A) and mean spot sizes (B) of
HBsAg-specific IFN-y-producing cells in 2 X 10° splenocytes from BALB/c
mice immunized with pHBsAgWT, pHBsAgG145R (G145R), and PBS are
shown. The IFN-vy ELISpot assays were performed at day 1 before hydrody-
namic injection or at day 5 after hydrodynamic injection with pAAV-HBV-
GBL1.3 in the presence of the major H-2Lrestricted CTL epitope of HBsAg
amino acids 29 to 38 (10 ug/ml) for 18 h. Experiments were performed with
three mice per group. The data were analyzed by t test, and the differences were
statistically significant (**, P < 0.01 compared to the PBS group).
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residues at such positions play an important role for the binding of
anti-HBs antibodies to HBsAg. The hydrophobicity, the presence
of the indolyl group, and the positive charge at position 145 led to
reduced HBsAg secretion and impaired reactivity with anti-HBs
antibodies, likely resulting in the delayed clearance of HBV (Table
1 and Fig. 6). For example, two vtHBsAgs with G1451 and G145P
showed a reduced reactivity in HBsAg ELISA with a level no more
than 50% of that of wtHBsAg (Fig. 2A and C), although they were
expressed at levels in cell lysates corresponding to 80 and 89% of
that of wtHBsAg, respectively (Fig. 1A). Thus, G1451 and G145P
impaired the antibody binding of vtHBsAg. Three amino acid
residues with hydrophilic side chains, as well as two amino acid
residues with negative charges in the side chain, had only a slight
influence on the anti-HBs antibody binding of HBsAg. The well-
known G145R substitution, with a positive charge, led to impaired
reactivity to anti-HBs antibodies. As far as the G145W substitu-
tion was concerned, the presence of the indolyl group in the side
chain strongly reduced the antigenicity of HBsAg, as this side
chain may cause a significant change in the structure due to its
size. Moreover, the strong hydrophobicity due to the presence of
the indolyl group may influence the conformation of HBsAg and
lead to abnormal assembly and secretion. Thus, the G145W sub-
stitution also significantly impaired the secretion of HBsAg.
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Among the amino acid substitutions at position K122, only the
substitution K122I affected HBsAg secretion and recognition by
anti-HBs antibodies (Table 1).

The Western blot analysis of HBsAg expressed in transfected
cells revealed that the proportion of glycosylated HBsAg generated
in cell cultures was less than that in serum-derived HBsAg. It is not
known if the reduced glycosylation of HBsAg affects HBsAg as-
sembly and export. Nevertheless, previous studies showed that
HBsAg generated in cell cultures was suitable for studies of HBsAg
antigenicity.

The presence of vtHBsAgs in clinical samples has been a con-
cern for diagnostic failure for a long time. However, HBsAg im-
munoassays were improved greatly during recent years. One com-
mercial HBsAg immunoassay uses high-affinity anti-HBs
antibodies and therefore failed to detect only the two vtHBsAgs
with G145W and K122I (Fig. 2A and B). Another commercial
HBsAg immunoassay may miss vtHBsAgs with G145 and G145P
substitutions (Fig. 2C). Certainly, wtHBsAg and vtHBsAg samples
used in this study were expressed in transient transfection and
therefore were at high levels. Some clinical samples may contain
vtHBsAgs at lower levels and therefore will not be recognized in
HBsAg immunoassays. In addition, the failure of the detection of
some HBsAg mutants can be found in recent studies (17). To solve
this issue, the development of new kits with MAb pools or poly-
clonal Abs are urgently needed.

