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Abstract 
Hepatitis B virus (HBV) infection is a major global health 
challenge leading to serious disorders such as cirrhosis 
and hepatocellular carcinoma. Currently, there exist 
various diagnostic and therapeutic approaches for HBV 
infection. However, prevalence and hazardous effects 
of chronic viral infection heighten the need to develop 
novel methodologies for the detection and treatment of 
this infection. Bacteriophages, viruses that specifically 
infect bacterial cells, with a long-established tradition in 
molecular biology and biotechnology have recently been 
introduced as novel tools for the prevention, diagnosis 
and treatment of HBV infection. Bacteriophages, due 
to tremendous genetic flexibility, represent potential to 
undergo a huge variety of surface modifications. This 
property has been the rationale behind introduction of 
phage display concept. This powerful approach, togeth-
er with combinatorial chemistry, has shaped the concept 
of phage display libraries with diverse applications for 
the detection and therapy of HBV infection. This review 
aims to offer an insightful overview of the potential of 
bacteriophages in the development of helpful prophylac-
tic (vaccine design), diagnostic and therapeutic strate-
gies for HBV infection thereby providing new perspec-

tives to the growing field of bacteriophage researches 
directing towards HBV infection. 
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Core tip: Gaining insight into the role played by bacte-
riophages, viruses with prokaryotic hosts, in the devel-
opment of helpful diagnostic and therapeutic approach-
es for hepatitis B virus (HBV) infection is of paramount 
importance. Natural presence of bacteriophages in the 
human body, as a major constituent of the gut flora, 
creates new opportunities in directing the developed 
approaches towards HBV infection. Undoubtedly, exploi-
tation of this hidden potential of bacteriophages paves 
the way for introduction of novel methodologies for the 
detection and therapy of prevalent infection of HBV. 
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INTRODUCTION
Hepatitis B virus (HBV) infection constitutes a signifi-
cant health challenge worldwide and is considered as one 
of  the most prevalent chronic viral infections in human. 
Chronic hepatitis can lead to a variety of  liver disorders 
such as cirrhosis and hepatocellular carcinoma (HCC). 
HCC, one of  the most common malignancies, is a lead-
ing cause of  cancer-associated death in the world[1]. 
Human HBV belongs to the Hepadnaviridae family of  
viruses and human and higher primates are known as 
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the exclusive hosts for viral infection. The intact virion 
is composed of  viral genome that is a 3.2 kb partially 
double-stranded circular DNA - enclosed in a nucleo-
capsid - and an outer layer. The nucleocapsid is made up 
of  a large number of  core antigen (HBcAg) molecules 
residing in the internal section of  viral envelope. The 
outer layer contains surface antigen (HBsAg) molecules 
situated at the external portion of  viral envelope. There 
are three different but related forms of  HBsAg including 
large (L), middle (M) and small(S)-HBsAg. HBsAg har-
bors sets of  epitopes known as immunodominant region. 
These highly conformational epitopes are positioned 
within a double-looped structure and trigger protective 
antibody responses in human. The antigenicity of  im-
munodominant region can be used for detecting HBsAg. 
PreS1 (presurface 1) region - with 108 or 119 amino acids 
dependent on serotype - in the longest surface antigen 
(L-HBsAg) and on the outermost division of  viral sur-
face has been demonstrated to be implicated in the inter-
action of  viral envelope with a specific receptor on the 
surface of  hepatocytes. This HBV-hepatocyte attachment 
is known to be the initial step of  viral infection. Further-
more, PreS1 region has been reported to play roles in the 
assembly and budding of  virions[2-4]. Given the impor-
tance of  PreS1 in viral assembly and infectivity, develop-
ment of  reagents with great affinity and specificity to this 
region of  HBsAg is of  particular importance for both 
diagnosis and treatment of  HBV infection. 

In general, HBV genomic DNA has four overlapping 
open reading frames that encode seven distinct proteins 
(Table 1). DNA polymerase, located within the nucleo-
capsid, is covalently attached to viral double-stranded 
DNA. Covalently closed circular DNA (cccDNA) which 
functions as the chief  transcriptional template makes 
an essential contribution to the durability of  infections 
caused by HBV and persists as an episome in HBV-
infected hepatocytes. It can remain following antiviral 
therapy and even following apparent elimination of  viral 
infection[5,6]. 

