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Abstract

Hepatitis B immune globulin (HBIG) is a human plasma‐derived immunoglobulin G

concentrate that contains a high titer of neutralizing antibodies (anti‐HBs) to the

hepatitis B virus (HBV) surface antigen (HBsAg). HBIG is known to be highly ef-

fective in treating HBV infections, however, a more systematic characterization of

the antibody binding sites on HBsAg and their correlation with emerging “escape”

mutations in HBsAg was lacking. By using anti‐HBs antibodies from HBIG lots to

screen random peptide phage display libraries, we identified five clusters of peptides

that corresponded to five distinct anti‐HBs binding sites on the HBsAg. Three sites,

Site II (C121‐C124), Site III (M133‐P135), and Site IV (T140‐G145), were mapped

within the “a” determinant, while the two other sites, Site I (Q101‐M103) and Site V

(I152‐S154), were outside the “a” determinant. We then tested in binding assays

HBsAg peptides containing clinically relevant mutations previously reported within

these sites, such as Y134S, P142S, and G145R, and observed a significant reduction

in anti‐HBs binding activity to the mutated sites, suggesting a mechanism the virus

may use to avoid HBIG‐mediated neutralization. The current HBIG treatment could

be improved by supplementing it with site‐specific neutralizing monoclonal anti-

bodies that target these mutations for control of HBV infections.
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1 | INTRODUCTION

Despite increasing vaccination rates and advanced antiviral therapies,

infection with hepatitis B virus (HBV) remains a global health problem

affecting approximately 257 million people worldwide and is asso-

ciated with substantial morbidity and mortality, mostly from compli-

cations of liver cirrhosis and hepatocellular carcinoma.1,2

HBV is an enveloped virus in the Hepadnaviridae family with a

partially double‐stranded DNA genome.3 HBV strains were originally

grouped into four HBsAg serotypes (adr, adw, ayw, and ayr). Genetic

analysis has revealed several conserved domains and defined eight

genotypes A–H, which are correlated with the four serotypes.4,5

The HBV envelope proteins can be translated from a single open

reading frame with at least three distinct in‐frame translation
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initiation sites: the small hepatitis B surface antigen (HBsAg) com-

prised only of an “S‐domain” of 226 amino acids (aa), the middle

HBsAg with an N‐terminal extension of 55 aa (the preS2‐domain),

and the large HBsAg with an additional extension of 108 or 119 aa

(the preS1‐domain).4,5 In the HBsAg, a major hydrophilic region be-

tween the amino acid positions 121–147 is defined as the “a” de-

terminant, which is common to all HBV subtypes.6 The “a”

determinant contains several loop structures stabilized by a few

disulfide bonds, between aa C107‐C138, C121‐C124, C137‐C149,

and C139‐C147, resulting in important configurations of HBsAg for

HBV infections.7

Antibody binding to HBsAg, especially to the loops of the “a”

determinant, are essential for conveying the broad protection of

vaccines against HBV infections.8–10 In fact, over 90% of human

HBsAg‐specific serum antibodies and human B‐cell lines isolated

following vaccination are directed towards the “a” determinant

loops.11–13 Conversely, nearly 75% of immunosuppressed subjects

with HBV reactivation carry the virus with at least one HBsAg mu-

tation in the “a” determinant.14 It has also been shown that HBV

vaccination, in conjunction with anti‐HBs immunoglobulins, can lead

to HBsAg seroclearance in some chronic hepatitis B patients.15 The

inability to produce these anti‐HBs antibodies during acute infection

appears to be associated with chronicity, although it remains un-

known whether these associations reflect an etiologic role for anti‐

HBs antibodies in protecting from or clearing established infection.16

Hepatitis B immune globulin (HBIG) is derived from the pooled

plasma of a large number of vaccinated donors with high levels of

polyclonal antibodies that recognize the HBsAg of all HBV serotypes,

thus providing an effective treatment option for hepatitis B infec-

tions. The level of these anti‐HBs antibodies in each HBIG lot, which

is typically determined by an HBsAg immunoassay, represents a

measure of the lot's potency or drug activity. A minimum level of

anti‐HBs antibodies per lot is usually established as the potency

specification for routine product lot release, which is based on clinical

trial studies for such indications as providing postexposure prophy-

laxis, blocking the vertical transmission of infants of HBsAg‐positive

mother, and, in combination with potent nucleos(t)ide analog, pre-

venting HBV recurrence in patients after liver transplantation.17,18

However, at the molecular level, the HBsAg binding sites, where

these anti‐HBs antibodies act on precisely to exert their neutralizing

functions, and the correlation of these binding sites with the emer-

gence of the “escape” mutants have not been fully characterized

for HBIG.

