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Introduction

Hepatitis B virus (HBV) is the most important member of 
the taxonomic family Hepadnaviridiae that causes hepatitis B, 
liver cancer, and liver cirrhosis. Despite the progress made over 
the past 3 decades through vaccination, HBV remains to be 
a major challenge and a constant threat in the field of public 
health; current estimates suggest that there are more than 350 
million hepatitis B carriers worldwide.1,2 Hepatitis B virus surface 
antigen (HBsAg) based vaccine Heptavax-B (Merck) was intro-
duced initially in 1981 with the plasma derived non-infectious 
HBsAg subviral lipid-protein particle as antigen. Subsequently, 
plasma-derived antigen was replaced with a recombinant HBsAg 
based vaccine with the commercial name RECOMBIVAX HB® 
(licensed by Merck) in 1986 as the first vaccine produced using 
modern recombinant DNA technology. RECOMBIVAX HB® 
is also the first human vaccine developed with virus-like particles 

(VLP) approach, followed by other globally successful vaccines 
including Engerix-B (by GSK) and other products in various 
countries.3,4 The structure of the hepatitis B subviral vaccine par-
ticle consists of lipids (~1/3 of the total mass) and HBsAg protein. 
HBV HBsAg produced in vivo or recombinantly self-assembles 
upon expression in cells into 22 nm spherical VLP, smaller than 
the infectious 42 nm Dane particles.4 The self-assembled 22 nm 
spherical HBsAg particlescomprise of HBsAg oligomers embed-
ded in the lipid layers. The spherical lipid-protein HBsAg par-
ticles were decorated with distinct surface protrusions, harboring 
key epitopes. These protrusions (24 protrusions per particle) 
in the octahedral structure were recently determined to be the 
HBsAg tetramers with their trans-membrane helical segments 
inserted in the lipid layers in the spherical particles.5,6 These 
protrusions, harboring the “a” determinant (aa 124–147) epit-
opes near the tip of these protrusions, comprised of the ~70 aa 
major hydrophilic region (MHR) of each HBsAg monomer. This 
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Prophylactic vaccines against hepatitis B Virus (HBV) infection were produced in different expression systems under 
different processing conditions. Since the recombinant HBV surface antigen (HBsAg) in these vaccines is a cysteine-rich 
protein with 14 cysteines among a total of 226 amino acids, the epitopes are dependent on the formation of intra- and 
intermolecular disulfide bonds. A panel of 22 monoclonal antibodies (mAbs) were developed and evaluated with respect 
to their sensitivity to disulfide reduction treatment of recombinant HBsAg. Not surprisingly, different mAbs showed dif-
ferent degree of sensitivity to controlled HBsAg disulfide reduction. With a view to exploring the functionality of anti-
HBsAg mAbs to be used in HBsAg quality analysis, in vitro neutralization activity for the mAbs was assessed. One of the 
mAbs tested, 5F11, which showed high sensitivity to the disulfide integrity in HBsAg, was shown also to be highly effec-
tive in neutralizing HBV in vitro. Conversely, 42B6, while exhibiting similar neutralization activity, showed comparable 
binding HBsAg with or without reduction treatment. Based on these mAb characteristics, a sandwich ELISA with 42B6 
being the capture Ab and detection Ab was developed to quantify HBsAg (like a “mass” assay) during antigen bioprocess-
ing or in vaccine products. In parallel, when 5F11 was used as the detection Ab (with the same capture Ab), the assay can 
be used to probe disulfide-dependent and virion-like epitopes in intermediates or final products of hepatitis B vaccine, 
serving as a surrogate marker for vaccine efficacy to elicit neutralizing antibodies. This approach enables the compara-
tive epitope specific antigenicity analysis of HBsAg antigen preparations from different sources.
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monomer-monomer interface area is the area with immuno dom-
inant epitopes for neutralizing antibodies found in the sera from 
HBV infected individuals or in the sera from vaccinees.7 HBsAg 
is a cysteine-rich protein with a total of 14 cysteines (with a total 
of 226 aa) in each monomer. Most strikingly, in the MHR with 
~70 aa, there are 8 cysteines in each monomeric HBsAg, mak-
ing a total of 32 cysteines in each protrusion (Fig. 1). Therefore, 
disulfide-bond pairing patterns are conceivably complicated with 
potential disulfide reshuffling during antigen preparation and/
or during vaccine storage. Due to the level of complexity and 
heterogeneity of multiple disulfide bonds, there was no definitive 
assignment on the disulfide bonds, which are critical for forming 

the neutralizing epitopes that resemble those of native virus.8-10 
The heterogeneity in disulfide pairing and the presence of the 
lipids in the particles could be the reasons impeding the disulfide 
assignment and the determination of the full HBsAg or subdo-
main structure with high resolution even after over 3 decades 
successful application as a human vaccine.

