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Development of monoclonal antibodies to target the large surface protein of

Hepatitis B virus and their use in therapeutic and diagnostic applications

Abstract:

Over 250 million people are living with chronic infection caused by the Hepatitis B virus
(HBV). HBV has 3 surface proteins, namely small (SHBs), medium (MHBs), and large
(LHBs), and they play different roles in the virus life cycle. The approved hepatitis B vaccine
only contains the SHBs protein and much studies have focused on characterizing the functional
domains in SHBs. Although the LHBs protein is less studied, recent studies have shown that it
plays important roles in mediating viral entry, replication and assembly. Over the years, there
have been major advancements in monoclonal antibody (mAb) discovery tools and multiple
mAbs have been developed to specifically target the preS1 domain in LHBs. We summarize
the HBV infection systems and antibody discovery strategies that have been utilized by various
research groups to assess the potential use of anti-preS1 mAbs as therapeutic antibodies against

HBYV or in the development of new diagnostic assays.



Introduction

Hepatitis B virus (HBV) is a partially double-stranded DNA virus that belongs to the
family of Hepadnaviridae and has a strict tropism for human liver. Although epidemiological
studies have shown that most HBV patients recover, approximately 5-10% of the cases
progress to chronic hepatitis B (CHB) virus infection, with an elevated risk of developing liver
cirrhosis and hepatocellular carcinoma (HCC)!'! . With 1.5 million new infections every year,
the World Health Organization (WHO) estimated that over 250 million people were living with
CHB in 2019, from whom an approximate of 820,000 deaths were reported, primarily due to
liver cirrhosis and HCC (https://www.who.int/news-room/fact-sheets/detail/hepatitis-b.
Accessed on November 10, 2022). While an effective vaccine is currently widely available, the
development of a cure for CHB remains challenging, predominantly due to the persistence of
a viral nuclear covalently closed circular DNA (cccDNA) that is not targeted by existing
therapeutic interventions!>#l, Such persistence of HBV infection may also be fueled by host’s
immune responses to the genetically diverse intra-host HBV populations that can evade the
host- and therapeutic-induced selection pressures!®.

To date, HBV is classified into four subtypes (adw, adr, ayw, and ayr) and nine
confirmed genotypes (genotypes A to I), and one putative genotype J, all of which further
diverged into numerous subtypes with varying modes of transmission, pathogenicity, and
geographical distribution!>7], For instance, genotypes A and D are more commonly reported
in Europe, while B and C are the dominating genotypes found in the Asial®l. Importantly, a
meta-analysis assessing the risk of HCC in patients with different HBV genotype revealed
significantly more HCC were reported among genotype C-infected patients than those with
genotypes A or DI,

Structurally, the HBV virion is approximately 42 nanometer (nm) in diameter and

comprises the nucleocapsid, viral genome, and envelope proteins. The HBV genome (Figure



1A) has a relaxed genome size of 3.2 kilobases (kb), containing four open reading frames
(ORFs), namely the pre-core/core, polymerase, pre-S/S, and X[, Nucleocapsids, which are
made of core antigen (HBcAg), act as a capsule that houses the HBV genome and
polymerase. There are three HBV envelope proteins which are collectively known as HBV
surface (HBs) proteins, namely the small, medium, and large HBV surface proteins, and are
abbreviated as SHBs, MHBs and LHBSs, respectively (Figure 1B)!'!l. The MHBs and LHBs
envelope proteins are the extended forms of SHBs protein (227 amino acids, aa) at the N-
terminus, with the MHBs protein having a pre-S2 (55 aa) domain, while the LHBs protein
has both the pre-S1 (108 to 119 aa, depending on genotypes) and pre-S2 domains. These
proteins are present on virions as well as on subviral particles (SVPs), which are particles
without a viral genome. While SHBs, the most abundant surface protein, plays a vital role in
the production of HBV virions and SVPs!!?], the precise function of MHBs remains elusive,
although some studies show that MHBs may play a role in the secretion of virions['> 13, On
the other hand, LHBs, which is the largest HBs, plays a critical role during the entry of HBV
into the host cell. It was reported by Bruss et al. that function of LHBs includes facilitating
viral invasion by acting as the receptor protein for viral invasion as well as viral assembly by
acting as the matrix proteint'4l. Furthermore, the structural changes of LHBs during virion
maturation also suggest its potential role in viral release and HBV infectivity!'4. Importantly,
studies have unravelled several immunogenic epitopes within the pre-S1 region of LHBs
(Figure 1C) and such observation will be discussed in greater detail in the later sections.
Although antiviral therapies and vaccine are available, HBV remains a global threat to
public health. Currently, the most widely available vaccine for HBV contains only SHBs and
is effective in preventing HBV infection in most populations!!3l. Much studies have focused on
the properties of SHBs including the ‘a’ determinant part, which is considered as a major

