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Abstract Hepatitis B is a major public health problem worldwide, which may lead to
chronic liver diseases such as cirrhosis and hepatocellular carcinoma. The hepatitis B core
antigen (HBcAg) is one of the major viral proteins, which forms the inner core of hepatitis
B virus (HBV) particles. In this study, filamentous bacteriophage M13 was genetically
modified to display the polypeptides of HBcAg in order to develop an alternative carrier
system. HBcAg gene was inserted into the minor coat protein (pIII) gene of M13, and
HBcAg was expressed on the phage surface as a whole protein. Antigenicity and
immunogenicity of HBcAg were tested by immunizing BALB/c mice three times with
HBcAg-displaying recombinant phages. After successful immunization, one of the mice
with high antibody titer to HBcAg was selected for fusion, and four monoclonal antibodies
specific for HBcAg were developed. This result showed that HBcAg-displaying
recombinant bacteriophages are immunogenic and can potentially be used for the
development of monoclonal antibodies.

Keywords HBcAg . Phage display . M13 phage . Immune response . ELISA .Monoclonal
antibody

Introduction

Hepatitis B virus (HBV) infection, a major cause of human liver diseases, can lead to
chronic liver diseases such as cirrhosis and hepatocellular carcinoma; it results in 620,000
annual deaths worldwide [1]. According to the World Health Organization (WHO) 2008
data, about 2 billion people worldwide have been infected with the virus and about 350
million live with chronic infection. Even though HBV infections can cause severe health
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problems, they can be prevented by vaccination. Early diagnosis of HBV infection is also
important for determining the extent of infection and for the prognosis of HBV-infected
patients.

HBV belongs to the Hepadnaviridae family of viruses and consists of a nucleocapsid
containing the viral genomic DNA and viral DNA polymerase encapsulated in an outer
lipoprotein envelope [2]. HBV is a partially double-stranded DNA virus with a genome of
3.2 kb. The genome has four open-reading frames, which encode seven different proteins, i.e.,
hepatitis B surface antigens (HBsAg; S, preS1, and preS2), DNA polymerase, X protein,
hepatitis B core antigen (HBcAg), and hepatitis B e antigen (HBeAg). HBcAg is one of the
major viral proteins, which forms the inner core of HBV particles. It is a C gene-encoded
cytoplasmic protein composed of 183–185 amino acids depending on serosubtypes [3–5].
One of the specific serological markers of HBV infection is the presence of anti-HBcAg
antibodies in sera. Therefore, anti-HBcAg antibodies are used for initial diagnosis, patient
monitoring, differentiation between acute and chronic infection (determined on the basis of
immunoglobulin M [IgM] and IgG titers, respectively), and epidemiological investigations
[5, 6]. Moreover, anti-HBcAg antibody detection is important in the identification of HBV-
infected individuals who are negative for HBsAg but positive for anti-HBcAg antibody, in an
effort to prevent the contamination of blood transfusion products with HBV [7]. To date,
several monoclonal antibodies against HBcAg have been successfully developed [8–10] by
immunizing mice with the antigen.

Phage display is a powerful molecular technique by which foreign proteins are
expressed at the surface of phage particles [11]. DNA sequences of interest are inserted
into a location in the genome of a filamentous bacteriophage such that the encoded
proteins are expressed or “displayed” on the surface of the filamentous phage as fusion
products with pIII or pVIII phage coat protein [11, 12]. Phage display technology is
widely used for the production of peptides, including recombinant antibodies such as
Fabs or single-chain variable fragments, for diagnostic or therapeutic purposes [13, 14].
Because of their immunogenic activity, phages are also used as potent carriers for
immunization [15]. In a previous study, the cyclic disulfide peptide corresponding to the
variable region 2 of the outer membrane protein PorA from Neisseria meningitidis strain
B385 was displayed on a filamentous phage and showed immunogenic activity [16].
Whole phage particles displaying antigenic proteins have been used as vaccine vehicles in
animal models [17, 18]. Repeat regions of the circumsporozoite protein gene of
Plasmodium falciparum were cloned into the pIII protein gene of a filamentous phage,
and the genetically engineered filamentous phage displaying the recombinant protein was
both antigenic and immunogenic in rabbits [19].

