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Abstract: The available HBV vaccines based on the HBV surface protein are manufactured in
yeasts and demonstrate excellent prophylactic but no therapeutic activity and are thus ineffec-
tive against chronic HBV infection. Five different HBV core proteins (HBc)—full length and C-
terminally truncated—were used for the insertion of the short, preS1,aa 20–47 and long, preS1phil,
aa 12–60 + 89–119 fragments. Modified virus-like particles (VLPs) were compared for their biotech-
nological and immunological properties. The expression level of HBc-preS1 proteins was high for
all investigated proteins, allowing us to obtain 10–20 mg of purified VLPs from a gram of biomass
with the combination of gel filtration and ion-exchange chromatography to reach approximately 90%
purity of target proteins. The immunogenicity of chimeric VLPs was tested in BALB/c mice, showing
a high anti-preS1 response and substantial T-cell proliferation after stimulation with HBc protein.
Targeted incorporation of oligonucleotide ODN 1668 in modified HBc-preS1 VLPs was demonstrated.

Keywords: HBV; HBc; virus like particles; immunogenicity; packaging

1. Introduction

Despite the effective immunization of newborns with the marketed HBV surface
protein (HBs)-based vaccines, some completely vaccinated adults do not reach dependable
protection and 5 to 10% of infants of highly viremic pregnant women become chronically
infected despite immediate after-birth immunization [1]. The rate of HB non-responders
to existing vaccines remains high in groups of aged people, overweight people, medical
workers, patients with renal insufficiency and on dialysis, patients after transplantation,
patients with HIV as well as travelers to HBV-endemic regions [2]. Interferon therapy
or treatment with nucleos(t)ide analogs suppresses HBV replication and decreases the
development of cirrhosis, liver failure, hepatocellular carcinoma (HCC), and death, but is
not able to eliminate the virus [3]. Thus, the remaining problems with hepatitis B include
the inability to achieve a complete cure for chronic HBV infections, with the potential
reactivation of HBV, as well as limited protection against HBV escape mutants.

Impressive efforts have been directed to improve existing HBV vaccines (1) by in-
cluding preS1 and/or preS2 epitopes in the HB-based vaccine to enhance its prophylactic
effect, and (2) through the combination of both structural proteins of HBV—the HBs and
the HBc—in one formulation to aid the therapeutic effect of the vaccine. The combined
protein–DNA vaccines have been developed in parallel as an alternative immunization
strategy to achieve the goal of a universal HBV vaccine [4,5].

With epitope mapping of the HBV preS1 region, virus-neutralizing epitopes within
preS1 sequences 19–26 and 37–45 were identified [6]. Within the preS1 region of HBV,
aa - 13-59 can induce virus-neutralizing antibodies in mice [7]. The pre-S1 monoclonal anti-
body (mAb) used in this study (MA18/7) recognizes preS1 epitope DPAFR (aa 31–35) [8–10],
and can inhibit the infection of primary Tupaia hepatocytes with HBV [11].

Available in several countries, Sci-B-Vac™ vaccine (SciVac Israel, Rehovot, Israel)
containing the preS1 and preS2 fragments in addition to the HBs protein and produced
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in the mammalian cell line enabled a robust immune response against HBV infection
during the phase III trial [12,13] and remarkably high anti-HB response (>100 mIU/mL) in
20 of 21 non- or low responders [14].

Due to its unique T- and B-cell immunogenicity, recombinant HBc was investigated as
a promising therapeutic antigen against HBV—the first real trials to protect chimpanzees
against HBV with the HBc VLPs were performed more than 30 years ago [15–17]. In
a model with woodchuck hepatitis virus (WHV), it was shown that core protein (WHc)
is a necessary and sufficient agent to protect woodchucks against WHV infection [18–20];
remarkably, the woodchucks were protected not only with the WHc, but also with the
HBc vaccination [19]. Moreover, immunization of woodchucks with plasmids expressing
both WHc and WHs efficiently suppressed WHV infection [21,22]; and later, the differ-
ences featured by the immunization of mice with the DNA or protein prototypes of the
WHc vaccine were evaluated [23]. Furthermore, vaccination with whole cells expressing
duck hepatitis B virus (DHBV) core (DHBc) protein was able to resolve chronic DHBV
infection [24]. Recently, Boudewijns et al. proposed a novel therapeutic HBc vaccine that
induced a strong polyfunctional cytotoxic T-cell response in mice using yellow fever vaccine
as a live-attenuated vector for the expression of the HBc gene [25]. The plant-produced HBc
VLPs were also presented as real prototypes of therapeutic vaccines [26,27]. An exhaustive
study in a Tupaia model dealt with possible formulations of the intranasal HBc/HBs-based
therapeutic vaccine [28].

Ulrike Protzer’s team, together with Rhein Biotech (Düsseldorf, Germany), contributed
to the use of HBc as a therapeutic component in the HBV vaccine [4,29,30]. These activities
resulted in the therapeutic vaccines TherVacB [4] and DV-601 (Dynavax Technologies,
Emeryville, CA, USA) which combined HBs and HBc [29]. In parallel, a combination of
the prospective combined HBc/HBs vaccine with an immune-stimulating CpG adjuvant
was presented [30]. NASVAC, the therapeutic nasal HBc/HBs vaccine, was designed in
Cuban laboratories [31–34] and underwent a phase III clinical trial for chronically infected
hepatitis B patients [34].