neutralizing epitopel!®l. To improve vaccine efficacy, third generation of vaccines that contain



both pre-S and S epitopes have been tested in various clinical trials, and yielded promising
observation!!3l. For instance, the new generation of vaccine has been shown to improve the
vaccination outcomes for certain groups of people who do not response well to the conventional
vaccine. Such observation highlights the importance and the potential of LHBs, particularly
pre-S1/pre-S2 domains, in stimulating protective immunity against HBV infection'> 171, In this
review, we will summarize recent studies on the function of LHBs and highlight how
monoclonal antibodies (mAbs) targeting the pre-S1 domain, which is unique to LHBs, are

being used in research to develop new therapies and diagnostic assays.

The functions of LHBs in viral entry, replication, and assembly

LHBs has multiple functions and has been shown to be involved in viral entry,
replication, and assembly of the virion. The HBV life cycle starts with a low-affinity interaction
between HBV and heparan sulfate proteoglycans (HSPGs) present on hepatocytes!!'®l. The
antigenic loop (also known as ‘a’ determinant region) of HBs is responsible for this interaction.
Subsequently, a high affinity interaction occurs between the LHBs protein and the sodium
taurocholate cotransporting peptide (NTCP) receptor present on liver cells!'®). This vital viral-
host interaction is dependent on the residues 12 to 59 (this is based on the numbering system
for the Genotype A, P31873 while the corresponding numbering system in the original
publication refers to residues 1 to 48) of the pre-S1 domain, which is myristoylated at its N
terminus, in LHBs[?% 2! After the attachment step, endocytosis of virion occurs, but the exact
next step for viral uncoating is not fully defined. However, recent work by Perez-vargas and
co-workers identified and characterized a potential fusion peptide at residues 60 to 78 (this is
based on the numbering system for the Genotype A, P31873 while the corresponding
numbering system in the original publication refers to residues 48 to 60) in the pre-S1 domain
of LHBs and suggests that a membrane fusion mechanism could be triggered by host factor

ERp57, a protein disulfide that promotes HBV entry and infectivity!?2].
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The LHBs protein has two membrane topologies with distinctive roles in the viral life
cycle. In one topology, the N-terminal part of LHBs containing pre-S1 and pre-S2 is present
on the cytosolic side, while in the other case, N-terminal part is on the luminal side of the
ER['* 23], During infection, the pre-S1 part is exposed on the outer side of the virion and
supports the interaction with the NTCP receptor on hepatocytes!?*. While in the later stage of
infection, the pre-S1 part of the LHBs protein is present in the cytosolic side and is needed
for viral assembly!?3l. For this form of LHBs, there is the cytosolic anchorage determinant
motif in pre-S1 residues 82 to 106 (this is based on the numbering system for the Genotype
A, P31873 while the corresponding numbering system in the original publication refers to
residues 70 to 94), which binds to Heat shock cognate protein 70 (Hsc70), and a matrix
domain which is from ~residue 98 (this is based on the numbering system for the Genotype
A, P31873 while the corresponding numbering system in the original publication refers to
residue 86) to the end of pre-S1 and extending into pre-S2 (see Figure 1C and recent review
by Seitz!?61). The matrix domain has been shown to interact with the HBV capsid protein to
regulate virion formation. Importantly, LHBs interacts with y2-adaptin, which is a putative
member of the clathrin adaptor proteins responsible for protein sorting and trafficking in the
cytoplasm, suggesting that this interaction may be important for viral assembly?’]. It has been
reported by Summers et al. that LHBs are responsible for initiation of replication of cccDNA
minichromosomes leading to their increase in the copy number!?8]. These correlate well to
HBV DNA in turn highlighting the replication status of HBV in patients, suggesting LHBs’
role as a marker of viral infection and replication. The pre-S1 on the cytosolic side also
controls the viral replication by regulating the amplification of supercoiled viral genome!?31.
However, LHBs may also negatively regulate HBV transcription as it has been shown to
interact with the Translocase of Inner Mitochondrial Membrane 29 (TIMM29), which is an