Without high resolution structure, the important epitopes of 
HBsAg have been mapped using various functional assays with 
monoclonal antibodies (mAbs), notably with neutralizing mAb 
RF-1 and A1.2, as molecular probes to assess the integrity and 
function of key epitopes.5,11 Binding activity of HBsAg in vaccine 
preparations to neutralizing mAbs has been used as a surrogate 

Figure 1. Recombinant cysteine-rich HBsAg, the active component of HBV vaccines, is a protein self-assembled into spherical particles upon expres-
sion with proper lipids. (A) Transmission electron-microscopy (TEM) obtained with CHO-derived HBsAg. Scale bar = 100 nm. (B) Three-dimensional 
octahedral HBsAg particle structure (yeast-derived HBsAg) with reconstructed cryo TEM data (adopted from Mulder et al.)5 (C) Major hydrophilic region 
(MHR), Asp99 to Arg169, in each monomer is illustrated with 8 cysteines per monomer. Therefore, a total of 32 cysteines are present in each protrusion 
which comprises of a tetrameric HBsAg MHR. It is conceivable that the disulfide pairing in MHR is complex. The presence of cysteines and formation of 
disulfides were shown to be crucial in virions for budding and viral post-replication transport.9,10 These disulfides are also important in the HBsAg VLPs in 
maintaining the virion-like epitopes,8 Therefore, making stable and cross-linked HBsAg antigens is the prime goal during vaccine bioprocess.19
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marker for vaccine efficacy to elicit functional antibodies.12,13 In 
this report, the characteristics of a panel of anti-HBsAg mAbs, 
probing different HBsAg surface epitopes, are described. These 
mAbs showed different degree of dependence on the presence of 
disulfides.5 The neutralization activities of these murine mAbs 
were assessed using a recombinant HBV system in HepaRG 
cells.14 Two representative mAbs, 5F11 and 42B6, one being 
highly sensitive to disulfide bond reduction and another being 
in-sensitive to such a reduction, were used in different assays to 
probe disulfide bond status on the HBsAg particles, a critical 
attribute for an efficacious vaccine. Probing the disulfide bond 
status, thus the epitope integrity of HBsAg, could potentially 

be useful in process monitoring and product characterization or 
even release and stability testing during HBV vaccine production 
and analysis.

Results

Characterization of murine anti-HBsAg mAbs
The cysteine-rich HBsAg protein, self-assembling into 22 nm 

spherical particles with images from transmission electron micros-
copy shown in Figure 1, was expressed in Chinese hamster ovary 
cancer cells. The HBsAg preparation was used the immunogen 

Table 1. Characteristics of a panel of anti-HBsAg monoclonal antibodies

Antibody Subclass
Degree of disulfide 

sensitivitya

Epitope 
typeb

Dimer 
HBsAgc Monomer HBsAgc Binding strengthd EC50 (ng/mL)e

Highly sensitive to DTT treatment (>10)

22F10 IgG1 >440 C - - very strong 0.18

A2C1 IgG1 >240 C - - very strong 0.34

15D1 IgG1 >220 C - - very strong 0.36

5F11 IgG2a >220 C + +/− very strong 0.37

127D7 IgG1 >33.5 L + + strong 2.4

20A2 IgG2b 10.1 C - +/− strong 2.9

Sensitive (1.3~10)

SF IgM >9.02 C +/− - medium 8.9

A10C2 IgG1 6.74 L + + very strong 0.59

SA1 IgG2a >3.63 C - - weak 22.0

E2A9 IgG2a 3.22 L + + strong 1.1

129G1 IgG1 2.01 L + + very strong 0.91

6C10 IgM 1.43 L + + strong 1.4

Not sensitive (0.7~1.3)

13H10 IgM 1.21 L + + medium 7.5

A13A2 IgG2b 0.97 L + + strong 2.2

42B6 IgG1 0.89 L + + very strong 0.94

G12F5 IgG1 0.77 L + + very strong 0.75

75C12 IgG1 0.72 L + + weak 29.8

Preferring reduced HBsAg (<0.7)

E7D4 IgG2a 0.49 L + + medium 4.2

E11E4 IgG2a 0.39 L + + strong 1.2

83H12 IgG1 0.23 L + + medium 4.6

45E9E IgG3 0.22 L + + weak 56.8

E9B3 IgG3 0.12 L + + weak 34.4

The degree of sensitivity to DTT treatment for a given mAb was indicated by fold change in EC50 value in direct binding ELISA. aDegree of disulfide 
sensitivity was assessed in a direct binding ELISA on HBsAg-coated plates. Relative binding data were derived from (DDT-treated HBsAg EC50)/ (HBsAg in 
PBS EC50) based on curve fitting results. bEpitope type identified via Western Blotting,15 “C” means conformational and “L” means linear. cMonomer HBsAg 
and dimer HBsAg15 were used by SIA (strip immunoblot assay), SIA strips contained 2 individual bands: a SDS-treated HBsAg dimer (5 μg, obtained from 
SDS-treated HBsAg by electro-elution), a SDS-treated HBsAg monomer (5 μg, obtained from SDS-treated HBsAg by electro-elution). dBinding strength 
for a given mAb was assigned based on the EC50 value of direct binding ELISA data. These mAbs were classified into 4 different groups: very strong (EC50 
< 1 ng/mL), strong (1 ng/mL < EC50 < 3 ng/mL), medium (3 ng/mL < EC50 < 10 ng/mL), weak (10 ng/mL < EC50). eEC50 values were derived from 4-parameter 
logistics fits of the direct binding ELISA data. Binding affinity as reflected EC50 values may not correlate to the neutralization activity for different mAbs. 
The neutralization activity is more dependent on the epitope recognized by a given mAb.
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and screening antigen during preparation of murine anti-HBsAg 
hybridoma. A panel of anti-HBsAg 22 mAbs were tested for their 
binding activity to surface immobilized recombinant HBsAg in 
a direct binding ELISA. The effective concentrations yielding 
the half maximal binding signals or EC

50
 values, were derived 

for these anti-HBsAg mAbs. They were ranked based on their 
affinity, reflected by EC