HBc consists of 183 or 185 amino acid residues (aa), depending on the genotype [35].
The primary structure of the core protein can be divided into two domains, namely, the N-
terminal self-assembly (SA) domain (aa 1–140) and the C-terminal RNA-binding protamine-
like arginine-rich domain (CTD) (aa 150–183) [36] (Figure 1A). These domains are separated
by the hinge peptide 141-STLPETTVV-149, which performs morphogenic functions [37].
The SA domain possesses a set of variable and conserved stretches that correspond to B-cell
epitopes and structural elements, respectively, whereas the CTD and hinge peptide are the
most conserved HBc regions without immunological importance (for reviews, see [38,39]).
Four arginine blocks function as nucleic acid binding sites within the CTD [40]. HBc capsids
that have been self-assembled from the truncated HBc proteins lacking the CTD, so-called
HBc∆ variants, are not able to incorporate nucleic acids [41].

The HBc monomer is formed by five alpha helices connected by loops, where the
hairpin of helices 3 and 4 dimerizes with the next monomer to form the central helical
bundle. The major immunodominant region of the HBc antigen (MIR) is located within
the SA domain (aa 78–82) on the tips of the HBc spikes [42] within B-cell epitopes c (HBc
epitope) and e1 (HBe epitope 1) [43,44] (Figure 1B). The MIR has been extensively used for
the exposure of foreign immunogenic sequences (epitopes) on the HBc VLP surface and
therefore provides the most efficient immunogenic activity (for reviews, see [45,46]).



Microorganisms 2023, 11, 972 3 of 17

Microorganisms 2023, 11, x FOR PEER REVIEW 3 of 18 
 

 

epitope) and e1 (HBe epitope 1) [43,44] (Figure 1B). The MIR has been extensively used 
for the exposure of foreign immunogenic sequences (epitopes) on the HBc VLP surface 
and therefore provides the most efficient immunogenic activity (for reviews, see [45,46]). 

 
Figure 1. The structure of the HBc protein. (A) HBV HBc monomer represented by 183 aa-long 
HBc, genotype D1, subtype ayw2 (GenBank accession number XO2496) [47]. (B) The structure of 
two HBc dimers. Monomer chains A, B, C, and D are marked in red, green, blue, and orange, re-
spectively. Surface-exposed loops with c and e1 epitopes are shown with arrows, N- and C- termini 
are labeled with N and C letters, respectively. Data were downloaded from the VIPERdb v3.0 
(http://viperdb.scripps.edu, accessed on 1 May 2022) and visualized using UCSF Chimera Version 
1.16 software [48]. 

Many laboratories around the world have successfully produced HBc VLPs in 
plants, insect, and mammal cells (for a review, see [38,39,49,50]). HBc variants from dif-
ferent genotypes have been produced and their corresponding VLPs purified by our 
group using E. coli [51–54] and yeast P. pastoris as expression systems [55]. 

It was found that the presence of nucleic acids is essential for the enhanced immu-
nogenicity of the VLPs. The adjuvant effect of the bacterial RNA bound to the arginine-rich 
C-terminal domain of HBc was shown first by the immunization of mice with the HBc VLPs 
together with other proteins including HBs by the Reinhold Schirmbeck’s team [56,57]. Later, 
this group clearly demonstrated that particle-bound mammalian RNA functioned as TLR7 
ligand and induced a Th1-biased humoral immunity in B6 but not in TLR7−/− mice [58,59]. 
Therefore, both endogenous bacterial and mammalian RNAs functioned as a natural ad-
juvant, facilitating the priming of Th1-biased immune responses. Later, the use of VLP as 
nanocontainers for genes and/or immunostimulatory oligonucleotide sequences was 
developed in detail by Strods et al. [53]. 

In the current study, we modified the surface of HBc VLPs by exposure of selected 
HBV preS1 epitopes to combine in one platform efficient anti-preS1 immunogenicity and 
T-cell immunogenicity provided by the T-cell epitope-rich HBc antigen. In parallel, the 
impact of the length of the CTD domain of HBc on recombinant HBc-preS1 VLP for-
mation, immunogenicity, and their biotechnological properties was investigated. This 
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2. Materials and Methods 
2.1. Bacterial E. coli Strains 

Figure 1. The structure of the HBc protein. (A) HBV HBc monomer represented by 183 aa-long
HBc, genotype D1, subtype ayw2 (GenBank accession number XO2496) [47]. (B) The structure
of two HBc dimers. Monomer chains A, B, C, and D are marked in red, green, blue, and orange,
respectively. Surface-exposed loops with c and e1 epitopes are shown with arrows, N- and C- termini
are labeled with N and C letters, respectively. Data were downloaded from the VIPERdb v3.0
(http://viperdb.scripps.edu, accessed on 1 May 2022) and visualized using UCSF Chimera Version
1.16 software [48].

Many laboratories around the world have successfully produced HBc VLPs in plants,
insect, and mammal cells (for a review, see [38,39,49,50]). HBc variants from different
genotypes have been produced and their corresponding VLPs purified by our group using
E. coli [51–54] and yeast P. pastoris as expression systems [55].