antiviral host factor localized to the inner mitochondrial membrane [2°],



3. Chronical events in the development of neutralizing mAbs targeting the pre-S1

domain in LHBs

Two main groups of neutralizing mAbs have been produced to prevent HBV infection.
The first group of neutralizing mAbs is against ‘a’ determinant which is common in all 3 HBs
proteins. One such example is the mAb GC1102 which is being evaluated in a phase II clinical
triall*], There are two mechanisms of action for GC1102: first is by forming immune complex
with the circulating virions or SVPs, and the second is by preventing the re-entry of the virus
by interacting with SHBs!*!l. Other promising therapeutic mAbs belonging to this group have
also been recently discussed in a review paper*2l. The second class of neutralizing mAbs
targets the pre-S1 domain of the LHBs and selected anti-pre-S1 neutralizing mAbs generated

by different laboratories and their neutralizing epitopes are listed chronologically in Table 1.

For these selected mAbs, this section gives a summary of the immunogen designs,

antibody library or technology, epitope mapping and neutralizing assays used in each study:

BX-182: Hybridoma technology was used to isolate mAbs from mice immunized with 22nm
spherical particles containing different HBs proteins which were prepared using an
ultracentrifugation process*3l. One mAb named as BX-182 was found to bind strongly to ad-
related subtypes and their corresponding A, B, C, F, H genotypes of LHBs but showed no
significant binding to ay-related ones (or in genotypes D, E, G). The in vivo neutralizing activity
of BX-182 was then demonstrated by using chimpanzee infected with an adw subtype of HBV.
Epitope mapping via a random peptide phage library revealed that BX-182 bound to residues

17 to 21 of the pre-S1 domain in LHBs[*41.



MA18/7: HBV particles, which were obtained from the plasma of HBV carriers using sucrose
gradient, were used for mouse immunization and the hybridoma clone for mAb MA18/7 was
obtained using standard fusion of mouse B cells with a myeloma cell line!*l. By using
overlapping peptides to determine the binding epitope of MA18/7, the minimal region was
found to be DPAF (residues 31 to 34)1%]. Consistent with the conservation of this epitope,
MA18/7 was found to bind to peptides from 3 different subtypes, namely ayw, adw, and adr>"1.
Initially, the ability of MA18/7 to block the attachment of pre-S1-containing infectious virus
particles and SVPs (filamentous) to the human liver cell membrane was observed!®l.
Subsequently, the neutralizing activity of mAb MA18/7 was confirmed by its ability to block

the entry and replication of HBV in Tupaia hepatocytes!*l.

KR127 and KR359: In this study, the N-terminal part of pre-S1 (residues 1 to 56), which
contains the NTCP-binding domain, were expressed as a GST-fusion protein in E. coli and
the GST-tag was removed by thrombin. Hybridoma technology was then used to isolate
mAbs KR127 and KR359 from mice immunized with the pre-S1 fragment conjugated with
keyhole limpet hemocyanin*?l, By creating a series of GST-fusion proteins containing
different residues of pre-S1, the binding epitopes of mAbs KR359 and KR127 were mapped
to residues 19 to 26 and 37 to 45, respectively*'l. Subsequently, the neutralizing activities of
these two mAbs were confirmed by their abilities to block the infection of primary human
hepatocytes with two subtypes of HBV, namely one of adr-subtype and another of ayw-

subtype.