50
 values, being grouped into 4 groups, 

i.e., very strong, strong, medium, and weak (Table 1). To probe 
the sensitivity of each mAb to disulfide bond reduction, HBsAg 
was treated with different concentration of DTT during plate 
coating, yielding different levels of disulfide reduction (Fig. 2). 
A quantitative analysis on the binding activity to HBsAg (native 
particle antigen) and DTT-treated HBsAg (disulfides being 
reduced to free thiols) with a serially diluted mAb in each assay 
was performed in parallel to probe the mAb sensitivity to HBsAg 
reduction. EC

50
 values for these mAbs with untreated HBsAg as 

the coating antigen are tabulated in last column of Table 1.
Subtle perturbation to the HBsAg by varying levels of DTT to 

yield different level of reduction was probed with different mAbs 
in a direct binding ELISA. While DTT was present during plate 
coating, the plate was washed thoroughly to remove any residual 
DTT, not impacting subsequent Ag–Ab interaction during the 

ensuing ELISA steps. The level of sensitivity for each mAb to 
DTT treatment was quantitatively assessed by deriving the EC

50
 

values in the HBsAg binding activity for control HBsAg and 
HBsAg treated with different concentrations of DTT (0.005, 
0.014, 0.123, 0.37, 1.11, 3.33, and 10.0 mM) (Fig. 2). The mAbs 
can be grouped into 2 groups, those sensitive to DTT treatment 
(e.g., 5F11) and those that showed comparable binding to HBsAg 
regardless of the DTT treatment (e.g., 42B6). Five of the mAbs, 
i.e., 22F10, 5F11, 15D1, A2C1, 127D7, were found to be sensitive 
to disulfide bond reduction even with very low level (i.e., 0.005 
mM) of DTT as indicated by markedly increased EC

50
 values 

(Fig. 2B). Conversely, other mAbs such as 42B6 showed little or 
no sensitivity to DTT treatment (Fig. 2B). The plot of relative 
EC

50
 against DTT concentration for HBsAg treatment is shown 

in Figure 2B for 6 representative mAbs, showing progressively 
lower binding activities to reduced HBsAg for 5 mAbs except 
42B6, whose epitope is known to be linear (Cys137 – Gly145).15

Quantitative analysis of mAb sensitivity to disulfide 
reduction

As shown in Figure  2, 5 highly disulfide-bond sensitive 
mAbs—22F10, A2C1, 15D1, 5F11, and 127D7—were identified. 
The concentration of DTT could be as low as 0.005 mM while 

Figure 2. The changing affinities certain monoclonal antibodies (mAbs) to immobilized HBsAg as a function of DTT concentration (unit: mM) during 
plate coating. (A) The binding profiles for 2 representative mAbs - 5F11 (highly sensitive for DTT treatment), 42B6 (insensitive to DTT treatment), with 
different DTT concentrations during plate coating. (B) Relative EC50 values of 22F10, 5F11, 15D1, A2C1, 127D7, and 42B6 as a function of DTT concentration. 
All 5 disulfide-sensitive mAbs lost most of their binding capacities to HBsAg with as low as 0.005 mM DTT during plate coating.
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still yielding a significant decreasing effect on the binding activ-
ity of these disulfide sensitive mAbs to HBsAg. Other mAbs had 
also shown altered affinities for the DTT-treated HBsAg, how-
ever, they were either not as significant (e.g., 42B6 in Figure 2) or 
having slight increase in affinity (data not shown). With 10 mM 
DTT treatment, all 5 highly disulfide-sensitive mAbs showed 
no activity to bind HBsAg after reduction treatment, suggesting 
that 10 mM DTT would be a suitable reference point to catego-
rize the mAbs according to their degrees of disulfide-bond sen-
sitivity. Based on the level of sensitivity to disulfide reduction as 
reflected by relative EC

50
 (rEC

50
) values, the mAbs were ranked 

and categorized into 4 different groups: (Fig. 3B; Table 1)
•Type I, Highly sensitive for DTT-treated HBsAg (rEC

50,
 >10)

•Type II, Sensitive for DTT-treated HBsAg (rEC
50

, 1.3–10)
•Type III, Insensitive for DTT-treated HBsAg (rEC

50
, 0.7–1.3)

•Type IV, Preferring reduced HBsAg (rEC
50

, <0.7)
Among the 22 mAbs, there are 6 mAbs classified as Type 

I with 22F10 being the most sensitive to DTT treatment of 
HBsAg, 6 mAbs as Type II, 5 mAbs as Type III, and 5 mAbs 
as Type IV. (Table 1 and Fig. 3B) Based on the direct binding 

ELISA results, the degree of sensitivity to reduction treatment 
and the grouping based on their affinities, along with other char-
acteristics were tabulated these mAbs (Table 1). Not surprisingly, 
the Type I mAbs, exhibiting highest level of sensitivity to disul-
fide reduction, were also shown to be highly sensitive to HBsAg 
conformation as most of mAbs in Type I did not show much 
bind activity to denatured dimers or monomers in Western Blot 
or strip immuno assay (Table 1). Representative mAbs from Type 
I and Type III were chosen to be analyzed further with respect 
to their antigenicity toward HBsAg using sandwich ELISA (see 
below). Type IV mAbs, preferring reduced HBsAg, likely recog-
nize buried linear epitopes where reduction could have resulted 
in better epitope access.