It was found that the presence of nucleic acids is essential for the enhanced immuno-
genicity of the VLPs. The adjuvant effect of the bacterial RNA bound to the arginine-rich
C-terminal domain of HBc was shown first by the immunization of mice with the HBc VLPs
together with other proteins including HBs by the Reinhold Schirmbeck’s team [56,57].
Later, this group clearly demonstrated that particle-bound mammalian RNA functioned
as TLR7 ligand and induced a Th1-biased humoral immunity in B6 but not in TLR7−/−
mice [58,59]. Therefore, both endogenous bacterial and mammalian RNAs functioned as
a natural adjuvant, facilitating the priming of Th1-biased immune responses. Later, the use
of VLP as nanocontainers for genes and/or immunostimulatory oligonucleotide sequences
was developed in detail by Strods et al. [53].

In the current study, we modified the surface of HBc VLPs by exposure of selected
HBV preS1 epitopes to combine in one platform efficient anti-preS1 immunogenicity and
T-cell immunogenicity provided by the T-cell epitope-rich HBc antigen. In parallel, the
impact of the length of the CTD domain of HBc on recombinant HBc-preS1 VLP formation,
immunogenicity, and their biotechnological properties was investigated. This approach
was realized by our group before, first, by insertion of the hydrophilic stretch of the preS1
sequence into the MIR of unmodified HBc [60,61] or into the C-terminus of modified HBc
HBc [62]; in both cases, the surface exposure of the inserts was achieved. It is worth men-
tioning that both of these modified VLPs provided highly efficient induction of adequate
anti-HBV B- and T-cell responses.

2. Materials and Methods
2.1. Bacterial E. coli Strains

Escherichia coli (E. coli) strain RR1 [F−· rB
− mB

− leuB6 proA2 thi-1 araC14 lacY1 galK2
xyl-5 mtl-1 rpsL20 (Strr) glnV44 ∆ (mcrC-mrr)] was used for the cloning and selection of
recombinant plasmids. For the expression of HBc-preS1 genes, E. coli strains K802 (F− rK

−

mK
+ e14 McrA metB1 lacY1 [or lacI-Y6] galK2 galT22 glnV44 mcrB) and BL21 [F− ompT

hsdS B (rB
− mB

−) gal dcm lon] were used.

http://viperdb.scripps.edu
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2.2. Design of HBc-preS1 Proteins and Expression Plasmids

Plasmids for the expression of chimeric HBc∆-preS1(20–47) and HBc∆-preS1phil
proteins were described earlier [61,62], and these plasmids served here as a source for
the amplification of corresponding preS1 containing sequences. HBc∆ refers here to C-
terminally truncated, 144 aa-long HBc as a carrier protein, preS1(20–47) for the 28 aa long,
and preS1phil for the 79 aa-long fragment linking together two hydrophilic fragments—aa
12–60 and aa 89–119—of the preS1 region of the LHBs protein of HBV genotype D [47]; aa
numeration is according to HBV genotype A (Figure 2A). The source of HBV genes was the
plasmid pHB320 with the full HBV genome (genotype D1, subtype ayw2) cloned in our lab
(GenBank accession number X70185) [47]. In all our constructs the MIR of HBc was a target
site for preS1 insertions (between aa D78 and P79). Corresponding PCR fragments were
obtained using upstream primer 5′-GCCTCTAGATAACGCCTCAGCTCTGTATCG-3′ and
downstream primer 5′-ACGAACAACAGTAGTCTCCGGAAGTGTTGATAAGATAG-3′.
Primers were designed for the amplification of the HBc part (30–150 aa) that contained preS1
insertions in MIR and restriction sites XbaI and Kpn2I for further cloning. A gel extraction
kit (Fermentas UAB, Vilnius, Lithuania) was used for the isolation of PCR fragments from
agarose followed by incubation with XbaI and Kpn21 endonucleases at 37 ◦C for 1 h. For
cloning of preS1 fragments, XbaI/Kpn21-treated appropriate HBc expression vectors [52]
based on the pBR327 plasmid [63] were used. The expression of HBc-preS1 proteins in our
constructs is under the control of the E. coli pTrp promoter [64]. Several HBc variants—
full-length HBc (aa 1–183) and four truncated HBc proteins ending at aa positions 163,
167, 171, 178—were used as VLP carriers for the described preS sequences. Altogether, ten
HBc-preS1 fusion proteins were designed (Figure 2B). In the designation of fusion proteins,
the HBc vector is shown first, followed by the appropriate preS1 fragment—for example,
183preS1phil refers to the full-length HBc carrying the long preS1phil fragment. After E. coli
transformation, three clones for each construct were analyzed for the presence of designed
recombinant plasmid and plasmid structures were verified by sequencing (Figure 2).

2.3. Monoclonal Antibodies

Mouse anti-HBc mAb 13C9, recognizing epitope 134-PPNAPIL-140 [65] of HBc protein,
and mouse anti-preS1 mAb MA18/7, recognizing the DPAFR subtype-independent linear
31-DPAFR-35 epitope [8–10], were used in this study.