Subsequently, Hong HJ et al. developed humanized version (HzKR127) of KR127121 and Wi,
J., et al. developed humanized version (HzKR359-1) of KR359 by CDR grafting[*}l. Taking

the study forward, Kim JH et al, improved HzKR127 by further humanization and affinity



maturation to generate HzZKR127-3.2[441. They provided evidence that the affinities of these
humanized antibodies are higher than that of their original murine counterparts. Wi, J., et al.
also characterized the combined binding capacities of HzZKR359-1 and HzKR127- 3.2 and
observed that combination of these two humanized antibodies can bind to the preS1 region of
most HBV genotypes. The result indicates that the combination of these humanized mAbs

combinations may broadly neutralize HBV infection.

2H5-A14: A panel of fully human mAbs binding to the N-terminal of pre-S1 were selected
from a non-immune single-chain fragment of variable domain (scFv) phage display antibody
library by using two synthetic peptides named as m47b and NC36b for panning separately(43].
While m47b is an N-terminal myristoylated peptide corresponding to residues 2 to 48 of LHBs,
NC36b is not modified and corresponding to residues 4 to 36 of LHBs. By using HBV infection
of HepG2-hNTCP cells, 6 neutralizing mAbs were identified and out of them, mAb 2H5 was
found to have the most potent activity against HBV and it also neutralized hepatitis D virus.
Crystallographic studies mapped the binding epitope of mAb 2HS5 to residues 30 to 38 (this is
based on the numbering system for the Genotype A, P31873 while the numbering system in
the original publication refers to residues 19 to 27) and antibody engineering via variable heavy
chain shuffling was used to increase binding affinity!*]. An improved mAb 2H5-A14 was
subsequently evaluated for its ability to protect liver-humanized mice from HBV infection and
showed good prophylactic and therapeutic efficacies in a Fc-dependent manner. Importantly,
mAb 2H5-A14 showed similar neutralizing activities for HBV of genotypes B, C, and D

although it showed limited binding to the rarer genotypes F and H.



148: As an extension of the above study on mAbs KR359 and KR 127, the same group purified
bacterially expressed glutathione S transferase-tagged (GST) fusion protein containing the
whole pre-S1 domain as well as synthesized a peptide corresponding to residues 20 to 32 of
pre-S1146l. These immunogens were used sequentially to pan a human synthetic fragment
antigen-binding region (Fab) library in the following order: GST-pre-S1 (residues 1 to 119),
GST-pre-S1 (residues 1 to 56), peptide corresponding to residues 20 to 32 of pre-S1 and
untagged pre-S1 (residues 1 to 119). The 1A8 phage Fab showed the highest binding activity
and was converted into human IgG1 mAb. Recombinant pre-S1 proteins of different genotypes
were produced using mammalian cells and purified for Enzyme-linked immunosorbent assay
(ELISA) and biolayer interferometry-based affinity measurements. The mAb 1A8 bound
strongly to recombinant pre-S1 protein of HBV genotype A to C with slightly lower binding
to genotype D. However, 1A8 did not bind to pre-S1 of E, F and G. A virion-binding assay
showed that mAb 1A8 was able to immunoprecipitate viral particles of both genotype C and

D. It also blocked the infection of HepG2-NTCP by HBV particle of genotype D461,

BP-L34, L41, G82, G88 & BP-L03, L07, L13, G87: In this study, Yato and co-workers
immunized mice with different DNA constructs containing LHBs or pre-S1 fused with
different tags for four times and followed by a final intraperitoneal injection of 293T cells
transfected with each plasmid’l. By testing mouse serum for neutralizing activities with a
nanoluciferase reporter virus of HBV, two groups of mice (pCAG-LHBs, and pCAG-GroEL-
pre-S1) showed greater neutralizing activity and were selected for B cell sorting and cloning.
13 mAbs were obtained and overlapping peptides were used to categorize them into three
groups based on the epitope that they recognize, namely Epitope I (residue position relative to
the Genotype A, P31873, numbering system: residues 19 to 27), Epitope II (residue position