Currently there exist various diagnostic and therapeu-
tic approaches for HBV infection. However, prevalence 
and also threatening consequences of  HBV chronic 
infection emphasize the need to develop novel method-

ologies for the prevention, diagnosis and treatment of  
viral infection. Within the recent several years, numerous 
reports have revealed the potential of  bacteriophages in 
this regard. These studies have shed light on the fact that 
one category of  viruses called bacteriophage (with pro-
karyotic hosts) can serve as powerful tools to take pro-
phylactic, diagnostic and therapeutic measures towards 
another category of  viruses called hepatitis B virus (with 
eukaryotic hosts). The current review tells the tale of  
these two viruses. This review aims to provide opportu-
nity for readers to gain a novel insight into the potential 
of  bacteriophages in the emergence of  new approaches 
for the prevention, detection and treatment of  HBV in-
fection. To this end, we discuss various applications of  
bacteriophages in three areas related to HBV infection. 
These areas include development of  bacteriophage-based 
diagnostic tools, bacteriophage-based treatment modali-
ties, and bacteriophage-based vaccines for HBV infec-
tion (Figure 1). In view of  the paramount importance of  
phage display concept in presenting numerous bacterio-
phage-mediated diagnostic and therapeutic platforms for 
HBV, we address in detail phage display technology and 
phage display libraries and also provide description to 
various aspects of  this powerful technology in order to 
formulate helpful diagnostics and therapeutics for HBV 
infection.

BACTERIOPHAGES AS TOOLS FOR 
MEDICAL PURPOSES
Bacteriophages are naturally-occurring viruses that specif-
ically infect bacterial cells. These prokaryotic viruses are 
the most abundant life forms in the biosphere. In com-
parison with bacterial cells, the number of  phage virions 
is 10 fold higher and estimations of  phage frequency 
approximate their number to 1030 particles. They can be 
tracked down in an innumerable variety of  environments 
ranging from oceans’ depths to hot springs. One of  the 
most attractive habitats of  phages is the body of  human 
and animals particularly their gastrointestinal tract[7,8]. Di-
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Table 1  Names of the seven distinct proteins encoded by four 
overlapping genes contained in the genome of hepatitis B virus

List of HBV proteins 

Large surface antigen L-HBsAg
Medium surface antigen  M-HBsAg
Small surface antigen  S-HBsAg
Core antigen HBcAg
Generated by proteolytic processing of the 
pre-core protein (non-structural protein)

HBeAg

Reverse transcriptase activity DNA polymerase 
Unknown function (non-structural protein) HBx protein 

HBV: Hepatitis B virus; HBsAg: Hepatitis B virus surface antigen; HBcAg: 
Hepatitis B virus core antigen; HBeAg: Hepatitis B e antigen.

Development of 
diagnostic assays

Vaccine 
development

Development 
of therapeutic 
approaches 

Applications of 
bacteriophages in 

HBV infection

Figure 1  Various potentials of bacteriophages for hepatitis B virus infection.



gestive system of  human is home to a huge number of  
phage particles. These phages, along with their bacterial 
hosts, hold a major role in forming the gut flora. Interest-
ingly, phages exhibit tremendous diversity in a manner 
that a large number of  newly sequenced phage genes are 
lacking recognized homologous counterparts deposited 
in databases[9]. This is a reflection of  the fact that the 
phage world is a terra incognita and many regions of  this 
vast territory remain a mystery. 

Structurally, bacteriophages harbor DNA or RNA as 
their genetic material which is surrounded by a protein 
coat or capsid. Being metabolically inert, bacteriophages 
take advantage of  their host bacterial cells for growth 
and amplification. Based on the life cycle, they can be 
placed in two categories of  lytic and lysogenic. Lytic or 
virulent phages multiply within the bacterial host, and 
subsequently release their assembled particles through 
lysis of  the host cell. On the contrary, lysogenic or tem-
perate phages integrate their genetic material into the 
host chromosome leading to their replication together 
with the host bacterium for generations[10]. In response to 
harsh conditions such as ultraviolet (UV) irradiation, the 
genome-residing prophage can undergo induction and 
change into lytic phage. 