Here, we describe multiple conserved epitopes found in the

HBsAg that could be targeted by the anti‐HBs antibodies of current

HBIG lots. When mutations of these epitopes were generated to

mimic those clinically observed “escape” mutations, the binding

activity of anti‐HBs antibodies in the HBIG lots was significantly

reduced. These observations thus raise the possibility of supple-

menting the current HBIG treatment with site‐specific neutralizing

antibodies that bind to those epitopes where HBsAg mutations

could possibly emerge for better treatment outcomes of HBV

infections.

2 | MATERIALS AND METHODS

2.1 | Peptides, proteins, and anti‐HBs antibodies

All peptides were synthesized by GenScript, Inc. The wildtype HBsAg

peptides and their corresponding mutants were biotinylated at the

N‐terminus with the sequence SGSG as a linker between the peptide

(HBsAg 119–125) and the biotin tag, while all other peptides carried

the biotin label at their C‐terminus with GGGSAK as a linker between

the peptide (HBsAg 101–106; HBsAg 123–137; HBsAg 139–148)

and the biotin tag. Recombinant HBsAg proteins of subtypes ad and

ay, which were expressed in Saccharomyces cerevisiae, were pur-

chased from Bio‐Rad Laboratories (catalog no. PIP002 and OBT0915,

respectively). HBIG (Human) lots made by various FDA‐licensed

manufacturers were obtained from the National Institutes of Health

(NIH) Clinical Center Pharmacy (Bethesda, MD) and used in this study

as the source materials of anti‐HBs antibodies. All these HBIG lots

had met the lot release potency specification of ≥312 IU/ml anti‐HBs.

2.2 | Partial purification of anti‐HBs antibodies

Before performing the phage display library screening, the anti‐HBs

antibodies in the HBIG were purified to create an enriched anti‐HBs

working solution by binding with and eluting from HBsAg. Briefly,

HBsAg subtype ad or ay, diluted in phosphate‐buffered saline (PBS)

at pH of 7.4 to a final concentration of 5 ng/µl, was added to wells in

a 96‐well plate at 100 µl/well and kept at 4°C for overnight coating.

After washing three times with 200 µl of PBS (pH 7.4) containing

0.05% Tween 20, 1 µg of HBIG, diluted in 200 µl of PBS (pH 7.4), was

added to the HBsAg‐coated wells and incubated at room tempera-

ture for 30min. After washing the wells three times, the bound anti‐

HBs antibodies were then eluted into 50 µl of 0.1M glycine‐HCl

buffer (pH 2.5) per well. The collected anti‐HBs antibodies were

immediately neutralized by adding PBS (pH 7.4). This process was

repeated at least three times for partial purification of anti‐HBs an-

tibodies from HBIG.

2.3 | Screening of random peptide phage display
libraries

The selection of peptides from random peptide phage display li-

braries (Ph.D.™‐12 and Ph.D.™‐C7C phage display libraries, New

England BioLabs) has been described previously.19 Briefly, 1010

phages were incubated with partially purified anti‐HBs antibodies‐

protein G mixtures at room temperature for 20min. After 6–8

washings with 0.05M Tris‐HCl buffer (pH 7.5) containing 0.15M

NaCl and 0.05% Tween 20, the phages were eluted from the com-

plexes with 0.1M HCl and neutralized with 1M Tris‐HCl buffer (pH

9.0). The eluted phages were then amplified in the Escherichia coli

strain ER2738 for 5 h. After 2 or 3 additional rounds of selection by

the same preparation of anti‐HBs antibodies, each single‐phage
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plaque was amplified and then sequenced by automated DNA se-

quencing at the Core Facility of CBER, FDA (Silver Spring, MD). The

corresponding peptide sequences were deduced from the DNA

sequences.