2.4. Cultivation of Recombinant E. coli Cells and Purification of HBc-preS1 Proteins

Cultivation of E. coli cells for the expression of HBc-preS1 proteins and purification of
target VLPs was performed essentially as described before [54] using Trp-rich phosphate-
buffered 2xTY (2TYP), or Trp-deficient standard minimal M9 medium supplemented with
casamino acid (M9Cas) medium; both media contained glucose (0.2%, w/v). Briefly, the
cultivation was performed in flasks (200 mL of culture in a 750 mL flask) on a shaker
at 37 ◦C for 20 h. Purification of HBc-preS1 VLPs was performed with a combination
of ion-exchange chromatography (IEX) and gel filtration (GF). A standard 2 g portion of
frozen (−20 ◦C) cells was used for ultrasonic disintegration and obtained crude lysate
was clarified at 10,000 rpm (13,000× g) for 30 min at +4 ◦C. The obtained suspension was
first loaded on a Fractogel®EMD DEAE (M) (Merck, Burlington, Massachusetts, USA)
column and fractions containing target protein were concentrated by tangential filtration
using a 500 kD cartridge and obtained concentrate was further loaded on a Sepharose 4
Fast Flow (FF) (Cytiva Europe GmbH, Turku, Finland) column. SDS-polyacrylamide gel
electrophoresis (SDS-PAGE, shortly PAGE) was used throughout the purification process
to follow the presence of the target protein in fractions. The presence of VLPs in fractions
was followed by native agarose gel electrophoresis (NAGE, see Section 2.5). The purity of
protein samples was evaluated by PAGE.
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Figure 2. Structural elements used to design HBc-preS1 VLPs. (A) Structure of the preS1 region of
HBV genotype D, and numeration of preS1 aa is according to the preS1 of HBV genotype A (GenBank
accession number X70185); note: preS1 of genotype D is shorter by 11 aa than pres1 of genotype A.
Short insertion fragment 20–47 is shown in red, and hydrophilic parts of the preS1 sequence spliced
to create the long preS1phil fragment are shown in two boxes. Epitope DPAFR recognized by mAb
MA18/7 is highlighted in bold red. (B) Full-length and truncated HBc vector variants were used for
the insertion of preS1 fragments. Not shown aa of HBc are dotted. (C) Localization of surface-exposed
MIR of HBc and aa surrounding the preS1 insertions: capital letters show aa of the HBc vector and
small letters—linker aa added at the construction of expression plasmids. The numeration of aa in
(B,C) is according to HBV genotype D (GenBank accession number XO2496).

2.5. Characterization of HBc-preS1 VLPs

For VLP detection, samples were subjected to (NAGE) using 1% UltraPure agarose
(Thermo Fisher Scientific, Waltham, MA, USA) in TBE buffer. Ethidium bromide (EtBr, 5 µL
of a 10 mg/mL stock in 100 mL of PBS) was used for staining NAGE gels and Coomassie
Brilliant Blue R-250 (60 mg/L in 10% acetic acid) was used for the staining of PAGE and
NAGE gels. All chemicals were from Sigma-Aldrich (St. Louis, MO, USA).

The purity of final HBc-preS1 preparations as VLPs was evaluated by PAGE gels (15%)
stained with Coomassie Brilliant Blue R-250. Anti-HBc mAb 13C9 [65] and/or anti-preS1
mAb MA18/7 [9] at 1:1000 dilution were used for the Western blot of HBc-preS1 VLPs
after PAGE. The morphology of VLP preparations was analyzed by transmission electron
microscopy (EM) and the homogeneity of particles in VLP preparation by dynamic light
scattering (DLS), as described earlier [54].

2.6. The Antigenicity of the HBc-preS1 VLPs

For the competitive ELISA, 96-well microplates were coated with 100 µL of preS1(20–47)
peptide solution (10 µg/mL) in 50 mM sodium carbonate buffer, pH 9.6 per well and
incubated overnight at 4 ◦C. After blocking with phosphate-buffered saline (PBS) containing
1% BSA for 1 h at RT, 50 µL aliquots of serial dilutions of test proteins and 50 µL of the
anti-preS1 mAb MA18/7 (dilution 1:500) [9] were added to the wells simultaneously. Plates
were incubated at 37 ◦C for 1 h, then washed four times with Tween-20 containing (0.05%)
PBS. Thereafter, 100 µL of horseradish peroxidase-conjugated anti-mouse antibody (Sigma-
Aldrich St. Louis, MO, USA) was added to wells at a 1:10,000 dilution and incubated at
37 ◦C for 1 h. After washing the plates four times as before, OPD substrate (Sigma–Aldrich
St. Louis, MO, USA) was added to develop the color. The percent inhibition (I%) of
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antibody binding by the competing protein was calculated as follows: I% = [(OD492 test
sample—OD492 of negative control)/(OD492 of positive control—OD492 negative control)]
× 100. The molar amount of the protein necessary for 50% inhibition (I50) was calculated.