Consistently with these findings, the amino acid substitutions
G145R and K122I were found to have a major effect on the induc-
tion of anti-HBs antibody response (28, 30). In this study, we
compared different vtHBsAgs for their abilities to induce anti-
HBs antibody responses. We selected four vtHBsAgs with amino
acid substitution at G145 (G145E, G145I, G145W, and the well-
known G145R) according to their different reactivities in HBsAg
immunoassays. Compared to the immunizations with wtHBsAg,
a markedly impaired anti-HBs antibody response was seen not
only after immunization with vtHBsAg with G1451 and G145W
but also for that with G145E. It could be concluded that the prim-
ing of the anti-HBs antibody response is more sensitive to impair-
ment by the amino acid substitutions in HBsAg. One of the pos-
sible reasons for this observation is that HBsAg was expressed only
in a low quantity during DNA vaccination in vivo and therefore
may not be effective in the induction of anti-HBs antibodies. In
addition, vtHBsAg with G145R has been shown to induce anti-
bodies with changed specificity (30). Thus, vtHBsAg with amino
acid substitutions at position G145 may induce antibodies that
could not be properly detected by our commercial anti-HBs anti-
body assay, as only wtHBsAg is used. This issue should be studied
in the future if vtHBsAg with different amino acid substitutions
induce specific but non-cross-reactive antibodies.

For K122, two vtHBsAgs with the amino acid substitutions
K122L and K122I were selected. This is of particular interest be-
cause the leucine residue and isoleucine residue differ only slightly
by the position of a methyl group in the side chain. However, these
two vtHBsAgs also differed greatly in their ability to induce anti-
HBs antibody, in correspondence with their reactivity in HBsAg
immunoassays. However, the ability of vtHBsAg with K122L to
induce anti-HBs antibodies was also reduced compared to that of
wtHBsAg.

Until now, there was no suitable in vivo system available to
study the clearance of HBsAg and the effect of escape mutations in
HBsAg. In this study, we tested HI to study HBsAg clearance in
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TABLE 1 Summary of characteristics of vtHBsAgs”

Group and amino

Molecular size

acid change NT? SS Antigenicity Anti-HBs* CH? (kDa) PI SC
Glycine
K122G GGA ++++ ++++ ND ND 75.07 5.97 4
WT (G145) GGA ++++ ++++ ++++ ++++ 75.07 5.97 4
HpB
G145 M ATG ++++ +++ ND ND 149.21 5.75 1
G145L TTA +++ ++ ND ND 131.17 5.98 6
G1451 ATA +++ + + +++ 131.17 6.02 3
G145P CCA +++ + ND ND 115.13 6.3 4
WT (K122) AAA ++++ ++++ ++++ ++++ 146.19 9.74 2
K122 M ATG ++++ ++++ ND ND 149.21 5.75 1
K122L TTA ++++ ++++ +++ ++++ 131.17 5.98 6
K1221 ATA + + + + 131.17 6.02 3
HpL
G145N AAC +++ +++ ND ND 132.1 5.41 2
G145Q CAA ++++ +++ ND ND 146.15 5.65 2
G145T ACA ++++ +++ ND ND 119.12 6.53 4
K122P CCA ++++ ++++ ND ND 115.13 6.3 4
K122N AAT ++++ ++++ ND ND 132.1 5.41 2
K122Q CAA ++++ ++++ ND ND 146.15 5.65 2
Negative charge
G145D GAC ++++ +++ ND ND 133.1 2.97 2
G145E GAA ++++ +++ ++ + 147.13 3.22 2
K122T ACA ++++ ++++ ND ND 119.12 6.53 4
K122D GAT ++++ ++++ ND ND 133.1 2.97 2
K122E GAA ++++ ++++ ND ND 147.13 3.22 2
Indolyl
G145W TGG + ++ + + 204.22 5.89
K122W TGG +++ ++++ ND ND 204.22 5.89 1
Positive charge
G145H CAC ++++ +++ ND ND 155.16 7.59 2
G145R CGA +++ +++ + ++ 174.2 10.76 6
K122H CAT ++++ ++++ ND ND 155.16 7.59 2

“ HpB, hydrophobicity; HpL, hydrophilicity; NT, nucleotide; SS, secretion of HBsAg; CH, HBsAg clearance; P1, isoelectric point; SC, synonymous codons. ++ + +, Normal; +++,

slightly impaired; +, impaired; ND, not detected.
¥ The nucleotide substitution.