2.4 | Protein sequence alignment

Sequences of phage‐displayed peptides were aligned and grouped

manually into clusters based on the core residues, which appeared to

be commonly shared by these peptides to suggest that these were

the contact sites of the anti‐HBs antibodies. By further examining the

homology of these core residues with the amino acid sequence of

HBsAg, the phage‐displayed peptide clusters were mapped to their

corresponding sites on the HBsAg,4,5 the phage‐displayed peptides

homologous to HBsAg were called HBsAg epitope mimics, while the

corresponding sites on the HBsAg were considered to be putative

immune epitopes.

2.5 | Enzyme‐linked immunosorbent assay (ELISA)

Biotin‐conjugated peptides (500 ng/well) were added to

streptavidin‐coated 96‐well Maxisorp plates (Thermo Fisher Scien-

tific), followed by incubation at room temperature for 1 h in Su-

perBlock blocking buffer (Thermo Fisher Scientific). Blocking buffer

was applied to the wells, which were then left to incubate at 37°C

for another hour. After the plate was washed four times with PBS,

pH 7.4, containing 0.05% Tween 20, to remove unbound peptides,

serial dilutions of the test antibodies were added to the plate, fol-

lowed by incubation at 37°C for 1 h. The plate was then washed

four times after which the secondary antibody, a goat anti‐human

peroxidase‐conjugated immunoglobulin G (IgG; KPL) at a 1:5000

dilution, was added to the wells, and then incubated at 37°C for

30 min. After four washes, the reactions were developed by adding

100 µl of 1‐Step TMB‐ELISA substrate solution (Thermo Fisher

Scientific) and stopped by adding 100 µl of 4 N sulfuric acid. The

absorbance of each well was measured at 450 nm using a Spec-

traMax M2e microplate reader (Molecular Devices). ELISA was

performed with an HBIG lot diluted 1:3000, wherein it would ty-

pically result in an optical density reading of approximately 0.4 at

450 nm for the binding measurements of wildtype peptide controls.

Triplicate readouts of three independent assays were done for each

test peptide.

2.6 | Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 (GraphPad

Software) using an unpaired the Student's t test with a two‐tailed

p value (p ≤ 0.01 or p ≤ 0.05). Error bars represent the standard de-

viation or the SE of the mean.

3 | RESULTS

3.1 | Identification of anti‐HBs antibody binding
sites through screening random peptide phage display
libraries with partially purified HBIG

To understand the molecular basis of HBV neutralization by HBIG,

we performed a series of experiments of screening random peptide

phage display libraries to identify the peptide clusters that could be

recognized by anti‐HBs antibodies present in commercially available

HBIG lots, and, at the same time, determine the residue‐specificity of

these anti‐HBs antibodies.

Before performing the phage display experiments, the anti‐HBs

antibodies were partially purified from a mixture of randomly chosen

lots of HBIG to reduce any potential cross‐reactivity by the various

non‐anti‐HBs polyclonal antibodies contained in these lots. This

process involved coating a 96‐well plate first with HBsAg proteins,

followed by incubation with the HBIG solution to bind the antigens in

the wells. The IgG fractions of HBIG that bound HBsAg were eluted

and collected. HBsAg from the two most common HBsAg serotypes,

ad and ay, was used for coating the plates to broaden the HBsAg

antigenic repertoire and capture the majority of anti‐HBs antibodies.

This experimental approach was designed based on the fact that all

currently available genetically engineered HBV vaccines use the adw

serotype, and that the antibody responses following immunization

with recombinant HBV vaccines are largely directed against the

common “a” determinant.

When the HBsAg‐selected HBIG antibodies were applied to

screen the phage‐displayed libraries, five major clusters of peptides

with the common core residues were revealed following sequence

alignment (Figure 1A). It should be noted that at aa 122 of HBsAg, it

could naturally be an arginine (R) or a lysine (K) (Figure 1B), which is

an important site known to be closely associated with subtype d or y

expression, wherein the changes are mediated by a shift from K to

R.4,5 As HBIG antibodies bound to both types of R‐ or K‐containing

peptides displayed on the phages (Figure 1A, Cluster II), this sug-

gested that the HBIG antibodies could interact equally with both ad

and ay serotypes. In addition, Cluster IV consisted of multiple phage‐

displayed peptides with identical sequences (Figure 1A).