2.7. Immunogenicity of the HBc-preS1 VLPs

Immunization of BALB/c mice with HBc-preS1 VLPs was performed as described
before in [52] with the permission of the Latvian Animal Protection Ethics Committee (Per-
mission No. 61/12.05.2014). Five animals in each group were immunized subcutaneously
with 25 µg of VLPs in PBS formulated with 250 µg of Alhydrogel in a total volume of 0.2 mL
per mouse at days 0, 14, and 28. Sera injected with Alhydrogel only animals were used
as negative controls. Anti-HBc and anti-preS1 titers in the sera were detected with direct
ELISA. The recombinant full-length HBc protein (as VLPs) or preS1 peptide (20–47 aa),
both at 10 µg/mL, was used for plate coating. The end-point titers were defined as the
highest mAb dilution that resulted in an absorbance value three times greater than that of
the negative control.

T-cell proliferation tests were performed as described in [52] in the lymphocytes
of the mice immunized with the HBc-preS1 VLPs. Spleens were collected on day 42
post-immunization and splenocytes from the mice of each group were pooled. In vitro
stimulation was performed using full-length HBc1-183 protein at 1.0 µg/mL and 10 µg/mL
concentration. Concanavalin A (ConA) at 4 µg/mL was used as a positive control. Results
of T-cell proliferation were presented as stimulation indexes (SI), which were calculated as
a ratio of mean cpm obtained in the presence and absence of HBc.

2.8. CpG Oligodeoxynucleotide Packaging

Synthetic oligodeoxynucleotide (ODN) 1668 (5′-tccatgacgttcctgatgct-3′) is the B-class
unmethylated CpG dinucleotide specific for mouse Toll-like receptor 9 (TLR9), strongly
activates B cells but weakly IFN-α secretion. ODN 1668 was obtained from InvivoGen
(Toulouse, France) and it was tested here with 183preS1(20–47) VLPs for the packaging.
ODN packaging was performed according to the method described in [66] with the use of
RNase and urea. For packaging the following mix was prepared: 50 µg/12,5 µL of VLPs in
PBS + 100 µg/10 µL RNaseA (Thermo Fisher Scientific, cat. No R1253) + 50 µL 1 M urea
in water + 7 µg/30 µL ODN 1668 in water. The packaging mix was incubated at room
temperature overnight.

2.9. The 3D Modeling of HBc-preS1 VLPs

The VIPERdb v3.0 (http://viperdb.scripps.edu, accessed on 1 May 2022) [67] was used
to create maps of HBc VLPs and 3DJIGSAW protein modeling program [68] was applied
for the prediction of three-dimensional structures of HBc-preS1 VLPs. The UCSF Chimera
Version 1.16 package from the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco [49] was utilized for the production of molecular
graphics images.

3. Results
3.1. Modeling of HBc-preS1 Structures

The externally exposed region MIR within the c/e1 epitope located on the tip of
the spikes of HBc (Figure 1) was chosen for the insertion of two preS1 fragments: one,
short (aa 20–47) of the preS1, and a second long, preS1phil fragment, (aa 12–60 + 89–119)
representing the preS1 sequence with the deleted hydrophobic region (aa 61–88) [60]
(Figure 2A). Five HBc gene variants ending at aa positions 163, 167, 171, 178, and 183 of
HBV were used for the preS1 insertions, generating in total ten HBc-preS1 chimeric proteins
(Figure 2B).

The possible three-dimensional organization of the preS1 fragments within chimeric
183HBc-preS1 VLPs as predicted by 3D-JIGSAW is shown in Figure 3. This program
creates three-dimensional maps grounded on homologies of highly resolved structures [64].

http://viperdb.scripps.edu
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Figure 3 depicts the modeling results of the modified MIR region for all four possible HBc
monomers (conformers [42]) A–D exposing the long preS1phil fragment (Figure 3A–D) and
for two monomers A and D exposing short preS1(20–47) (Figure 3E,F).
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Figure 3. Structure modeling of 183preS1 VLPs. (A–D) preS1phil insertion in four possible HBc
monomers A, B, C, and D, and (E,F) preS1(20–47) insertion in monomers A and D. HBc monomers
are colored: A—red-orange, B—green, C—blue, and F—(cyan). PreS1 insertions are colored dark red
with the DPAFR shown in yellow. Note: inserted preS1 fragments are enlarged and in orientation to
highlight the position of the DPAFR within the insert. Data were downloaded from the VIPERdb v3.0
(http://viperdb.scripps.edu, accessed on 1 May 2022) and visualized using Chimera Version 1.16
software [48].

3.2. The Expression of HBc-preS1 Proteins

The expression level of the target protein in 10 individual transformed cell clones was
compared before the selection of the best clone of transformed cells for further use. The
combination of host strain (E. coli K802 or E. coli BL21) and cultivation medium (2xTYP
or M9+Cas [54]) was experimentally found for each of ten HBc-preS1 proteins by the
cultivation of transformed cells first in tubes (with 5 mL of culture in 15 mL tubes). The
5 mL culture served later as the seed culture for scale-up cultivation in flasks to obtain
several grams of biomass (see Materials and Methods, Section 2.4). E. coli K802 was found
optimal for HBc-preS1constructs based on the full-length HBc protein but E. coli BL21—
for other constructs based on shortened HBc variants as a carrier protein. The lowest
cell density was found for cultures expressing HBc-preS1 proteins based on 183 aa-long
full-length HBc. Thus, the typical OD540 for cell cultures expressing 183preS1 proteins
reached: approximately 6 OD units in 2TYP medium, and approximately 4 OD units in
M9Cas medium, approximately 8 for cell cultures expressing 161-preS1, 163preS1, 171preS1,
and 178preS1 proteins in 2xTYP medium, and approximately 6 in M9Cas medium. The
expression level of different HBc-preS1 proteins varied within the range of 7–10% of total
cellular protein with an overall higher level for fusion proteins based on shortened HBc
and with shorter preS1(20–47) insert. It was found that in all investigated cases, HBc-preS1
proteins were able to form capsid-like structures (VLPs) within expressing cells.