Anti-HBsAg mAb neutralization activity
Recombinant HBV system in HepaRG cells was used to eval-

uate the mAb neutralization activity on HBV replication in cell 
culture. HBeAg was quantified in culture medium as the marker 
for in vitro HBV viral replication, as shown in Figure 4. The virus 
concentrations in cell culture, as reflected by HBV HBeAg lev-
els, in mAb-treated groups were significantly lower as compared 

Figure 3. The binding profiles of 3 representative monoclonal antibodies to HBsAg and the different levels of sensitivity to DTT treatment for different 
mAbs. (A) The primary ELISA binding profiles are shown for 3 mAbs (5F11, 42B6 and E2A9) with distinctively different binding properties to fully reduced 
HBsAg as compared to the control. (B) These mAbs were divided 4 different groups based on their relative EC50 values (derived from four parameter 
logistic fits) reflecting the degree of change in HBsAg binding activity to due to disulfide bond reduction in HBsAg. rEC50 »1.0 would indicate a mAb 
being insensitive for DTT treatment. Any significant change in Relative EC50 from 1.0 would indicate a significant change in binding affinities, reflecting 
conformational changes on HBsAg, probed by different mAbs. Two arrows indicate the 2 different mAbs (i.e., mAb 5F11 from Group I and mAb 42B6 from 
Group III) chosen for developing assays for different HBsAg antigenicity analyses. The mAbs preferring reduced HBsAg (in the last group) showed slightly 
higher binding activity to DTT-treated HBsAg as compared with the untreated HBsAg, likely recognizing linear epitopes.
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with the control group. The neutralizing effect is clearly anti-
body concentration dependent. Similar neutralizing activities 
was observed for 5F11 and 42B6 (IC

50
 ~16 ng/mL), where the 

E2A9 exhibited slightly lower neutralization activity (IC
50

 ~100 
ng/mL). (Fig. 4) All of 3 epitopes, as probed by these mAbs, seem 
to be essential for HBV infection/replication and for maintaining 
the structure of HBsAg. Therefore, the presence of these epitopes 
on the HBsAg VLP surface is a good surrogate marker for the 
ability of an immunogen to elicit neutralizing antibodies.

HBsAg antigenicity development as probed with mAb-
based sandwich ELISAs

From Table 1, 4 Type I mAbs (22F10, A2C1, 15D1, 5F11) and 
4 Type III mAbs (13H10, A13A2, 42B6, G12F5), all with high 
binding activity, were chosen to be analyzed during sandwich 
ELISA development. Not surprisingly, due to the multiplicity of 
epitopes (i.e., 48 dimers or 24 tetramers) on the 22 nm HBsAg 
VLP surface, the same mAb can be used as a detection Ab with 
the same capture Ab. It was the case for 42B6, when a nice bind-
ing curve was obtained for HBsAg antigenicity assay with the 
same mAb functioning as capture and detection Ab in the sand-
wich ELISA. Due to the nature of 42B6 epitope being insensitive 
to disulfide reduction, this assay, i.e., 42B6: HBsAg: 42B6-HRP, 
can be used for quantitation of HBsAg antigen, similar to a 
“mass ELISA.” In a different assay, still with 42B6 as capture 
Ab, the antigenicity was revealed by a disulfide-sensitive mAb 
5F11. This assay is highly disulfide-dependent, making it a use-
ful tool for tracking VLP epitope status in recombinant HBsAg 
VLP preparations.

Since the maturation phenomenon has been observed for 
freshly purified HBsAg,4 it would be of interests to ascertain 
how the epitopes develop on DTT-treated HBsAg during oxi-
dative maturation as indicated by these 2 distinctively different 
ELISAs. Hence, with aliquots drawn at different time intervals, 
standard curves of 2 assays were used to determine the antige-
nicity development of reduced HBsAg during heat-induced oxi-
dative maturation. As illustrated in Figure 5, disulfide-sensitive 
42B6: HBsAg: 5F11-HRP assay showed an anticipated steady 

increase in antigenicity during heat treatment over time, whereas 
with the same sample set, the disulfide-insensitive 42B6: HBsAg: 
42B6-HRP assay showed no change in antigenicity over time, 
as one might expect from a “mass-ELISA.” Moreover, cupric 
ion was shown to promote the oxidative maturation process, an 
expected phenomenon where disulfide bond formation or shuf-
fling is occurring during the maturation process.

Discussion

Globally available HBV vaccines comprised of HBsAg anti-
gens expressed with different host cells (Saccharomyces cerevisiae, 
Hansenula polymorpha, Chinese hamster ovary cell), in some cases 
showing different morphology (symmetrical octahedron, irregu-
lar octahedron).16 For marketed vaccines for routine immuniza-
tion, monitoring vaccine safety and efficiency is essential during 
vaccine manufacturing. It is also of interests to perform com-
parative analysis on antigenicity and immunogenicity of vaccines 
from difference sources for comparison or possible replacement 
for vaccination. HBV vaccines from different sources are dosed 
on protein content as measured in a colorimetric assay (such as a 
Lowry or BCA method) at the aqueous bulk stage rather than on 
antigen content from an activity based immunoassay.