Further alignment of the core residues with the HBsAg sequence,

where HBV ayw3 was used as the model subtype in this experiment

(Figure 1B), suggested that these identified peptide clusters corre-

sponded, respectively, to five sites on the HBsAg, i.e., Q101‐G102‐

M103 (Site I), R122‐T123 (Site II), M133‐Y134‐P135 (Site III), T140‐

K141‐P142‐S143‐D144‐G145 (Site IV), and I152‐P153‐S154 (Site V)

(Figure 1B). Notably, Cluster IV peptides contained residues that were

comparable to those in Site IV of HBsAg, but the linear arrangement of

these residues was different (Figure 1B).

To verify if these core residues identified by the phage display

screening could represent the contact sites of the anti‐HBs, three

peptides from Clusters II, III, and IV (corresponding to Sites II, III, and

IV, respectively, within the common “a” determinant of HBsAg), along
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with their alanine substituted versions, were examined by ELISA for

their binding to an HBIG lot. As shown in Figure 2 (left panel), alanine

substitutions of two core residues in the mimic peptides of Site II

decreased about 25% of the binding level of the wildtype; the re-

duction was found to be significant (p < 0.05). As the mimic peptide

(ACEQT1R1SR2T2C) appeared to contain at least two sets of core

residues of RT(S), we interpreted this result to mean that the re-

placement of one set of RT(S) was not sufficient to severely disrupt

the binding.

In contrast, when the mimic peptide (MKAHHSQLYPRH) of Site

III was tested, the substitutions of each of the “core” residues of LYP

by alanine led to a significant reduction of the binding activity

(p < 0.01) (Figure 2, middle panel).

Similarly with the mimic peptide (QFAKTS1DPGS2LT) of Site IV,

when each of the six core residues was replaced by alanine (Figure 2,

right panel), anti‐HBs antibody binding activity was reduced sig-

nificantly (p < 0.01) regardless of the difference in the linear se-

quences between the mimic and Site IV. These results suggested that

F IGURE 1 Epitope mapping by screening random peptide phage display libraries. (A) The amino acid sequences of the peptides selected
after screening phage‐display libraries with anti‐HBs antibodies partially purified from HBIG lots are aligned to determine the core residues
within each cluster. The core residues are indicated in underlined bold font. The letters in the parentheses denote the amino acid
residues that are varied at that position. (B) Schematic representation of ant‐HBs antibody binding sites (Sites I–V) that correspond to the core
sequences, respectively, as shown in (A). The sequence of HBsAg ayw3 between the amino acid (aa) positions 99–174 is used as the model
subtype. The “a” determinant region of HBsAg is located between aa 121–147 with the lines between a pair of cysteines to represent the
disulfide bonds. HBsAg, hepatitis B surface antigen

F IGURE 2 Determination of the core residues of the phage‐displayed peptides needed for the binding of anti‐HBs antibodies present in an
HBIG lot. Selected peptides as shown in Figure 1A were chemically synthesized to mimic the epitopes in the HBsAg, and then assayed in an
ELISA for binding with an HBIG lot. The core residues are shown in underlined bold font. The shaded letters represent the amino acids that are
replaced by alanine in each peptide. A HBIG (5% IgG solution) lot sample prepared at a 1:3000 dilution was used for this assay. X‐axis indicates
the substituted amino acids. Y‐axis indicates the binding activity measured by O.D. readings at 450 nm. Data show the mean ± SEM from
triplicate readouts of three independent assays. Two asterisks (**) and one asterisk (*) indicate p < 0.01 and p < 0.05, respectively.
ELISA, enzyme‐linked immunosorbent assay; HBsAg, hepatitis B surface antigen; IgG, immunoglobulin G; OD, optical density
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the core residues in the context of phage‐displayed peptides could be

recognized by anti‐HBs antibodies.

3.2 | Characterization of residue‐specificity of
anti‐HBs antibodies present in HBIG lots

Once the importance of the core residues in the context of phage‐

displayed peptides was established for the binding of anti‐HBs anti-

bodies, we tested to see if their corresponding sites in the HBsAg, as

depicted in Figure 1B, were critical for the binding of anti‐HBs.