When tracing back to the era of  emergence of  mo-
lecular biology, it becomes clear that from the very be-
ginning bacteriophages have played a leading role in the 
field. They have made an essential contribution to solving 
many fundamental questions of  molecular biology and 
genetics. With the elapse of  time, this role has expanded 
and triggered developments in a variety of  biotechnologi-
cal and medical areas. Some of  these achievements have 
revolutionized the view of  researchers towards biological 
issues. The ongoing advances in bacteriophage research 
have attracted tremendous attention to the potential ap-
plications of  these bacterial viruses in the clinical context. 
These progresses have paved the way to use bacterio-
phages for the prevention, detection, and treatment of  
various pathological disorders. 

PHAGE DISPLAY 
Bacteriophages indicate a high level of  genetic flexibil-
ity. This characteristic established ground work for the 
formulation of  phage display methodology. The initial 
concept of  phage display was presented in the pioneering 
work of  George P Smith conducted at the University of  
Missouri in 1985[11]. In this molecular selection technique 
a foreign DNA fragment is inserted into the gene encod-
ing one of  the phage coat proteins. The DNA-encoded 
peptide/protein is then displayed as fusion to the coat 
protein on the surface of  phage particle, where it is avail-
able to be involved in binding interactions with target 
molecules. In this manner, a physical linkage is formed 
between the surface-expressed peptide/protein and the 
DNA that encodes it. This genotype-phenotype con-
nection is one of  the most significant aspects of  phage 
display[12,13]. This technique has served to display a variety 

of  molecules such as short peptides, individual protein 
domains, whole proteins, antibody fragments, receptors 
and enzymes on the surface of  phage particles[14-16]. It is 
now well established that phage display as a robust and 
powerful technology represents huge potential to be used 
in a wide spectrum of  biomedical and pharmaceutical 
areas including drug discovery, vaccine development, 
isolation of  cell/tissue/disease-specific biomarkers (e.g., a 
variety of  cancers), protein-protein interactions, receptor-
ligand characterization, gene/drug delivery and targeting, 
bioimaging and biosensing, neurobiology, proteomics, 
functional genomics, and antiviral research[17-25]. 

All five structural capsid proteins of  M13 phage have 
the capacity to be exploited for expression of  heterolo-
gous (poly)peptides. Each of  the coat proteins has its 
own benefits and pitfalls. However, the most frequently 
used proteins for this purpose are minor coat protein (p
Ⅲ) and major coat protein (pⅧ). pⅢ is a 400 amino acid-
long protein implicated in binding of  the phage particle 
to the host bacterium during infection. pⅧ with its 50 
amino acids is recognized as the most abundant protein 
of  M13 (about 2700 copies per phage virion) and plays a 
very critical role in shaping the long filamentous morphol-
ogy of  the phage. Generally, pⅧ is suitable for display of  
smaller proteins and pⅢ is proper for display of  larger 
proteins. On the other hand, the abundance of  pⅧ on 
the phage surface makes it possible for display of  a higher 
number of  protein of  interest. But, pⅢ has fewer copies 
(3-5 copies) on the phage surface and is appropriate for 
display of  a less number of  protein of  interest[26,27]. Other 
proteins of  M13 are less matched for display purposes. 
This impaired capability for efficient display is due to the 
lack of  full accessibility of  these proteins in the context 
of  intact phage particles. For example, some parts of  pⅥ 
and pⅦ are not accessible in intact phage. Furthermore, 
the adverse effects of  the displayed peptide/protein dur-
ing phage assembly can, to some extent, result in low 
efficiency of  display[28]. Choosing the coat protein (as fu-
sion partner) on which the peptide or protein of  interest 
will be displayed depends upon the type of  the displayed 
ligand as well as the objective which is pursued. 