¢ The ability to induce anti-HBs.

@ The ability to clear wtHBsAg.

immunized mice. Previously, we used this system to analyze the
process of HBV clearance in mice immunized against HBV nu-
cleocapsid (29). Here, we could clearly show that mice immunized
with wtHBsAg did not show any detectable HBsAg in peripheral
blood after HI challenge, indicating that anti-HBs antibodies pres-
ent in these mice neutralized and cleared HBsAg immediately. The
very interesting point was that the immunization with vtHBsAgs
failed to prevent the HBs antigenemia after HI challenge, although
HBsAg clearance occurred 3 days later. It is evident that wtHBsAg
and vtHBsAgs were able to prime HBsAg-specific T-cell re-
sponses. However, the T-cell responses to HBsAg apparently were
not sufficient to prevent HBsAg expression during the first 3 days.
Moreover, preexisting immunity induced by either wtHBsAg or
vtHBsAgs may lead to an accelerated kinetic of HBV clearance, as
shown in Fig. 7. These findings emphasize the importance of a
proper anti-HBs antibody response for the control of HBV infec-
tion. Consistently, mice immunized against HBsAg of genotype
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B2 (HBsAg subtype adw2) became HBsAg positive after a heter-
ologous challenge with pAAV-HBV-GA1.3 containing 1.3-fold
overlength HBV genotype A2 genome (HBsAg subtype adw2) and
cleared HBsAg at day 3 (see Fig. S3 in the supplemental material).
This result indicated that anti-HBs antibodies are not able to im-
mediately clear heterologous HBsAg. Thus, infection with wild-
type HBV isolates of different genotypes or subtypes may occur in
patients with a normal anti-HBs antibody response, and these
findings have been consolidated by the work of Stramer et al. on
vaccine breakthroughs in vaccinated blood donors with heterolo-
gous HBV genotypes (25).

The mice immunized with vtHBsAg quickly developed anti-
HBs antibodies and cleared HBsAg at day 5. Again, there was
a clear inverse correlation between the presence of anti-HBs
antibody and HBsAg in wtHBsAg- or vtHBsAg-with-K122L-im-
munized mice and control mice. Thus, anti-HBs antibody re-
sponses could be quickly mounted, presumably due to the helper
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functions primed by the immunizations with vtHBsAg. Interest-
ingly, the coincidence of low HBsAg (OD,5, of <0.5) and low
anti-HBs antibody (OD,5, < 0.5) were also noted in most mice
immunized with vtHBsAg containing G145I, G145W, G145R, or
K1221 (see Fig. S4 in the supplemental material). The results sug-
gested that mice with a level of anti-HBs antibody above a specific
threshold (OD,5, of approximately <0.7) will efficiently clear
HBsAg in peripheral blood. Only mice with a low anti-HBs anti-
body titer (OD,5, of approximately <0.5) will become HBsAg
positive after HI challenge. These results suggest strongly that in-
fection with HBV isolates with mutated HBsAg occurs in patients
with a low anti-HBs antibody response (25). The development of
antibodies with the correct specificity to mutated HBsAgs and
control HBV variants efficiently depends on the presence of spe-
cific T-cell responses. Once the T-cell responses are impaired, for
example, by immunosuppression, HBV with vtHBsAg may get a
chance to persist in patients, since no new antibody to vtHBsAg
could be generated.

Taken together, our results indicate that biochemical proper-
ties of the side chains of amino acid residues at a given position in
HBsAghave a major effect on the conformation of HBsAg, leading
to immune escape by limited types of amino acid substitutions.
The amino acid substitutions in HBsAg that do not significantly
impair the recognition of vtHBsAg in immunoassays may still
have an effect on the induction of anti-HBs antibody. Our find-
ings suggest that the presence of anti-HBs antibodies is indispens-
able for the immediate neutralization and clearance of HBsAg in
HBYV reinfection.
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