Of all the five corresponding sites on the HBsAg, we focused on Site

I, which is located outside the “a” determinant, and the other three sites

within the “a” determinant, i.e., Sites II, III, and IV, for their binding to anti‐

HBs antibodies. Site V was not included in this experiment as it was not

associated with any known “escape” mutants. As shown in Figure 3A,

when alanine was introduced into the peptides encompassing Site I, an

approximately 50% reduction in anti‐HBs binding activity was observed

for residues Q101, G102, and M103 (p<0.01), while an L104A change

showed no detectable effect. This experiment confirmed that the three

conserved residues Q101, G102, and M103 in Site I were critical for the

binding of anti‐HBs antibodies in the HBIG.

Similarly, alanine substitution of C121, R122, T123, or C124

reduced the anti‐HBs binding of the Site II peptides by more than

60% (p < 0.01), whereas a P120A change showed about a 25% re-

duction (p < 0.01). Neither G119A nor T125A showed any detectable

effects that were significant (Figure 3B). This experiment indicated

that both R122 and T123, which reside in the tiny loop formed

presumably by the disulfide bond between C121‐C124, could be

important contact points of anti‐HBs antibodies.

As for Site III shown in Figure 3C, THE most prominent reduction

was observed when the peptide contained an S132A, M133A, or

F IGURE 3 Site‐directed mutational analyses of HBsAg for anti‐HBs antibody binding. Peptides representing the epitopes (Sites I–IV) in the
HBsAg and their alanine substitutions were analyzed by ELISA for their binding by anti‐HBs antibodies of an HBIG lot (5% HBIG at 1:3000
dilution). Individual residues substituted by alanine are indicated by the shaded letters. The binding activity of HBIG to the wildtype peptide, as
measured by O.D. readings at 450 nm, is expressed as 100% binding, while the binding activity of HBIG to the mutated peptide is expressed as a
percentage relative to the wildtype peptide binding. Data show the mean ± SEM from triplicate readouts of three independent assays. Two
asterisks (**) and one asterisk (*) indicate p < 0.01 and p < 0.05, respectively. ELISA, enzyme‐linked immunosorbent assay; HBsAg, hepatitis B
surface antigen; OD, optical density
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Y134A substitution (p < 0.01). Other alanine substitutions at residues

between S132‐S136 also decreased the binding activity of anti‐HBs

even though the level of reduction varied among them (p < 0.01 or

p < 0.05). This result suggested that an anti‐HBs binding site was

centered on the residues of S132, M133, and Y134.

It was apparent that certain amino acid substitutions at Site III re-

presented natural variants, whose recognition by anti‐HBs was not ex-

pected to be significantly affected. For example, as detected in the phage

screening (Figure 1A), Y134 is often replaced by phenylalanine (F)

(Table 1), resulting in a sequence of M133‐F134‐P135 which is seen in

other serotypes, such as ayw1, adw2, and adw4. Similarly, M133 could

also be replaced by an aliphatic amino acid (leucine or valine) without

significantly affecting anti‐HBs recognition (Figure 1A and Table 1).

The critical residues of Site IV for anti‐HBs recognition were also

identified by alanine substitution. As shown in Figure 3D, K141A,

D144A, and G145A substitutions showed significant reductions of

anti‐HBs binding activity (p < 0.01). This experiment confirmed that

Site IV is indeed an anti‐HBs binding site, although the linear ar-

rangements of the residues were different between the peptide mi-

mic and Site IV in HBsAg, implying that the phage‐displayed peptides

were likely conformational mimics of Site IV.

3.3 | Clinical relevance of residue‐specificity of
anti‐HBs in 10 HBIG lots

We surveyed previously described HBsAg mutants in HBsAg be-

tween residues 101–145 that were related to the treatment and/or

diagnosis of HBV infections and correlated the locations of these

point mutations with that of the epitopes (Sites I–IV) mapped in the

present study (Table 1). A selected set of peptides with or without a

specific point mutation was synthesized (Figure 4A,B). Both Y134F in

the Site III peptide (HBsAg aa 123–137) and S143T in the Site IV

peptide (HBsAg aa 139–148) were chosen as controls because they

represented natural HBsAg variants. For testing, Y134S in the Site III

peptide, and P142S and G145R in the Site IV peptide were the

clinically observed mutants.

As assessed by an ELISA, the presence of Y134F in Site III and

S143T in Site IV did not change the levels of anti‐HBs antibody

binding activity, while all the other selected mutants (Y134S, P142S,

and G145R) significantly reduced the binding activity of an HBIG lot

(p < 0.01) (Figure 4C).