Various bacteriophages such as filamentous phages, 
lambda, T4 and T7 have found application for surface 
display of  foreign ligands. Platforms based on M13 (as 
a filamentous bacteriophage) constitute the most-widely 
used bacteriophage-based display tools. Filamentous 
bacteriophages (M13, f1 and fd) are rod-shaped bacterial 
viruses that are assembled at the membrane of  the host 
bacterium where the phage genome is extruded through 
membrane pores. When assembled, the phage particle is 
composed of  a single stranded, circular DNA enclosed in 
a proteinaceous coat with five different coat proteins[13,29]. 
Filamentous bacteriophages represent some advantages 
to be used as cloning vehicles and phage display tech-
nology platforms. Their genome can tolerate insertion 
of  large DNA fragments in the nonessential regions 
without disrupting phage packaging. This high degree of  
adaptability is reflected by the fact that an increase in the 
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Screening of  a phage library over the desired target 
is carried out through an affinity selection-based process 
called biopanning. This process provides a means for 
selective enrichment of  target-binding phages. In this ap-
proach, a library of  phage-displayed peptides is passed 
over a plate coated with the target for which a binding 
ligand is sought. Bound phages are captured, while non-
binders are eliminated by several washing steps. Due to 
the stability of  phages, specifically bound phages can be 
eluted by acidic pH, denaturants (reducing agents) or ionic 
strength. Recovered phages are then amplified by infec-
tion of  E.coli cells and undergo several - typically three 
to five - additional cycles of  binding/amplification. This 
cyclic process of  binding, washing, elution and amplifi-
cation ultimately results in selective enrichment of  high 
affinity binding sequences to the target. These enriched 
phage clones obtained from the last round are subjected 
to DNA sequencing in order to characterize and identify 
peptides with the highest affinity and specificity towards 
the target[39-41]. Because biopanning is a multistep selection 
procedure, very rare specific binders can be selected and 
amplified from a large background of  phages with irrele-
vant binding property. One considerable benefit of  phage 
display-based biopanning is that this screening modality 
provides various routes for the presentation of  target to 
the library. This enables researchers to conveniently adapt 
screening protocol to the distinctive requirements of  dif-
ferent targets. Target molecules can be immobilized onto 
a support such as coated tubes or plates, columns or mag-
netic beads and phage library is subsequently exposed to 
the immobilized target. Although being time-consuming, 
in this strategy only the target molecule is presented to 
the library. Targets can also be elements on the surface of  
cells either cultured in vitro or existent in different organs 
of  the body of  living animals. In this platform, target 
molecules are exposed in a (quasi)-natural position to the 
displayed library. But, the likelihood of  binding of  dis-
played peptides to many non-target molecules is an issue 
deserving further consideration[26,41]. 

Peptide ligands identified from phage libraries can be 
employed as leads in drug design and in vaccine develop-
ment. Furthermore, some isolated peptides are bioactive 
and can inhibit the function of  their target molecule (e.g., 
enzyme inhibition). Therefore, these ligands represent 
potential to be used for various diagnostic and thera-
peutic applications. One of  the most significant aspects 
of  biopanning through phage libraries is searching for 
ligands - for example peptide ligands-specific to target 
molecules over-expressed on the surface of  malignant 
cells. Peptides selected through phage libraries have been 
utilized for imaging, diagnosis, and treatment of  a wide 
range of  tumors such as glioblastoma, melanoma, leu-
kemia, prostate and thyroid cancer[30,42-44]. These tumor-
homing ligands are of  great relevance for biomedical 
purposes and provide a means for selective delivery of  
various gene therapy vectors and chemotherapeutic drugs 
into neoplastic cells. Molecularly targeted delivery of  an-
ticancer agents enhances the therapeutic index and mini-

genome size is accompanied by a parallel increase in the 
length of  the phage particle as well as the number of  p
Ⅷ molecules. Furthermore, M13 genome can be isolated 
as both single and double stranded forms. On the other 
hand, non-lytic multiplication of  M13 phage leads to the 
accumulation of  high concentrations of  phage particles 
in the infected bacterial host[13,26].

PHAGE DISPLAY LIBRARIES
Combinatorial chemistry has proven to be a growingly 
potent and insightful methodology in modern drug de-
velopment. This basic discovery technology can be used 
to generate combinatorial chemical libraries. In a general 
sense, combinatorial libraries are a diverse repertoire of  
molecules synthesized both chemically and biologically 
(genetically). This rich source of  molecular collection can 
be screened for a function or affinity of  interest. Genet-
ically-encoded combinatorial libraries such as phage dis-
play libraries have taken a special place in the flourishing 
field of  combinatorial technology particularly for the de-
velopment of  novel classes of  tumor-avid molecules[30,31]. 
Genetic encoding makes it possible for molecules of  a li-
brary with specific binding properties to be resynthesized 
and rescreened. 