In the present study, we describe a new approach for the production of monoclonal
antibodies against whole HBcAg by using HBcAg-displaying phages as a source of
immunogen. Immunization assays similar to that performed in this study have been
described previously [20, 21], where peptides were fused with the phage coat protein pVIII
and the recombinant phages were used for immunization of mice to develop a vaccine
candidate. In this study, whole HBcAg was expressed on the surface of a filamentous phage
as a fusion product with the minor phage coat protein pIII, and mice were immunized with
the recombinant phages to generate HBcAg-specific monoclonal antibodies. Conventional
hybridoma technology was used to generate the monoclonal antibodies against HBcAg. The
method described in this paper is suitable for the production of large proteins such as
HBcAg by phage display technology, and the recombinant phage particles can be used for
further immunization with the aim of producing monoclonal antibodies to different
epitopes.
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Materials and Methods

Bacterial Strain

Escherichia coli strain TG1 {supE, hsdΔ5, thiΔ(lac-proAB), F’[traD36 proAB+lacIq
lacZΔM15]; Amersham Pharmacia Biotech, Buckinghamshire, England} was used as the
bacterial host for recombinant pCANTAB5E phagemid vector (Amersham Pharmacia
Biotech) and wild-type pCANTAB5E phagemid vector.

Construction of HBcAg-Displaying M13 Phages

HBcAg gene was amplified by polymerase chain reaction (PCR) with the primers
CForward (5′-ACTCGCGGCCCAGCCGGCCTTGGACATTGACCCTTATAA-3′) and
CReverse (5′-CATTCTGCGGCCGCACATTGGGAAGCTGGAGATTG-3′). The underlined
sequences in CForward and CReverse indicate the restriction sites for SfiI and NotI,
respectively. PCR was performed in a reaction mixture (50 μl) containing 10× reaction
buffer (200 mM Tris-HCl [pH 8.8], 100 mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4,
1% [v/v] Triton X-100, 1 mg/ml nuclease-free bovine serum albumin [BSA]) with 2.5 mM
MgCl2, 10 mM of each deoxynucleoside triphosphate (dNTP; 1 μl), 20 pmol each of the
forward and reverse primers, plasmid pCR2.1/HBc (kindly provided by Dr. M. Yapar,
Department of Virology, Gulhane Military Medical Academy, Ankara, Turkey; 100 ng/μl;
2 μl), and Taq DNA polymerase (1 U/μl; 1 μl; Roche Molecular Biochemicals, Mannheim,
Germany) in thermal cycler (T3000 Thermocycler; Biometra, Goettingen, Germany). PCR
was completed at 30 cycles (at 94 °C for 1 min, at 55 °C for 2 min, at 72 °C for 2 min),
followed by a final elongation step at 72 °C for 10 min. The amplified fragments were
digested with SfiI and NotI restriction enzymes and purified with High Pure PCR
Purification Kit (Roche Molecular Biochemicals). The purified DNA fragments were then
ligated to the SfiI/NotI-digested pCANTAB5E phagemid vector in a ligation reaction
mixture (30 μl) containing 10× ligase buffer (400 mM Tris-HCl, 100 mMMgCl2, 100 mM
dithiothreitol [DTT], 5 mM ATP) and T4 DNA ligase (2.5 U; Fermentas, Helsingborg,
Sweden), at 16 °C overnight. The ligation reaction product was transformed into E. coli
TG1 cells by calcium chloride transformation [22]. Clones were controlled by colony PCR
for the insertion of HBcAg gene into the vector. PCR-positive transformant clones were
then subjected to plasmid isolation with High Pure Plasmid Isolation Kit (Roche Molecular
Biochemicals). DNA sequencing of the plasmids was performed using GenomeLab DTCS
Quick Start Kit (Beckman Coulter, Brea, USA) with reverse primer 458 (5′-
TTTTGTCGTCTTTCCAGACGTT-3′) and forward primer 459 (5′-TATGACCATGAT-
TACGCCAAG-3′), and the sequences were read using the CEQ 8800 genetic analysis
system (Beckman Coulter).