To determine whether the observed reduction in anti‐HBs binding of

specific mutants was a general effect, we tested 10 additional HBIG lots,

which were made by different manufacturers. We found that the wild-

type peptide of Site III (HBsAg aa 123–136) and its natural variant pep-

tide (Y134F) showed no detectable difference in their ability to be

recognized by the anti‐HBs antibodies (Figure 5A). In contrast, all other

mutations including Y134S in Site III, and P142S and G145R in Site IV

(except G145R when HBIG lot 1 was used in the experiment), showed

reduced anti‐HBs binding activities compared to their wildtype counter-

part (p<0.01 or p<0.05), although the level of reduction varied among

these HBIG lots (Figure 5B,C).

TABLE 1 Mutations in the HBsAg observed in clinical studies

HBsAg Mutation Impact Reference Epitope

Q101 R mAb (28, 32) Site I

G102

M103

L104

G119 Site II

P120 E/S/T Diagnosis (20–27)

Vaccine

HBIG

C121

R122

T123 N mAb (20‐27, 31, 32)

C124 R/Y HBIG

T/M125

T/I126 A/N/S Diagnosis (20–27) Site III

Vaccine

HBIG

T127

Q129 H/L Diagnosis (20–27)

Vaccine

HBIGG130 D/R

T131

S132

M133 L Diagnosis (20–27)

Y/F134 N/R/S Vaccine

HBIG

P135

S136

T140 Site IV

K141 E/I mAb (20–28, 32)

P142 S Vaccine

S/T143 L Diagnosis

D144 A/E Vaccine

G145 R/A HBIG

N146

I152 Site V

P153 Infectivity (30)

S154

Note: Shaded letter: Critical for HBIG binding; Impact: Amino acid
mutations that are known to affect the binding of monoclonal antibodies

(mAb), clinical diagnosis, clinical responses to current hepatitis B virus
(HBV) vaccines and hepatitis B immune globulins (HBIG), and the in vitro
infectivity of HBV.
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4 | DISCUSSION

By taking advantage of the unique opportunity offered by the very

nature of the HBIG itself that it is essentially a highly purified con-

centrate of polyclonal anti‐HBs neutralizing antibodies from a large

number of vaccinated donors, we have identified five immune epi-

topes in HBsAg, and further established the connection between

these immune epitopes and the “escape”mutants of HBsAg that have

emerged under various selection pressures.

Of these five epitopes, Sites II, II, and IV were mapped to three

regions in the common “a” determinant. Given the importance of the

“a” determinant for the antigenicity of HBV vaccines, it is reasonable

to assume that the binding of anti‐HBs antibodies to these sites

contributes, at least in part, to the overall neutralizing activities as-

sociated with the HBIG lots. By incorporating mutations specifically

in these epitopes, guided by previously reported “escape” mutants

(Table 1),20–28 we have further demonstrated that altering a few key

residues within these epitopes could significantly disrupt the re-

cognition by anti‐HBs antibodies.

Site IV was mapped to a linear epitope between the two cysteines

C139 and C147. The epitope includes amino acids K141, P142,

S/T143, D144, and G145, all of which are often mutated during natural

infection. Of the abovementioned amino acids, the mutation of G145

to an arginine is among the most frequent human immune escape

variations known to alter the projection of the loop structure, thus

causing the anti‐HBs antibodies to be unable to recognize it.26,28 The

G145R mutant has been reported to occur in the presence of protec-

tive levels of anti‐HBs antibodies in infants born to HBV‐infected

mothers who received HBIG plus vaccine, in liver transplant patients

who received HBIG for prophylaxis, and in HBsAg‐negative chronic

carriers of HBV.17,20–28 These clinical observations suggest that site‐

specific binding by HBIG lots can be a driving force for the selection of

escape mutants in these clinical settings. This is consistent with earlier

observations that the withdrawal of HBIG treatment could result in a

reversion of some mutations back to the original HBsAg sequence.29

However, this proposal should be made with caution as further studies

are needed to exclude the possibility that anti‐HBs antibodies initially

present in the unpurified HBIG were able to bind other forms of

HBsAg, including those escape mutants, but could have been lost

during the process of our experimental purification of the HBIG lots.