As a lipid protein particle, the HBsAg VLP stability depends 
on intermolecular cross-linking of HBsAg and trans-membrane 
helix-helix interactions and lipid-protein associations.17-19 The top 
of each S-protein tetramer forms a protrusion, where it displays 
the critical clinically relevant epitopes.5 The MHR projected out 
of the lipid layer surface is a tetramer of S-protein monomers, thus 
containing a total of 32 cysteine residues per protrusion.5 The 
epitopes on these surface protrusions, depending upon the proper 
disulfide bond pairings at the dimeric and tetrameric interface, 
are critical for HBsAg VLP as an immunogen to elicit functional 
and neutralizing titers against HBV infection. Therefore, the 
correct disulfide bond pairing could be critical for the structure 
and formation of virion-like epitopes on the surface of HBsAg 

Figure 4. HBV neutralizing activities of mouse anti-HBsAg mAbs evaluated using HBV replication system in HepaRG cells. Decreased virus concentra-
tions, as indicated with HBeAg levels, were observed with increasing level of mAbs. Control mouse IgG showed no impact on the virus replication. The 
neutralizing activities of 5F11 and 42B6 were comparable (IC50 ~16 ng/mL), both having higher neutralization activity than E2A9. All of 3 epitopes, as 
recognized by these mAbs, are essential for HBV infection, and likely for maintaining the structure of HBsAg.
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VLPs. As reported recently, comparative immunization studies 
indicated that changes in the disulfide bonding pattern modulate 
the HBsAg VLP immunogenicity most likely due to structural 
changes.20

To probe changes in immune reactivity due to structural per-
turbation, this study took advantage of the disulfide–dependent 
nature of MHR conformation in HBsAg. By fully reducing all the 
disulfides with DTT during plate coating, the changes in mAb 
binding activity to surface immobilized HBsAg were assessed. 
Different levels of spiked DTT in the coating buffer resulted in 
different levels of activity loss probed by various mAbs in the sub-
sequent binding assays (Figs. 2 and 3). Post-DTT removal assay 
time for Ag and Ab binding is just a couple of hours at ambi-
ent temperature, thus there is no discernible reoxidation of the 
reduced HBsAg which could take days to complete.12 Based on 
the binding data from DTT treatment study for various mAbs, 
a pair of sandwich ELISAs were proposed using 2 different anti-
HBsAg mAbs (5F11 and 42B6) as detection Abs in sandwich 
ELISAs. These 2 different assays probe distinctly different bind-
ing properties of HBsAg VLPs (Fig.  5). A disulfide-sensitive 
mAb 5F11 was used to probe HBsAg VLP conformational 
changes, whereas the other mAb 42B6 being disulfide-insensitive 
was employed to monitor HBsAg antigen concentration or “anti-
gen mass.” The antigenicity developed during heat treatment of 

HBsAg, as reported with 5F11, was similar to the antigenicity 
enhancement of HBsAg as probed by neutralizing mAb A1.2 or 
RF-1.5,12,13 The virus neutralization results showed both epitopes 
of 5F11 (disulfide-sensitive) and of 42B6 (disulfide-insensitive) 
were essential for HBV infection/replication. Therefore, this con-
formation-sensitive and neutralizing mAb, 5F11, could be used 
to monitor the epitope formation, vaccine potency, and particle 
stability during antigen bioprocessing and vaccine formulation 
and storage.

When HBsAg was initially developed as a vaccine in 1980s, 
mouse potency assay was used as release assay for vaccine potency. 
In vitro relative potency (IVRP) assays for hepatitis B vaccine, 
replacing animal based potency assays, were later developed for 
product characterization and lot release by various institutes or 
vaccine manufacturers (Table 2).21,22 The development of these 
binding based IVRPs is mainly driven by initiatives in reduction 
of animal use and the need for an assay with shorter turn-around 
time and better assay precision.13,22-25 Bead-based sandwich ELISA 
Auszyme kit made by Abbott Laboratories, once widely used, was 
discontinued around 2005. Both inhibition ELISA and sandwich 
ELISA were used by different manufacturers to develop replace-
ment assays for HBV vaccine antigenicity analysis. Sandwich 
ELISA could be highly specific and reproducible,26 while inhi-
bition ELISA maybe more sensitive to subtle conformational 

Figure 5. Maturation process of HBsAg (post DTT removal) at 37 °C as monitored with an “antigenicity ELISA” and a “mass-ELISA.” In the antigenicity 
assays, the HBsAg was captured using the disulfide insensitive 42B6 regardless of the disulfide status. Two different mAbs, same mAb 42B6 or disulfide 
sensitive 5F11, were employed as detection Ab in 2 different sandwich ELISAs to reveal the binding activity yielding unique information on different 
epiopes. (A) This assay (42B6: HBsAg: 5F11-HRP) is disulfide-dependent, detecting the HBsAg epitope development as a function oxidative maturation 
time. The red circles/line are the data obtained with facilitated maturation with cupric ion and the blue triangles or line are the data for the control (PBS 
only). Please note the expected promoting effect of cupric ion on the oxidative maturation of DTT-reduced HBsAg as indicated with the conformation-
sensitive assays. (B) The other assay, with 42B6 on both sides (42B6: HBsAg: 42B6-HRP) is disulfide-independent. For this “mass-like” ELISA, it showed 
constant level during the whole oxidative maturation process. The standard curves used for antigenicity analysis were shown in the inset Figures in (A) 
and (B). The minimal detection level of HBsAg was for 2 assays shown in Figure (A) and (B) insets, ~0.98 ng/mL and ~3.9 ng/mL, respectively.
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changes as it probes antigenicity in solution.21,27 Polyclonal anti-
bodies may have renewability and sustainability issues, if they are 
used for release assays in the long run (Table 2). This problem is 
apparent as the quality analysis of vaccine potency is needed dur-
ing the whole product life cycle.