Construction of  phage display random libraries has 
been one of  the most fascinating and impressive devel-
opments in the area of  phage display technology. In fact, 
phage display as a high throughput approach provides a 
robust basis for the production of  massive libraries of  
molecules with different structural properties. Random 
peptide libraries are known to be one of  the most fre-
quent types of  phage display libraries. These random 
libraries are made via cloning degenerate oligonucleotide 
sequences into a gene encoding one of  the phage coat 
proteins. Each phage clone expresses a unique amino 
acid sequence on its surface, but the whole library may 
harbor billions of  peptides[12,32,33]. Peptides in these ran-
dom libraries have a length ranging from 5 to 20 amino 
acids. However, heptapeptide and dodecapeptide librar-
ies - being commercially available - are the most broadly 
used peptide libraries. 

These huge random libraries offer the advantage of  
using affinity selection to identify ligands with great speci-
ficity and affinity to any desired target. Interestingly, this 
procedure eliminates the need for any prior knowledge of  
characteristics of  the target molecule. Multiple rounds of  
affinity selection are an extremely efficient and powerful 
strategy for the selection of  very rare but highly specific 
binders from a huge pool of  variants. To date, phage li-
braries have been applied to identify ligands against a wide 
variety of  targets including purified proteins, antibodies, 
enzymes, cell surface receptors and in particular cancer-
associated antigens[30,34,35]. Screening of  phage libraries can 
be performed both in vitro against cultured cells and in 
vivo within the body of  living animals through systemic 
circulation thereby leading to the isolation of  cell-specific 
or organ-specific ligands, respectively[36-38]. 
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mizes the toxicity of  these compounds. 

BACTERIOPHAGE-BASED DIAGNOSTIC 
APPROACHES FOR HBV INFECTION 
HBcAg, a major protein that forms the inner core of  
HBV virions, is regarded as one of  most critical markers 
for detecting viral infection. The quantity of  this protein 
demonstrates viral load as well as viral genomic DNA. 
HBcAg concentration in the serum correlates well with 
the amount of  HBV genome implying its potential to 
be employed as a marker for viral load. Existence of  
anti-HBcAg antibodies in the serum can find utility as 
a specific serological marker for the diagnosis, monitor-
ing of  infected individuals, differentiation between acute 
and chronic forms of  viral infection as well as epide-
miological evaluations[45,46]. On the other hand, detection 
of  antibodies generated against HBcAg is of  particular 
importance in the identification of  infected patients who 
are negative for HBsAg. Identification of  this category 
of  patients is crucial to impede HBV contamination of  
blood transfusion products[47]. 

Phage display has been used for surface display of  
HBcAg as a novel approach for the production of  anti-
HBcAg monoclonal antibodies. In this framework, 
HBcAg-displaying phage serves as an immunogen for 
immunization purposes and potential development of  
HBcAg-specific monoclonal antibodies. This bacterio-
phage platform also represents promise for the produc-
tion of  anti-HBV vaccines. Bahadir et al[48] applied phage 
display to express full-length HBcAg protein on the sur-
face of  M13 phage as fusion to minor coat protein. This 
recombinant phage was found to be largely immunogenic 
in BALB/c mice with antibody responses comparable 
with that of  commercial HBcAg. In this work, pⅢ pro-
tein - with only three to five copies on M13 surface - was 
chosen as the fusion partner of  HBcAg. This is due to 
the fact that HBcAg is approximately too large for proper 
display in full-length form on pⅧ protein. 

Also, phages displaying surface ligands (such as pep-
tides or antibodies) with tight binding ability to HBcAg 
can be used as diagnostic tools for the detection of  
HBV presence in biological samples. M13 bacteriophage 
bearing a surface peptide sequence that interacts tightly 
and selectively with HBcAg has been demonstrated to 
have the capability of  detecting this viral antigen using 
phage-ELISA, phage-dot blot and immunoprecipitation 
assays[49]. This peptide was isolated via biopanning of  a 
phage display cyclic peptide library and further analysis 
revealed that it can specifically bind to HBcAg but not 
to HBsAg and HBeAg (Hepatitis B e Antigen). HBeAg 
is the extracellular form of  HBcAg[50]. In addition, this 
bacteriophage system represented the ability to detect 
HBcAg released from virions in HBV-positive serum 
samples. In another report, the aforementioned fusion 
phage (displaying a selective peptide towards HBcAg) 
was used to develop a TaqMan based real-time method 
as a diagnostic assay for HBV detection in positive serum 