3.3. Purification of HBc-preS1 Proteins as VLP

Target proteins were purified as VLPs from the soluble protein fraction of disintegrated
cells after extraction with urea, followed by ammonium sulfate fractionation, and two-
step chromatography, using IEX on Fracto DEAE as a first step followed by GF on 4 FF
Sepharose. Purification of 183preS1phil as an example is shown in Figure 4.

http://viperdb.scripps.edu
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Figure 4. The purification of 183preS1phil VLPs. (A) SDS-PAGE of fractions from the entire purifi-
cation process, staining with Coomassie Brilliant Blue G-250: M - Pierce™ Prestained Protein MW
Marker (cat N 26612, Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), lane 1—crude cell
lysate (after French press), lanes 2, 3—extraction with 1M urea: lane 2—supernatant, lane 3—debris;
lane 4—supernatant after precipitation with 35% ammonium sulfate (AS); lanes 5, 6—extraction with
1M urea of the precipitate after 35% AS: lane 5—soluble part, lane 6—insoluble part; lane 7—central
peak fractions from Fractogel EMD DEAE (see second peak on (B)pooled fractions for GF are shown
cross-striped and colored in brown); lane 8—central peak fractions from GF on Sepharose 4 FF (see
(C), pooled fractions are shown crossed-striped and colored in brown. (B) Fractogel EMD DEAE
chromatography; (C) GF on Sepharose 4 FF. In (B,C) X-axis show mL, Y-axis—optical density (OD,
A254) in adsorption units (mAu); analyzed fractions are shown under the peaks and are red colored;
blue line shows OD, red line shows conductivity and green line shows NaCl gradient at elution study.
Left part in (B) shows that the capacity of the column was exceeded and part of target protein was
not loaded (shown striped).

3.4. Characterization of HBc-preS VLP

The identity of HBc-preS1 proteins after their purification as VLPs was verified by
Western blot (WB) using anti-HBc mAb 13C9 [65] and anti-preS1 mAb MA18/7 [8]. Rep-
resentative WB for 183preS1(20–47) and 183preS1phil proteins purified as VLPs is shown
in Figure 5.

NAGE gels revealed the presence of nucleic acids in VLPs of all kinds of HBc-preS1
VLPs. Figure 6 shows representative PAGE and NAGE for the part of HBc-preS1 proteins,
with the short preS1(20–47) as an insert.

DLS was used as a method to characterize the medium size of VLPs in the prepa-
rations (Z-average) along with homogeneity of particles (presence of aggregates), and
polydispersity, expressed as polydispersion index (Pdi). The Z-average in pooled central
GF peak fraction from GF as the final step in VLP purification (see Figure 4C) among all
10 different HBc-preS1 VLP preparations was, with the exception of 178preS1phil variant,
in the range of 40–45 nm, (Figure 7A). The presence of aggregates was not revealed in any
of the ten preparations of investigated VLP variants (see Figure 7B,C for two representative
constructs—183preS1(20–47) and 183preS1phil). Pdi for all investigated VLP preparations
was below 0.2 (0.08–0.168). Pooled central GF peak fractions contained at least 0.5 mg/mL
of protein in all cases, with the content of target protein over 90% as estimated by SDS-
PAGE. The yield of VLPs for all investigated HBc-preS1 protein variants was in the range
of 20–30 mg/g of fresh biomass.
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Figure 5. WB of 183preS1(20–47) and 183preS1phil proteins. (A) Blot with anti-HBc mAb13C9 [66];
(B) blot with anti-preS1 mAb MA18/7 [9]. Lane 1—183preS1(20–47), lane 2—183preS1phil, lane
3—HBc183. M—Prestained Protein Molecular Weight Marker (26612, Pierce™). Normalized amounts
of VLPs (10 µg) were used for SDS-PAGE.
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Figure 6. SDS-PAGE and NAGE of HBc-preS1(20–47) VLPs preparations. Loaded proteins: M—
BSA, lane 1—163preS1(20–47), lane 2—167preS1(20–47), lane 3—178preS1(20–47), and lane 4—
183preS1(20–47). (A) 15% SDS-PAGE, (B,C) 1% NAGE in TBE buffer of the same VLP samples:
(B) EtBr staining, (A,C) Coomassie Brilliant Blue R-250 staining. Note: 171preS1(20–47) not shown.
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VLP quality evaluation was performed by visualizing the particles by transmission
EM using a negative staining protocol. VLPs formed by preS1-HBc proteins with a short
preS1(20–47) insert were of the size similar to the VLPs of non-chimeric HBc and slightly
bigger with a longer preS1phil insert used for the construction of HBc-preS1 proteins
(Figure 8). We did not observe the instability of VLPs after storage in 50% glycerol at
−18 ◦C for several years (Figure 8B).
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Figure 8. EM of HBc-preS1 VLP preparations. (A) Original preparations (years 2016—2018); (B) the
same samples in the year 2021. Scale bar, 100 nm.