Generation of Phage-Displayed HBcAg

To amplify wild-type phages and phage-displayed HBcAg, a single transformant E. coli
TG1 clone containing the correct HBcAg gene insert or the wild-type phagemid, was
selected and grown in 2× tryptone-yeast (TY) medium containing 100 μg/ml ampicillin and
2% glucose at 37 °C until optical density at 600 nm (OD600) reached 0.5. Thereafter,
M13KO7 helper phages (1×1010 plaque-forming units [pfu]/ml; New England BioLabs,
Beverly, MA) were added to the culture. After incubation at 37 °C for 45 min without
agitation and at 37 °C for 45 min with agitation, the cells were centrifuged at 3,000×g for
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10 min. They were resuspended in the same volume of 2× TY medium containing
100 μg/ml ampicillin and 50 μg/ml kanamycin. The culture was incubated at 30 °C
overnight with agitation. The next day, the cell culture was centrifuged at 3,000×g, and
supernatants containing the recombinant or wild-type infective phages were precipitated at
4 °C by adding one fourth of the supernatant volume of 1 M polyethylene glycol 6000
(PEG 6000; 2.5 M NaCl). After 2 h of incubation, the phages were centrifuged at
12,000 rpm for 40 min. Pellets containing the phage particles were resuspended in 1 ml of
phosphate-buffered saline (PBS). The purified phage particles were then filter sterilized
using Millex-HV (Millipore, Billerica, MA) and used for immunization and phage enzyme-
linked immunosorbent assay (ELISA).

Phage Titration

Infectious titer of phages was determined by plaque counting assay. A single colony of E.
coli TG1 was inoculated into 5 ml of 2× TY medium and grown at 37 °C to mid-log phase
(OD600, 0.5–0.8). Subsequently, 100 μl of the culture was infected with a serial dilution of
phages at 37 °C for 30 min. Infected bacteria were spread on 2× TY agar plates (with
100 μg/ml of ampicillin) and incubated overnight at 37 °C. The number of plaques formed
were counted and translated to pfu per unit volume.

Phage ELISA

Phage ELISAwas used to analyze the specific binding of anti-HBcAg polyclonal antibodies
to phage-displayed HBcAg. Two methods were used to detect the HBcAg-displaying
phages. In the first method, ELISA plates were coated with HBcAg-displaying phages (1×
1010 pfu/well) at 4 °C overnight. The next day, the wells were washed six times with PBS
containing 0.1% Tween 20 (TPBS) and blocked with a blocking solution (1% BSA in
TPBS). Thereafter, rabbit anti-HBcAg polyclonal antibodies (1/200) were applied to the
wells at room temperature for 1 h. The wells were rewashed with TPBS and anti-rabbit
polyclonal antibodies conjugated with alkaline phosphatase (1/1,000) were added. After 1 h
of incubation, the wells were washed six times with TPBS. Subsequently, para-
nitrophenylphosphate (pNPP) substrate solution (1 mg/ml of pNPP in substrate buffer;
0.1 M glycine, 1 mM ZnCl2, 1 mM MgCl2, pH 10.4) was added to each well and incubated
for 1 h. The reaction was terminated with 1 M NaOH and absorbance was read at 405 nm.

In the second method, ELISA plates were coated with anti-HBcAg polyclonal antibodies
(1/200) at 4 °C overnight. The next day, the wells were washed six times with TPBS and
blocked with the blocking solution. Thereafter, HBcAg-displaying phages (1×1010 pfu/well)
were added to each well and incubated for 1 h. The wells were washed six times with TPBS,
and horseradish peroxidase (HRP)/anti-M13 conjugate (1/1,000; Amersham Pharmacia
Biotech, Buckinghamshire, England) was added to each well. Absorbance was read at
405 nm after 1 h of incubation with 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) substrate solution (Amersham Pharmacia Biotech).