relative to the Genotype A, P31873, numbering system: residues 34 to 46), and Epitope 111
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(residue position relative to the Genotype A, P31873, numbering system: residues 46 to 52).
The positions based on numbering system in the original publication are residues 8 to 16
(Epitope I), 23 to 35 (Epitope II), and 35 to 41 (Epitope I1I), respectively*’). BP-L34, L41, G82
and G88 bound to epitope I and they could neutralize HBV of genotypes A, B and C but not
genotype D. The mAbs binding to epitope Il did not have neutralizing activities while mAbs

binding to epitope I1I (BP-L03, L07, L13, G87) only neutralized genotype C virus.

Interestingly, some of the mAbs generated by different laboratories mapped to similar
neutralizing epitopes in pre-S1 domain (Figure 1C). For example, mAbs 1A8, KR359 and BP-
L34 are binding to the sequence NPLGFFP (~residues 20 to 26 of pre-S1), suggesting that this
is a highly immunogenic neutralizing epitope. As this motif is essential for binding to the
cellular receptor NTCP, mAbs 1A8, KR359 and BP-L34 are expected to directly block the
interaction between HBV and NTCP to prevent viral entry. The binding epitopes of mAbs
MAT18/7 and 2H5-A14 also overlap with each other, and this epitope is further downstream
(~residues 30 to 36 of pre-S1). Since this epitope (LDPAF) is just downstream of the NTCP
binding site in pre-S1, mAbs MA18/7 and 2H5-A14 may be blocking viral entry by steric

hindering the interaction between HBV and NTCP.

4. Comparison of antibody discovery strategies used in anti-preS1 antibody generation

Advanced antibody screening and isolation technologies have led to the discovery of
the anti-preS1 therapeutic mAbs listed above. Both non-immune and immune antibody
repertoires have been successfully utilized and for the latter, the success in antibody discovery
is highly dependent on the immunogen used during immunization. Shih. et al utilized full-
length HB proteins purified from viral particles for immunization so that there would be

antibodies binding to different epitopes in the full-length proteins 331, In contrast, Ryu, C.J et
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al *%Tand Maeng, C.Y ., et al ! utilized recombinant protein by using GST tagged HBV protein
pre-S1 N-terminal fragment expressed and purified in E.coli, . In this way, they have the
advantage of generating mAbs that are specific to epitopes in the preS1. Recombinant protein
or synthetic peptide based immunization, while being generally successful, cannot be used for
antigens with complex structures or high hydrophobicity as these pose challenges for large-
scale protein purification. In this regard, Yato, K., et al "I used an alternative method, i.e. DNA
immunization with constructs containing LHBs for direct antigen production in vivo. The DNA
immunization strategy provides an improvement over the protein-based antigens, due to
production of immunogens in vivo, thus eliciting T-cell immune responses through endogenous
antigen processing and presentation pathways. Another immunogen synthesis method was used
by Heermann, K.H., et al %] to generate MA18/7. They utilized HBV virus-like particles
(VLPs) as immunogens, which have recently emerged as potent immunogens which retains the
structural integrity and stability of the membrane proteins.

Albeit using different immunogen formats, most of the mAbs listed in Table 1 were
generated following the classic hybridoma technology for generation of the monoclonal
antibodies via immortalization and isolation of mouse B cells. Although this technology has
been historically reported to generate potent neutralizing mAbs, these murine antibodies will
elicit immunogenic responses in humans and are not suitable for therapeutic applications.
Humanization of these mAbs is possible but can sometimes lead to decrease in binding and
neutralization capabilities. Importantly, the advancement of phage display technique, with its
capability of displaying of millions of antibody variants, has allowed fully human antibodies
to be discovered for anti-PreS1. For example, Jo, G., et al [l panned a phage displayed human
synthetic fragment antigen-binding region (Fab) library against pre-S1 fusion protein as well