3.5. Accessibility of the preS1 Epitope in the HBc-preS1 VLPs to the mAb MA18/7

Accessibility of the inserted preS1 epitope to a specific antibody was characterized by
competitive ELISA using mAb MA18/7 [9]. The 50% inhibitory concentration (Figure 9)
was in the range of 48–185 nM for different HBc-preS1 constructs. The competition lag of
preS1phil-containing constructs compared to constructs with preS1(20–47) is possibly due
to the remarkably longer inserted preS1 sequence (80 aa).

3.6. Immunogenicity of HBc-preS1 VLPs

Anti-HBc response in the control group immunized with unmodified HBc VLPs
(without any insertion) reached the titer of anti-HBc to the level 1:164,025. However,
the anti-HBc titers for HBc constructs with MIR insertions were substantially decreased,
with some exception for construct 178preS1(20–47) (Figure 10B). As for anti-preS1(20–47)
response, there was a tendency of higher response for constructs with short preS1(20–47)
insertions rather than with preS1phil insertions; however, the differences were not always
significant (Figure 10C).
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Figure 9. The preS1 antigenicity of the HBc-preS1 VLPs. The VLP concentration necessary and
sufficient to inhibit 50% of the binding of mAb MA18/7 [9] to the 20–47 peptide on the support
during the competitive ELISA is shown. Tests were done in triplicate.
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Figure 10. Immunogenicity of HBc-preS1 proteins. BALB/c mice were immunized with VLPs of
HBc-preS1 proteins shown under bars in (A,B). (A) Anti-preS1 response and (B) anti-HBc response.
(C) Statistical analysis of antibody response (Mann–Whitney U test). The type of HBc vector (with
183, 178, 171, 167, 163 aa of HBc) used in fusion constructs is shown on the top of the bars and preS1
fragment (20–47 or preS1phil) used in fusion proteins is shown under the bars. The last two bars
show the comparison of all five constructs with preS1(20–47) insertion to all five constructs with
preS1phil insertion. p-value is indicated on the top of the bars; ns = not significant.

T cells were stimulated in vitro using two doses of full-length 183HBc (1 µg and 10 µg),
and appropriate SI were determined. SI values of 2.0 and above were considered positive.
Clear proliferation was detected for all immunization cases (Figure 11). For the constructs
with a preS1(20–47) insert, the best proliferation effect was found in the group of animals
immunized with the VLPs formed by a 178 aa-long HBc vector (178preS1(20–47)), and for
constructs with preS1phil insert—in the group of animals immunized with a 163 aa-long
HBc vector (163preS1phil).

3.7. Packaging of Oligonucleotide ODN 1668 in Chimeric HBc-preS1 VLPs

The ability of chimeric HBc-preS1 VLPs to incorporate immunostimulating CpG
sequences was tested with the use of synthetic ODN 1668 and VLPs formed by 183preS1phil
protein. To eliminate from VLPs incorporated RNA of host origin, treatment of VLPs with
RNaseA was performed in the presence of urea and ODN 1668 (Materials and Methods,
Section 2.7). As shown in Figure 12, the packaging was successful (Figure 12A, line 6). It



Microorganisms 2023, 11, 972 12 of 17

was observed that although RNA can be eliminated with RNase treatment alone, effective
packaging is ensured only when also in the presence of urea (compare lanes 4 and 6
in Figure 11A); however, without the urea, some packaging was observed in VLPs of
unmodified HBc (Figure 12, lane 2). Treated VLPs (with RNaseA and with RNaseA + urea)
lose their ability to move in gel and treated VLP material stays on the start position (see
some staining signal at the start of lanes 2, 4, and 5 in Figure 12). RNaseA in NAGE moves
in the opposite direction as seen in Figure 12B.
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Figure 11. T-cell proliferation in splenocytes of BALB/c mice immunized with HBc-preS1 VLPs.
Stimulation indexes (SI) were calculated after stimulation with HBc183 (1 µg and 10 µg) on day 42
after the first immunization. Types of VLPs used for immunization are shown under the bars.
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Figure 12. Packaging of ODN 1668 in the VLPs of 183pS1phil protein in the conditions of treatment
with RNase and urea. (A) EtBr stained NAGE, of HBc and 183preS1phil VLPs before and after
treatment: M—marker (GeneRuller 1 kb DNA Ladder (SM1331, Thermo Fisher Scientific™, Waltham,
MA, USA), 1—full-length HBc VLPs (HBc183) without treatment, 2—HBc183 treated with RNaseA
and added ODN 1668, 3—183preS1phil VLPs without treatment, 4—183preS1phil VLPs treated with
RNaseA and added ODN 1668, 5—183preS1phil VLPs treated with RNaseA and urea, without ODN
1668, and 6—183preS1phil VLPs treated with RNaseA and urea with added ODN 1668. (B) The
same NAGE gel, stained with Coomassie Brilliant Blue G250. Note: lanes 4 and 5 show the absence
of protein which is explained by the precipitation of empty VLPs after treatment with RNase; the
supernatants of centrifuged (10 min at 13,000× g) samples of treated VLPs were loaded on a gel.