Immunization

Eight-week-old BALB/c mice were used for immunization. Four different mice groups
were administered different injections. The first group received 1×1011 pfu of HBcAg-
carrying recombinant phage (recPhage) prepared in incomplete Freund’s adjuvant (IFA;
Sigma, USA). The second group received 1×1011 pfu of recPhage only; the third group
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received 1×1011 pfu of wild-type phage (M13); and the last group received 5 μg of
recombinant HBcAg (Fitzgerald, MA, USA) prepared in IFA. All immunizations were
performed three times intraperitoneally at 3-week intervals.

Fusion

The mouse with the highest antibody titer to HBcAg was used for fusion. Lymphocytes
were isolated from the spleen and lymph nodes and fused with mouse myeloma cells (F0;
American Type Culture Collection [ATCC] CRL 1646) in the ratio of 5:1 in the presence of
PEG 4000 (Merck, Darmstadt, Germany). Fusion was performed according to the original
fusion protocol [23]. Hybrid cells were selected in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with hypoxanthine–aminopterin–thymidine (HAT) medium. After
selecting the positive clones, monoclonal antibody-producing hybrid cells were applied to
limiting dilution method.

Detection of Antibody Activity by ELISA

Microtiter ELISA plates were coated with HBcAg (400 ng/ml) prepared in PBS (10 mM,
pH 7.2) and incubated overnight at 4 °C. The plates were washed with washing buffer (0.5%
TPBS) and then saturated with 100 μl of blocking solution (1% milk powder) at 37 °C for 1 h.
After washing, 100 μl of hybrid cell supernatant or 1/100 diluted mouse serum was added and
incubated at 37 °C for an additional hour. After washing again, 100 μl of 1/1,000-diluted
alkaline phosphatase conjugates of goat anti-mouse IgM, IgG, and polyvalent antibodies
(Sigma) were added and incubated at 37 °C for 1 h. After a careful rewash, pNPP at 1 mg/ml in
substrate buffer (0.1 M glycine, 1 mM ZnCl2, 1 mM MgCl2, pH 10.4) was added, and
absorbance at 405 nm was determined.

Results

Construction of HBcAg-Displaying M13 Phages

With the aim of cloning HBcAg gene into pCANTAB5E phagemid vector, the gene coding
for HBcAg was amplified by PCR, using pCR2.1/HBc plasmid as the template. The PCR
amplification products were checked by agarose gel electrophoresis, and a 580-bp
amplification product was monitored. The amplified band was extracted from the agarose
gel, digested with SfiI and NotI restriction enzymes, and inserted into the pCANTAB5E
phagemid vector. The recombinant vector was then transferred into E. coli TG1 cells by
calcium chloride transformation. HBcAg gene insert sequence was amplified by colony
PCR and sequenced using CEQ 8800. The transformant E. coli TG1 clone confirmed for
the presence of HBcAg gene insert was infected with M13KO7 helper phages, and infective
phages displaying HBcAg on their surface as HBcAg-pIII fusion protein were produced.

Phage ELISA

The binding property of phages displaying HBcAg to anti-HBcAg polyclonal antibodies
was tested with phage ELISA. For this purpose, two different approaches were used. All the
assays were performed in triplicate. For both strategies, an interaction between the anti-
HBcAg polyclonal antibodies and phage-displayed HBcAg was detected (A405 for the first
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and second ELISA: 3.69±0.02 and 1.97±0.28, respectively, for HBcAg-displaying phages
and 0.33±0.057 and 0.12±0.01, respectively, for wild-type phages; Fig. 1). These results
showed that rabbit anti-HBcAg polyclonal antibodies recognized the HBcAg displayed on
the phage surface as HBcAg-pIII fusion protein.