Mutation of P142 of Site IV is also able to reduce anti‐HBs an-

tibody binding, but the underlying mechanism might be associated

with simply disrupting the stability of the loop structure.28 In addi-

tion, mutation of this proline is known to decrease viral infectivity,13

implying that compensatory changes in the structure must occur to

maintain protein integrity of HBsAg. Therefore, it is likely that anti‐

HBs in the HBIG lots, via binding to Site IV, interfere with the virus

infectivity resulting in HBV neutralization.

The mutations occurring at Site II and Site III within the “a” de-

terminant, such as T123N and Y134S, have also been documented in

patients who have received HBIG treatment, thus supporting the clinical

relevance of these sites. Interestingly, a few human monoclonal anti-

bodies with broadly neutralizing activity have been shown to be reactive

with these sites.28,30,31 The reductions we observed in the HBIG binding

to Site II and Site III, as a consequence of the specific amino acid sub-

stitutions applied in this study, may provide an explanation of how these

mutants can escape from neutralization despite HBIG treatment.

Aside from the three abovementioned epitopes that were map-

ped within the “a” determinant, the two other epitopes, Site I and Site

V, were located outside the “a” determinant. Little is known about the

role of Site V in HBV infection, although P153 within this epitope

appears to be associated with infectivity in vitro.13 However, broadly

neutralizing monoclonal antibodies that bind specifically to Site I have

recently been isolated from memory B cells of HBV vaccinees and

controllers.28,31 Knowing that the amino acids within Site I, such as

F IGURE 4 Analysis of clinically relevant HBsAg mutants for their
binding to a single HBIG lot. Peptides representing the epitopes in
the HBsAg, i.e., Site II (A) and Site III (B), and their clinically observed
substitutions were chemically synthesized for ELISA analysis of their
binding by anti‐HBs antibodies in an HBIG lot. Residues of interest
within the epitopes are underlined. (C) The binding activity of HBIG
to the wildtype peptide, as measured by O.D. readings at 450 nm, is
expressed as 100% binding, while the binding activity of HBIG to the
mutated peptide is expressed as a percentage relative to the wildtype
peptide binding. Data show the mean ± SEM from triplicate readouts
of three independent assays. Two asterisks (**) and one asterisk (*)
indicate p < 0.01 and p < 0.05, respectively. ELISA, enzyme‐linked
immunosorbent assay; HBsAg, hepatitis B surface antigen;
OD, optical density
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Q101, G102, and M103, are highly conserved among all HBV sub-

types, our results appeared to suggest that Site I is one of the major

targets for the broadly neutralizing antibodies.

Our study findings essentially filled in several gaps of information

by identifying, confirming, and characterizing the critical HBsAg epi-

tope amino acids that are prone to mutation due to selection pres-

sures, including HBIG therapy. It also provided the basis for developing

novel residue‐specific neutralizing antibodies that could complement

the current HBIG therapy by counteracting future “escape” mutations.

Recently, several studies have begun to explore this therapeutic po-

tential.28,30–35 In one promising study, it was shown that HBV infec-

tion can be controlled, at least in vitro, by a combination of broadly

neutralizing antibodies targeting nonoverlapping epitopes with com-

plementary sensitivity to mutations that commonly emerge during

human infection.28 Future experiments could be carried out in an HBV

cell culture system to address if this combinatorial approach will in-

crease the effectiveness of HBIG in targeting specific escape mutants.

Furthermore, for the improvement of current HBIG lots, closer

monitoring of the residue‐specificity of anti‐HBs antibodies present

in plasma‐derived HBIG may be developed further into additional

quality control measures to ensure both the potency and consistency

of each HBIG lot.

5 | SIGNIFICANCE

The current HBIG lots are manufactured from the pooled plasma of

vaccinated donors, thus they contain high titers of anti‐HBs neu-

tralizing antibodies against HBV infections. By taking advantage of

this unique feature of HBIG, we have mapped five immunogenic sites

in the HBsAg that are recognized by the anti‐HBs antibodies, and,

subsequently, established the connection between these immune

epitopes and the “escape” mutants of HBsAg that emerged during

HBV infections. These findings not only provide the basis for de-

veloping residue‐specific neutralizing antibodies that could comple-

ment the current HBIG therapy by counteracting future “escape”

mutations but also confirm which immune epitopes are important for

a quality control‐type of monitoring of anti‐HBs antibodies in HBIG

to ensure both the potency and consistency of each lot.
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