as synthetic peptides, to generate mAb 1AS.
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Compared to generation of mAbs from immune libraries, non-immune libraries provide
the advantage of reducing antigen-induced biases in the repertoire, owing to their origin from
natural, unimmunized, rearranged variable (V) genes. [In vitro introduction of complete or
specific degeneracy into the complementarity-determining regions (CDRs) of multiple V genes
into synthetic antibody libraries bypasses the natural biases and redundancies of in vivo
antibody repertoires and provides advantage of increased antibody diversity*]. Improving
upon the mAb discovery technology, Li, D., et al ! utilized non-immune single-chain
fragment of variable domain (scFv) phage display antibody library, followed by panning with
synthetic peptides for generating fully human mAbs leading to mAb 2HS5 discovery.
Furthermore, they improved the 2H5 MAb by antibody engineering via variable heavy chain

shuffling.

5. The expression of LHBs in patient samples and its clinical significance

Diagnostic assays for measuring total HBs (known also as HBs antigen, HBsAg) in
patient’s serum, like Architect HBsAg QT (Abbott Diagnostics) and Elecsys HBsAg II Quant
(Roche Diagnostics), are routinely used to evaluate the effectiveness of antiviral therapy (as
reviewed by Liaw [91). However, these assays measure total HBV surface protein level and do
not distinguish between SHBs, MHBs and LHBs because they are developed with antibodies
binding to the S domain. The development of mAbs binding to the pre-S1 domain (including
those with neutralizing activities as summarized in Table 1 as well as those that are non-
neutralizing) and mAbs with binding specificity to MHBsPY have allowed researchers to
compare the serum levels of these proteins individually. For example, Ringer and co-workers
used sandwich ELISA to compare the levels of SHBs, MHBs and LHBs in patients undergoing
pegylated interferon (PegIFN) treatment and found that each of the HBs protein was

significantly lower in responders than in nonresponders B!,
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It is important to differentiate between HBAg-negative inactive HBV carriers and
patients with active CHB infection. During the inactive HBV carrier phase, there is minimal
replication of HBV, no inflammation and no or mild liver damage. While in CHB infection,
there is an increased risk of developing end-stage liver disease and HCC 21, As these two
groups of patients require different treatments, it is crucial to discriminate between different
phases of HBV infection. In another study, Pfefferkorn and co-workers have proposed the
difference in the level of individual HBs can be used to distinguish the stages of HBV infection
[331, Their results suggest that the ratios of LHBs and MHBs can be more useful markers for
distinguishing between chronic hepatitis B infection and inactive HBV carriers compared to
the total HBV surface protein level.

Loss of total HBs level with or without seroconversion with no HBV DNA is taken as
a cure for the HBV infection during antiviral treatment 34, Pfefferkorn and co-workers also
showed that declining LHBs and MHBs proportions during antiviral treatment (like
nucleos(t)ide, PeglFN) were observed earlier than total HBs loss and could be a good predictor
of responders 331, Moreover, the changes in the proportion of LHBs and MHBs were not
dependent on reduction in total HBs. Hence, the proportion of LHBs and MHBs can be a unique
marker for predicting the cure of HBV infection.

Pre-S1 has been reported previously to be associated with HBsAg, HBeAg, and HBV
DNA B¢l Hatooka et al., reported that, in addition to these three HBV markers, pre-S1 also
correlated with Hepatitis B core related antigen (HBcrAg) 7). HBcerAg acts as a potent serum
marker of HBV, owing to its property of estimating the extent of HBV cccDNA, in the liver!>8].
Additionally, it has been also observed that HBsAg loss during the antiviral treatment regime
directly correlated with the reduction of the LHBs ratio, thus reflecting stable remission [°1,

Following up on this premise, Hatooka et al., developed a diagnostic assay system

based on measuring preS1 levels by ELISA D71, They were able to show that CHB patients,
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who became HBeAg-negative but had high HBV DNA levels, also showed higher preS1 levels
and hence were more prone to develop CHB. Furthermore, even when patients show minimal
hepatitis activity, the presence of higher pre-S1 levels is predictive of enhanced risk of hepatitis
progression, hence, requiring administration of antiviral therapy.