In this report, based on a comprehensive characterization data 
set on a panel of mAbs, 2 unique mAbs were chosen to be used 
in 2 different assays for vaccine potency/antigenicity determina-
tion, yielding non-overlapping and orthogonal information on 2 
distinctly different epitopes (one linear and another conforma-
tional). Long-term supplies can be guaranteed for these mAbs 
(available upon request) produced from mouse hybridoma. The 
assay with 42B6 as a detection Ab yields information similar to 
a “mass ELISA” for vaccine antigen content. The assay with a 
conformation-sensitive and neutralizing mAb 5F11 as the revela-
tion Ab functions like the IVRP assays (Table  2) reported in 
the field. Antigenicity analysis with 5F11 would be highly sensi-
tive in detecting subtle conformational changes in HBsAg dur-
ing manufacturing and storage. Multifaceted analysis on HBsAg 
VLP antigenicity with mAbs directed toward different epitopes 
could provide more informative data on routine or investigational 
analysis of vaccine products.

The maturation of HBsAg by disulfide bond formation and 
disulfide bond exchange was observed during the downstream 

purification process and under storage conditions via air oxida-
tion.5,12,13 Cross-linking through intermolecular disulfide bonds 
is likely the molecular basis for causing certain conformational 
changes, making the epitopes more similar to those in native 
virions under the conditions where conformational optimization 
was allowed. As previously reported, cross-linking, likely coupled 
with conformational consolidation which can be probed with 
conformation-sensitive mAbs, is important for both antigenicity 
and immunogenicity of theses in vitro assembled VLPs.12,28-30 In 
early years of vaccine development, HBsAg VLP characterization 
was performed mainly with SDS-PAGE gel to show the degree 
of cross-linking, lacking information on 3-dimensional features 
of key epitopes.19 Now with different anti-HBsAg mAbs against 
various epitopes available, the proposed assays with mAbs of 
choice can be performed on process intermediates or final prod-
ucts, yielding quantitative data and orthogonal information on 
antigen content (“mass ELISA”) or integrity of clinically relevant 
epitopes (e.g., RF-1, or A1.2-like mAb binding activity, a surro-
gate marker for vaccine clinical efficacy).

When these 2 different sandwich ELISAs were run in parallel, 
different HBsAg VLP epitopes would be assessed in a quantitative 
manner. This novel approach with mAb-based assays for HBV 
vaccine provides quantitative analytical tools forantigen mass 
as well as epitope-specific antigenicity assays. Addition of these 

Table 2. In vitro relative potency assays of Hepatitis B vaccine reported in the literature and proposed assays based on the results in this report3

Method Key reagent
Information
on epitopea

Information on 
disulfide- dependent 

epitope
Comment Country Reference

Sandwich ELISAb 
(Bead-based)

mAbs + No
Discontinued in 

2005
USA

Auszyme kit. Schofield 
et al. 200222

Inhibition ELISAc pAb - No One site assayd

Brazil Cardoso et al. 200135

Cuba Cuervo et al. 200421

Cuba Cuervo et al. 200827

Inhibition ELISAe pAb and mAb + No One site assayd Belgium Giffroy et al. 200636

Sandwich ELISAf pAb as capture Ab mAb as 
detection Ab

+ No
mAb 

affinity was 
determination

India
Shanmugham et al. 

201037

Sandwich ELISAg mAbs as capture Ab pAb as 
detection Ab

- No Iran
Karimzadeh et al. 

201038

Sandwich ELISAh mAbs + No Brazil Costa, et al. 201126

Sandwich ELISAi

mAbs Multifaceted, 
highly 

specific, and 
sensitive

China This work5F11 as detection Ab ++ Yes

42B6 as detection Ab + No

aThe “+” represents that method aim at specific epitope on HBsAg, “-” otherwise. The “++” means against specific epitope, furthermore, monitoring the 
HBsAg conformational changes due to changes in disulfide bonds. bMethod was based on AuszymeTM kit, a bead based assay with anti-HBsAg and mAbs. 
(http://www.fda.gov/downloads/BiologicsBloodVaccines/BloodBloodProducts/ApprovedProducts/LicensedProductsBLAs/BloodDonorScreening/
InfectiousDisease/ucm077519.pdf). cPlates were coated HBsAg polyclonal antibodies.The quantity of non-neutralized antibodies was then measured via 
HBsAg-HRP conjugated. dThe assays were potentially useful in monitoring the vaccine antigenicity on adjuvants. ePlated were coated HBsAg polyclonal 
antibodies, non-neutralized mAb was used compete Ab for the method, then the quantity of antibodies were measured via goat anti-human IgG 
antibodies labeled with peroxidase. fPlates were coated polyclonal guinea pig anti-HBsAg antibody and mouse anti-HBsAg antibody was for measuring 
HBsAg. gPlates coated 2 monoclonal antibodies and a polyclonal antibody conjugated with biotin was used for detect Ab. hTwo human monoclonal anti-
bodies were used in this method, one was coated Ab and the other for detecting. iIn this paper, we proposed a pair of assays (sandwich conformational / 
sandwich linear) for monitoring our HBsAg. The assay has advantage of detecting conformational changes by an “antigenicity ELISA” with mAb which is 
highly sensitive to the disulfide bond status and quantifying HBsAg by a “mass ELISA” with mAb recognizing a linear epitope.
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new analytical tools for process monitoring and product char-
acterization upgrades the HBV vaccine analytical toolbox, bet-
ter ensuring the process reproducibility and product consistency 
during the whole vaccine life cycle. Application of the proposed 
assays to reduced HBsAg confirmed the oxidative maturation 
phenomenon (Fig. 5), demonstrating the disulfide bond depen-
dent nature of key epitopes, much similar to the results obtained 
with neutralizing mAbs RF-1 and A1.2.12,13,29 Distinctly differ-
ent kinetic profiles of HBsAg maturation were obtained with 2 
different assays, one (42B6: HBsAg: 5F11-HRP) being highly 
disulfide-sensitive and another (42B6: HBsAg: 42B6-HRP) 
being disulfide-insensitive. Epitope mapping of 42B6 and 5F11 
were previously done with HBsAg variants with mutations in the 
MHR.15 The epitope for 42B6 is linear, which located at Cys137-
Gly145. For the conformation-sensitive 5F11, its epitope is clearly 
discontinuous. Changes in amino acids in both loops (A loop, 
Ile110 to Thr123 and B loop, Cys138 to Cys147) in MHR were 
showed to impact the binding activity of 5F11. The following 
“naturally occurring” HBsAg variants, G119R, C124R, S136P, 
K141E, D144A, and G145R, showed more than 50% reduction 
in binding to 5F11 as compared with wild type HBsAg.15