Immunization

Immunogenicity of the HBcAg-displaying recombinant phage was analyzed using BALB/c
mice. Mice groups were immunized with recPhage (1×1011 pfu) prepared in IFA, recPhage
only (1×1011 pfu), wild-type phage (1011 pfu), and commercial HBcAg prepared in IFA.
Mice were bled through the tail vein and sera were tested by ELISA for antibody reactivity.
Figure 2 shows the antibody response induced by different carrier systems after three
subsequent immunizations.

Overall, both recPhages and recPhages prepared in IFA induced a strong immune
response. No significant difference was detected in the immune response between the
phages injected alone or with IFA, showing that the phages themselves were antigenic and
generated the immune response. Moreover, no significant difference was observed in the
immune response between the mice having recombinant phages or HBcAg (5 μg),
indicating that 1×1011 pfu of phages displaying HBcAg are as good as pure HBcAg
prepared in IFA. These results showed that immunization of mice with HBcAg-displaying
phages generated antibody response and that these mice could be used for the production of
monoclonal antibodies. However, the mice injected with wild-type phages also showed an
immune response against HBcAg. This might be because of nonspecific antibody
interactions due to the use of M13 phage, since M13 phages are large molecules and act
as nonspecific polyclonal activators. In another study conducted in the laboratory, the mice
sera from wild-type phage immunized groups were also tested for cross-reactivity with
other antigens such as HBsAg, HBeAg, BSA, transferrin, and casein. As tested by ELISA,
nonspecific binding to all of these antigens, as much as HBcAg, was obtained. Our results
suggest that M13 phage acts as a nonspecific polyclonal activator and induces vigorous
humoral response (data not shown).

Fusion and ELISA

After booster immunization, the mouse with the highest antibody response against HBcAg
was selected for fusion. Lymphocytes from the spleen and lymph nodes were isolated and
fused with mouse myeloma cells. As shown in Table 1, 5×108 lymphocytes were fused

Fig. 1 Optical density at 405 nm
(OD405) in the first- and second-
phage enzyme-linked immuno-
sorbent assay (ELISA). HBcAg
Hepatitis B core antigen
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with 1×108 mouse myeloma cells. From this fusion, 783 hybridoma colonies were
obtained, and 52 of them showed antibody activity against HBcAg. Four clones (5E5, 6D6,
7 F2, and 8 F7) were characterized as HBcAg-specific clones; of these, two clones (5E5
and 7 F2) showed better reactivity to HBcAg, while no clone showed any cross-reactions
with HBeAg, HBsAg, human serum, wild-type phage M13, BSA, and powdered milk
(Fig. 3). Subisotyping of monoclonal antibodies classified them as IgM.

Discussion

Phage display of protein and peptide libraries offers a powerful technology for the selection and
isolation of ligands and receptors [11]. A filamentous phage has a number of characteristics
that make it an excellent model system for studying antibody responses [15–18].

Filamentous bacteriophages are highly immunogenic particles, while phages elicit T cell
responses [24]; their immunogenicity is also enhanced by virion-associated lipopolysac-
charide [25, 26]. Van Houten and colleagues [27] demonstrated that antibody response was
better focused against a synthetic peptide when the peptide was conjugated to a phage than
when it was conjugated to the classical carrier ovalbumin.

Several studies have reported the cloning and expression of HBcAg in E. coli and the
binding of the antigen has been analyzed with serological diagnostic assays [5, 6], but this
is the first report on the display of HBcAg on phage surface. Phages have been used to
generate immune responses to several antigens and mostly pVIII coat protein has been used
to display antigens on phage surface [15, 28, 29]; this is because pVIII has 2,700 copies by
which the amount of the displayed antigen is increased. However, the sequences fused to
pVIII protein must be short (about 6–8 amino acids) owing to the closeness of the abundant

Fig. 2 Antibody responses to
HBcAg in mice after three sub-
sequent immunizations. recPhage
Recombinant phage, IFA incom-
plete Freund’s adjuvant, control
nonimmunized mouse sera