Similarly, another home-made anti-pre-S1 mAb was successfully used in
immunohistochemistry to detect the expression of LHBs in liver samples from patients with
HBV-related HCC %%, While total HBs staining was lower in tumour region compared to
surrounding non-tumour tissues, the reverse was found for LHBs which was found in a
significantly higher percentage of tumor cells than non-tumour cells. The same anti-pre-S1
mADb was also used to develop a sandwich ELISA for measuring LHBs in serum when
compared to total HBs measured by a commercial HBsAg kit (Abbott ARCHITECT). The
serum was taken from the patients before they underwent hepatectomy and their
clinicopathologic indicators after surgery were recorded. It seems serum LHBs before surgery

is a better marker than total HBs in predicting HCC recurrence after surgery!©?l,

6. Conclusion and future directions

HBV has 3 surface proteins, SHBs, MHBs and LHBs, in its virion and they play
different roles in the virus life cycle and contribute differently to viral pathogenesis. The pre-
S1 domain is only found in LHBs and has been shown to be crucial for mediating important
steps in the virus life cycle by interacting with host proteins. By using different types of
immunogens and antibody generation methods, multiple neutralizing mAbs have been
generated to target the pre-S1 domain and prevent viral entry. A dominant neutralizing epitope
NPLGFFP (residues ~20 to 26 of pre-S1 with numbering relative to the Genotype A, P31873)
was found to be the binding site of 3 different neutralizing mAbs, which were generated by
different laboratories using different technologies (Table 1). This is consistent with the role of

this motif in mediating the interaction of HBV to the NTCP cellular receptor. While none of
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the pre-S1-binding mAbs has entered clinical trials yet, further research may be directed to
determine if they can synergize with existing ‘a’ determinant-binding mAbs that are already in
clinical trials because they have different mechanisms of action.

The current diagnostic assays for measuring total HBs in the serum are routinely used
to follow the natural history of infection as well as to evaluate the effectiveness of antiviral
therapy but they do not distinguish between the 3 surface proteins of HBV. The availability of
mADbs (both neutralizing and non-neutralizing) binding specifically to LHBs has led to several
important studies to determine if the level LHBs in patient serum can serve as a better
biomarker than total HBs. While LHBs levels seem to be able to distinguish between different
groups of hepatitis B patients, more studies with bigger cohorts of patients will be needed to
determine the best way to use these new assays. The detection of intrahepatic LHBs by using
immunohistochemistry in patients with HBV-related HCC also showed that LHBs were
abundantly expressed in tumour cells and further studies are required to determine how this
may be related to disease progression.

The development of HBV neutralizing mAbs provides an additional arsenal in our quest
towards achieving a functional cure for CHB [32], Given the important role played by LHBs in
mediating viral entry as well as contributing to viral replication and/or pathogenesis, the studies
summarized have illustrated how mAbs targeting the pre-S1 domain in LHBs are being used
in the development of novel therapies and diagnostic assays for CHB. Ongoing improvement
in the methods of mADb development, like the advances in efficient screening tools, DNA based
immunogenic presentation, host cell engineering and more robust selection criteria, will

accelerate our understanding of the functional importance of LHBs.
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Figure legend

Figure 1. Schematic representation of (A) the linear genome structure of hepatitis B virus
(HBV) that causes acute and chronic hepatitis, (B) the structure of HBV envelope proteins,
consisting large, medium, and small hepatitis B surface proteins (abbreviated as LHBs, MHBs
and SHBs). The LHBs (~400 amino acids, aa) contains pre-S1 (119 aa), pre-S2 (55 aa) and S
domains (227 aa). On the other hand, MHBs (~282 aa) contains pre-S2 and S domains, while
SHBs contains only the S domain. There are four transmembrane domains (I — IV) in the S
domains of LHBs, MHBs and SHBs, and (C) the mapping of previously reported anti-pre-S1
neutralizing monoclonal antibodies. As BP-L03, LO7, L13 and G87 have the same epitope,
only BP-L03 is indicated. All the positions are relative to the Genotype A (P31873), where the
amino acid numbering starts at the first start codon.
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