samples[51]. This special strategy was formulated based on 
the idea of  phage display-mediated immune-polymerase 
chain reaction (PD-IPCR) originally introduced by Guo et 
al[52] PD-IPCR had previously been shown to be a highly 
sensitive method for the detection of  viruses such as 
Hantaan virus nucleocapsid protein. Generally speaking, 
detection of  HBcAg in blood samples can be performed 
by radioimmunoassay, ELISA and enzyme immunoas-
say[45,46,53]. The necessity of  using monoclonal or poly-
clonal antibodies in these assays renders the procedure 
of  HBV detection challenging, laborious and time-
consuming. Development of  a bacteriophage-based diag-
nostic method - with the capacity of  rapid propagation in 
bacterial cells within several hours -immensely facilitates 
detection of  HBV infection. PD-IPCR hugely increases 
detection sensitivity (100 to 10, 1000 fold) compared to 
conventional phage-ELISA. This enormous rise in sen-
sitivity arises from remarkable amplification power of  
PCR[54]. The results of  this study suggest that PD-IPCR 
can be used as an alternative to phage-ELISA for HBcAg 
diagnosis. 

BACTERIOPHAGE-BASED THERAPEUTIC 
APPROACHES FOR HBV INFECTION 
Initial efforts for bacteriophage-mediated transduction 
of  mammalian cells date back to several decades ago. At 
the outset, chemical transfection (by using DEAE -dieth-
ylaminoethyl - dextran and lipopolyamine) was applied to 
transduce cultured mammalian cells with both filamen-
tous (single stranded DNA) and lambda (double stranded 
DNA) phages[55-57]. Later on, Hart et al[58] demonstrated 
that filamentous bacteriophages displaying the RGD 
(arginine-glycine-aspartic acid) tri-peptide sequence can 
be selectively targeted to and subsequently internalized by 
mammalian cells. Although there was not any report on 
the capacity of  bacteriophages for gene expression in eu-
karyotic cells, this study suggested cellular internalization 
of  these viral agents via expressing surface ligands and led 
to the speculation that bacteriophages can be exploited 
as tools for the delivery of  foreign genetic material into 
specific mammalian cells. Larocca et al[59] provided the 
first proof  of  principle of  bacteriophages as a targeted 
gene delivery vehicle. They showed that M13 filamen-
tous bacteriophages bearing a CMV (cytomegalovirus)-
controlled green fluorescent protein (GFP) gene and ge-
netically displaying fibroblast growth factor (FGF2) can 
target COS-1 cells in a FGF2 receptor-mediated manner 
triggering the expression of  the phage encoded reporter 
gene in mammalian cells. 

Targeting of  various gene carriers towards specific 
cells is one of  the most complicated issues in gene thera-
py that dramatically reduces toxicity concerns. To achieve 
successful outcomes in gene therapy, it is necessary for 
the therapeutic transgene of  interest to be exclusively 
expressed in target cells sparing normal non-targeted tis-
sues. Larocca’s pioneering study laid the groundwork for 
potential application of  bacteriophages as a unique novel 
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class of  gene therapy vectors and provided strong sup-
port for the notion that bacteriophages, although having 
no tropism for mammalian cells, can be adapted for cell 
type-specific delivery of  therapeutic genes into mamma-
lian cells when properly targeted. This proper targeting 
can be made feasible through linking of  a ligand -with 
binding capability to the desired cell surface receptor - 
to the surface of  phage particles (Figure 2). Engagement 
of  specialized cell surface receptors potentiates targeted 
bacteriophages to deliver their cargoes to cells through 
receptor-mediated endocytosis (RME)[60,61]. The use of  
RME potential presents a new perspective to the land-
scape of  gene delivery. Within the past years, a variety 
of  molecules including growth factors (basic fibroblast 
growth factor and epidermal growth factor), antibodies, 
and viral capsid proteins have been utilized for target-
ing bacteriophage vectors towards mammalian cells[62,63]. 
Phage display technology offers a powerful approach 
for targeted delivery of  therapeutic cargoes. Bacterio-
phage-based surface display of  peptides, poplypetides 
or antibodies that show preferential binding to specific 
receptors on the surface of  target cells, organs or tissues 
is a highly valuable modality in the discovery of  new tar-
geting methodologies. This strategy establishes new op-
portunities for the design of  gene delivery vectors with 
improved targeting properties. Combination of  disease-
related receptors and their corresponding ligands forms 
a foundation based on which new systems for targeted 
delivery can be developed. In this regard, natural or arti-
ficial ligands with the capability of  binding to receptors 
distinctively expressed on the surface of  target cells might 
be used to direct therapeutics towards sites of  interest. 