These 2 assays with 2 different revealing mAbs, when per-
formed in parallel, can serve as quantitative tools to establish the 
antigenicity profiles of multiple antigen lots. Such a database 
from these assays would help to ensure manufacturing consis-
tency, to monitor product stability and to aid in the compara-
bility exercise for a process upgrade or scaling up.4 Multifaceted 
analysis using a panel of mAbs for recombinant human papillo-
mavirus vaccines has been performed, yielding most critical data 
sets for antigen characterization in the comparability package.4 
More importantly, this approach paves the way for comparing the 
widely used HBV vaccine antigens made using different expres-
sion host and/or with different bioprocessing conditions.

In addition to analyzing HBsAg in solution, the same assay set 
could be used on recovered antigen from final vaccine products, 
as most HBV vaccines are adjuvanted with aluminum contain-
ing adjuvants. The proposed assays in this paper could be per-
formed post-dissolution of adjuvants, releasing the HBsAg back 
into solution without any damage to antigen structure or antige-
nicity based on our own experience as well as published work.31 
There were no discernible changes in HBsAg size and morphol-
ogy for recovered HBsAg antigen after adjuvant dissolution, as 
observed with electron microscopy. Moreover, antigenicity analy-
sis showed no difference between native and desorbed HBsAg for 
HBsAg-specific mAb RF-1, a conformation-sensitive and neu-
tralizing mAb.31 Therefore, with proper dissolution treatments, 
vaccines from different manufacturers could conceivably be com-
pared with respect to their epitope integrity by performing of the 
proposed assays after normalization of the protein concentration 
with the “mass-ELISA” as an additional control. While the pro-
posed assays could provide new insights into the conformation 
status of the vaccine antigen by extending the analysis on pro-
cess samples and on the final vaccine products, the assignment 
of the native-like disulfides in HBsAg was not addressed in this 
study. Such an assignment along with high resolution structure of 
HBsAg particle or even the MHR domain structure could help to 

better understand the structure activity relationship of this highly 
successful prophylactic vaccine introduced about 3 decades ago. 
Another caveat for this work is, while the neutralization activity 
of 5F11 has been confirmed, that correlation between antigenic-
ity reported by 5F11 and immunogenicity has not been estab-
lished. Extending the work to heat-stressed samples and vaccine 
products from various manufacturers and establishing the corre-
lation between 5F11 binding activities to in vitro mouse potency 
are the subjects for future studies.

In summary, an in-depth characterization of a panel of 22 
anti-HBsAg mAbs was performed particularly with respect 
to their sensitivity to the presence of disulfides. Two different 
in vitro antigenicity analysis methods were proposed to moni-
tor 2 different HBsAg epitopes in parallel. This epitope-specific 
approach with unique information on epitope integrity provides 
an improved toolbox over earlier methods for more informative 
HBsAg vaccine characterization. It offers multifaceted assess-
ment on epitopes in a quantitative way,32 enabling across compar-
ison of recombinant HBsAg or final vaccine products undergone 
different bioprocessing conditions from different sources, with 
respect to their disulfide-dependent antigenicity of HBsAg.

Materials and Methods

Recombinant protein and monoclonal antibodies
Recombinant HBsAg proteins
The recombinant HBsAg protein was expressed in Chinese 

Hamster Ovary (CHO) cells, and purified as described previ-
ously (Wantai Biopharm).15,33 The samples (1 mg/mL) were 
applied to a carbon-coated copper grid. After 2 min, the excess 
liquid on the grid was removed by blotting with filter paper. The 
grid was then washed with water prior to staining with 2% phos-
photungstic acid (pH 5.0) for 30 s and was dried for 2 min. The 
samples were then viewed using a JEM-2100HC (JEOL Ltd.) 
microscope with a side-mounted Morada camera at 120 KV. 
Electron micrographs of the samples were captured and visual-
ized using iTEM software.

Monoclonal antibodies (mAbs)
A total of 22 anti-HBsAg mAb hybridomas were generated 

in house using standard mouse hybridoma technology. Certain 
characterization and specific binding analysis to HBsAg on these 
mAbs has been previously reported.15 These mAbs were pro-
duced using mouse ascites fluids and then affinity purified using 
Protein A chromatography (GE Healthcare). The concentration 
of the purified IgG was determined with optical density at 280 
nm.