4. Discussion

Currently available HBV vaccines are for prophylactic use, being ineffective for the
treatment of chronic HBV carriers. These vaccines are based on the pure S protein of the HB
antigen or are the combination of the S with the M and/or L forms of HBs. Although these
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vaccines have demonstrated their effectiveness in the vaccination of newborns, they are
less effective in certain groups of people such as aged and obese people or are ineffective in
chronic HBV carriers.

This work aimed to generate the recombinant VLPs presenting in two HBV antigens—
preS1 for B-cell immunogenicity and HBc for T-cell immunogenicity: preS1 contains the
virus-neutralizing epitope and HBc is the source of HBV-specific CTL epitopes. Thus, the
rationale of our study lies within the findings that the combination of preS1 sequences and
HBc in the particular HBV vaccine candidate not only extends its protective effect but also,
due to the presence of HBc, compensates for the lack of T-cell immunogenicity.

The exposure of the preS1 epitopes on the HBc VLPs has a long history and was
generally performed by our group [9,69–72], Ken Murray’s group [73–75], David Milich
and Florian Schödel’s group [76–78], and Xinchun Chen’s group [79]. Later, Matti Sällberg’s
team added additional reasons for the expected efficiency of the HBc-preS vaccines [80]. In
this resumptive study, we summarized our research on the construction of HBc-preS1 VLPs.

Here, two fragments of the preS1 region of the hepatitis B virus, genotype D1, subtype
ayw2 [47] have been used for insertion in HBc protein: (i) the “pure” preS1 epitope
corresponding to aa 20–47 of the preS1, and (ii) a preS1phil fragment, aa 12–60 + 89–119,
representing the preS1 sequence with a deleted hydrophobic (aa 61–88) region [60]. Both
preS1 fragments contain a linear preS1 epitope 31-DPAFR-35 [9,10] which is recognized
by highly specific mAb MA18/7 [8]. Selected preS1 sequences were inserted in the MIR of
HBc protein using a set of full-length and C-terminally truncated variants of HBc, and the
immunogenicity of ten different HBc-preS1 VLP constructs was compared in mice. The
production level of the different HBc-preS1 fusion proteins in E. coli cells was remarkable
(reaching 7–10% of total cell protein in crude cell lysate), allowing us the development of
non-sophistical purification protocol and to obtain high-quality VLPs suitable for further
immunological evaluation.

As for B-cell immunogenicity, both preS1(20–47) and preS1phil containing VLPs
induced a significant anti-preS1 response (Figure 10A) along with the decreased response
to the carrier HBc (Figure 10B), caused by damaged MIR within HBc formed VLPs. All
variants of the HBc-preS1 VLPs competed well in ELISA with preS1 peptide coated on the
plate for the MA18/7 antibodies (Figure 9). These data confirm that the major preS1 epitope
DPAFR is exposed and localized correctly on the surface of the chimeric particles, and that
conformation of preS1 in our constructs is native like. Additionally, it can be concluded that
the N- and C-terminals surrounding of the major immunodominant DPAFR epitope are not
important for the correct exposure of the preS1 epitope for induction of the preS1-specific
humoral response.

As for T-cell immunogenicity, the T-cell proliferation index was found to be high
for all investigated constructs; however, the SI varied significantly among the different
constructs with the highest SI for 163preS1phil as a representative of the constructs with
long preS1phil insert, and 178preS1(20–47) as a representative of constructs with a short
preS1(20–47) insert (Figure 11).

As the antibodies elicited against the preS1 epitope should be strongly virus neutraliz-
ing [7], we suggest that recombinant HBc VLPs bearing preS1 sequences may serve as real
prototypes for the creation of a combined therapeutic/prophylactic HBV vaccine according
to the criteria formulated by Gerlich [81]. The sound biotechnological background of the
production and purification of HBc-preS1 VLPs allowed us to obtain tens of mg of highly
purified chimeric VLPs from the amount of fresh biomass by standardized protocol and
this factor underlines the possible practical application of the elaborated HBc-preS1 VLPs
as the candidates for further immunological investigations aimed to the development of
the universal prophylactic/therapeutic vaccine.

Packaging of a selected oligonucleotide inside the VLPs has also been demonstrated
in the case of full-length HBc bearing a long preS1phil insert after removal of intact RNA
(Figure 12).
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5. Patents

A. Dišlers, I. Petrovskis, I. Lieknin, a, I. Berza, J. Bogans, I. Akopjana, I. Sominska,
P. Pumpens Latvian Patent C12N15/71 21.06.2013. Expression system for obtaining of
HBc-pres1 virus-like particles.

I. Lieknin, a, I. Petrovskis, I. Sominska, J. Bogans, I. Akopjana, P. Pumpens, A. Dišlers
Latvian Patent C12N15/70 20.12.2017. Method for obtaining empty and packed with
nucleic acids capsids of virus-like particles of HBc-protein.
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