Fusion conditions Number

Lymphocytes 5×108

Mouse myeloma cells 1×108

Wells 768

Hybrid cells 783

Hybrid cells with antibody activity 52

Hepatitis B core antigen (HBcAg)-specific monoclonal
antibodies

4

Table 1 Details of fusion
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proteins on phage surface [15, 30]. In this study, we preferred to use pIII protein, which has
three to five copies on the phage surface, because HBcAg is a relatively large molecule to
be properly displayed on pVIII. We selected only three to five copies of HBcAg displayed
on the phage because of the closeness of each expressed protein. To control the presence of
phage-displayed HBcAg, we used two different ELISA methods (Fig. 1) and the results
showed that only HBcAg displaying phages were binding to the rabbit anti-HBcAg
polyclonal antibodies but not to the wild-type phages.

Phages have been used as antigen carriers for vaccine development. Several studies on
HIV-1 [31], hepatitis C virus (HCV) [32], Alzheimer’s disease [33], and cancer [20, 34]
demonstrated the potential of using phage displayed antigens for vaccine development in
mice and rabbits. Also, multiple epitope vaccine against Taenia solium pig cysticercosis was
the first-phage display-based vaccine developed for large animal such as a pig [35]. The
immunization methodology used in these works are differing either by the injection
locations (intraperitonal [15, 31, 32], intranasal [33], or subcutaneous [34] or the amount of
phages particles injected (1011 pfu [29, 33], 1012 pfu [34], 6×1012 pfu [31], 2.5×1013 pfu
[15, 32]). All the different methods were successful for the activation of the immune
response. This variability might be dependent on the characteristic of the antigen displayed
on the phages. We have tested different amount of recombinant phages (1010 to 1012 pfu),
and we have seen that 1012 recombinant phages displaying HBcAg were lethal for BALB/c
mice. Furthermore, we have seen that optimum immune response was obtained with 1011

recombinant phages injections (data not shown).
The immunogenicity and antigenicity of HBcAg displayed on phage surface were shown

by hybridoma technology. As shown in Fig. 2, pIII protein copy number was enough to
generate immunogenic response against recombinant HBcAg without IFA. Immunogenicity
of recombinant phage without IFAwas also high, similar to pure HBcAg. The mice injected
with wild-type phages showed an immune response against HBcAg; this is because the
phages are large molecules and may stimulate polyclonal antibody response.

Fig. 3 Cross-reactivity of four monoclonal antibodies (5E5, 6D6, 7 F2, and 8 F7) against HBcAg, hepatitis
B e antigen (HBeAg), hepatitis B surface antigen (HBsAg), human serum, wild-type phage M13, bovine
serum albumin (BSA), and milk powder

1444 Appl Biochem Biotechnol (2011) 165:1437–1447



Antigenic parts of HBsAg, another HBV antigen, have been expressed on phage surface
[29, 36]. To the best of our knowledge, this is the first study explaining the display of full
length of an HBV antigen on phage surface. We expressed HBcAg on phage surface by
cloning HBcAg gene into the minor coat protein gene of the phage, and the recombinant
phage was shown to be highly immunogenic in mice, with the antibody response as good as
that of commercial HBcAg. This result showed that M13 filamentous phage was a good
carrier for recombinant HBcAg and induced generation of monoclonal antibodies specific
for HBcAg.

Taken together, our results indicate that M13 phage is an efficient carrier for the cloning
of full-length HBcAg, which was displayed efficiently on the phage and exhibited
immunogenic activity. Most importantly, M13 phage would be an alternative choice to
reduce the cost and time of the production and purification of HBV antigen for future
applications.

Conclusions

Filamentous phages can display proteins and peptides on their surface, and they can also be
carriers for immunogenic particles. To date, in several studies, a short length of a hepatitis B
antigen has been expressed on phage surface. This is the first study reporting that full-
length viral proteins are displayed on M13 phage surface by fusion with the minor coat
protein of the phage, and the recombinant phages can further be used for the development
of monoclonal antibodies to the antigen displayed on the phage surface without using
additional adjuvants.
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