HBV neutralizing activity for mAbs
HepaRG cell line was used to assess the in vitro HBV neu-

tralizing capacity of anti-HBsAg mAbs. The HepaRG cells 
were cultured as previously described in William’s E medium 
supplemented with 10% fetal calf serum, 100 unit/mL peni-
cillin, 100μg/mL streptomycin, 5μg/mL insulin, and 5 × 10−7 
M hydrocortisone hemisuccinate for 2 wk.14 For differentiation 
and infection, HepaRG cells were cultured for 2 wk in medium 
supplemented with 2% DMSO, prior to the HBV infection 
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procedure. To test the mAb neutralization activity, HepAD38, 
which expresses HBV under the control of the inducible tetra-
cycline Promoter 2 was used. About 1.4 × 108 copies of HBV 
from cultured supernatant were pre-incubated with a serial dilu-
tions (10 000, 2000, 400, 80, 16, 3.2 ng/mL, and buffer without 
mAb) of each anti-HBsAg mAb or a control IgG for 1 h at 37 °C. 
Subsequently, the mixtures of mAbs and HepAD38 were added 
to HepaRG cells in medium with 4% (w/v) PEG 8000. After 
overnight incubation, the HepaRG cells were gently washed 3 
times with medium and then cultured with fresh medium. At the 
seventh day post infection, HBeAg, a marker for HBV concentra-
tion was quantified with an HBeAg quantification kit (Wantai 
Biopharm).34 Signal-to-cut-off ratio from the ELISA assay was 
calculated to indicate the viral concentration in each well.

mAb binding activity to HBsAg with or without disulfide 
reduction

Direct binding ELISA on antigen-coated plates was employed 
to assess the median effective concentration (EC

50
) of mAbs in 

solution with half-maximal binding against the surface-immo-
bilized recombinant HBsAg, with or without a strong reductant, 
dithiothreitol (DTT), during plate coating. After plate blocking, 
plates were incubated at 37 °C for 60 min with 100 μL 2-fold 
serial dilutions (starting at 80 ng/mL mAb) of 22 different mAbs 
using assay diluent. Following 5 wash cycles using the standard-
ized wash-buffer PBS–0.5% (w/v) Tween 20 (PBS-T), second-
ary antibody goat anti-mouse IgG horseradish peroxidase (HRP) 
conjugate (DAKO, Glostrup, Denmark) (diluted 1:5000 in assay 
diluent) was added in plates. After incubated at 37 °C for 45 min, 
the plates were washed 5 times with PBS-T. Subsequently, 100 
μL per well tetramethylbenzidine substrate solution (Wantai 
Biopharm) was added and incubated for 10 min. The reaction 
was stopped by adding 50 μL per well 2.0 M sulfuric acid. 
Absorbance in each well was determined at 450 nm with that at 
620 nm as a background.

Sandwich ELISAs for HBsAg antigenicity analysis
Sandwich ELISA, with mAbs as capture and detection Abs, 

was used to determine the immuno-reactivity of HBsAg prepa-
rations. The define value is the median effective concentration 
(EC

50
) of antigen (HBsAg or DTT-treated HBsAg) in solu-

tion with half-maximal binding. Four different mAbs (13H10, 
A13A2, 42B6, G12F5) were screened as coating Ab in the devel-
opment of sandwich ELISAs for HBsAg antigenicity analysis. 
After plate coating and plate blocking, the plates were incubated 
with 100 μL per well (starting at 1000 ng/mL) antigen HBsAg or 
DTT-treated HBsAg (after DTT removal via dialysis) at 37 °C 
for 2 h. Following 5 washes using the wash buffer PBS-T, HRP-
conjugated detection mAbs (diluted 1:1000 in assay diluent) 

were added and the plates were incubated for 30 min at 37 °C. 
The plates were washed 5 times with PBS-T, 100 μL per well of 
tetramethylbenzidine substrate solution was added and incubated 
for 15  min prior to quenching with 50 μL per well of 2.0 M 
sulfuric acid. The intensity of the signals in each well was read 
at 450 nm using a 96-well micro-plate reader (Autobio Labtec).

HBsAg maturation as monitored with sandwich ELISAs
HBsAg solution was treated by 10 mM DTT at room tem-

perature for 30 min to reduce all the disulfide bonds in HBsAg. 
The mixture was then extensively dialyzed in PBS or PBS con-
taining 50μM CuCl

2
 at 4 °C. Spontaneous HBsAg maturation 

induced by heat treatment was followed for 72  h at 37 °C, in 
a similar way with previously reported experiments.12,13 Samples 
were taken at different time points: 0, 1/6, 1/3, 1/2, 3/4, 1, 2, 4, 
6, 18, 24, 48, 72 (unit: h) for antigenicity analysis. Aliquots of 
100 μL were drawn at each time interval and then rapidly frozen 
in liquid nitrogen. These samples were stored at –20  °C until 
analysis. The samples were analyzed with 2 sandwich ELISAs 
in parallel in one batch for better consistency for antigenicity of 
HBsAg samples from different time intervals. The antigen con-
centration of HBsAg, as indicated in each assay, was derived from 
a corresponding standard curve. To assess the antigenicity in an 
epitope specific way, different detection Abs were used to reveal 
different epitope status. For consistency in the capture step, 42B6 
was used as a coating Ab in both assays with either, HRP-labeled 
42B6 or HRP-labeled 5F11 were used as detection Abs.

Curve-fitting and statistical analysis
Curve-fitting using 4-parameter logistic fit of the ELISA data 

from direct binding ELISA or sandwich ELISA assays to derive 
EC

50
 values, or for antigen concentration determination using 

standard curve, was performed with GraphPad Prism (GraphPad 
Software). The standard deviation in replicate EC

50
 values was 

calculated using Excel (Microsoft).
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