Hepatitis B virus makes interactions with the surface 
of  liver cells resulting in virus binding to the cell surface. 
This surface binding allows subsequent internalization 
of  viral particles into hepatocytes. Hepatitis B virus uses 
some surface molecules- peptides or proteins- for inter-
acting with hepatocytes. As previously noted, PreS1 is 
one of  the most crucial elements underlying the attach-

ment of  HBV particles to hepatocytes. One potential 
means for bacteriophage-based targeted delivery into 
liver cells - as the host cell of  hepatitis B virus- is display 
of  surface components of  HBV that are necessary for 
binding to hepatocytes. This approach makes it possible 
to exploit phage display technique for the development 
of  targeted platforms in order to treat HBV infection. 
Tang et al[64] took advantage of  this strategy to develop 
a bacteriophage vehicle with potential application in hu-
man gene transfer and gene therapy. They fused several 
polypeptides of  the PreS1 region of  HBV in frame to 
the C-terminus of  10B capsid protein of  phage T7. Their 
experiments demonstrated the efficacy of  PreS160-108 poly-
peptide in transfection of  HepG2 (Hepatoblastoma G2) 
cells. Also they found that higher phage concentrations 
and longer incubation periods trigger higher transfection 
efficiency highlighting the fact that phage internalization 
through displayed polypeptide of  the PreS1 region oc-
curs in a dose- and time-dependent manner. This study 
suggests that PreS160-108 region can be used as a targeting 
ligand to confer hepatocytic tropism to bacteriophages or 
any other gene and drug delivery vehicle. These targeted 
delivery vehicles offer a means for the delivery of  thera-
peutic cargoes into liver cells thus providing a platform 
for the treatment of  HBV infection, liver cancer and 
other hepatocyte-related disorders. 

Another framework represented by phage display for 
the treatment of  HBV infection is the utilization of  ran-
dom phage display libraries - both peptide and antibody 
libraries - in order to obtain ligands with selective binding 
to surface molecules of  hepatitis B virus. These HBV-
binding ligands might prove useful in targeted delivery of  
various carriers into HBV-infected haptocytes and also 
as antiviral drugs against HBV infection. Wang et al[65] 
screened a commercial phage display dodecapeptide li-
brary against purified PreS1 protein of  HBV. This library 
contained peptide variants as fusion to minor coat pro-
tein (pⅢ) of  M13 phage. They identified several distinct 
PreS1 binding peptides among which one peptide was the 
most enriched with the tightest ability for binding to the 
target protein. Further analysis revealed that this peptide 
strongly decreased the attachment of  HBV virions to the 
PreS1 antibody in a dose-dependent manner exhibiting its 
capability in effective blocking of  the relevant epitope of  
PreS1 protein. Peptide ligands or motifs obtained from 
phage display libraries with the merit of  recognizing and 
blocking the surface molecules of  HBV offer promise to 
be a candidate for the treatment of  HBV infection. As a 
result, they can be utilized for the design of  novel drugs 
against HBV. In another study, Deng et al[66] reported 
screening of  a random peptide library against the PreS 
region of  HBV as target. In contrast to the previous case, 
in this work peptides were displayed as fusion to major 
coat protein (pⅧ) of  M13 phage. On the other hand, 
peptides of  this library were structurally constrained in 
which random peptides were enclosed in a loop flanked 
by a pair of  cysteine residues. Five rounds of  biopanning 
gave rise to the enrichment and selection of  PreS-binding 

Eukaryotic Cell

Cell surface receptor

Phage genome 

Targeting ligand

Eukaryotic cell

Figure 2  Cell-specific targeting of  bacteriophages. Attachment of a ligand, 
with specific binding ability to a receptor on the surface of target cell, leads to 
targeted delivery of bacteriophage to the cell of interest. This ligand is fused to 
one of the phage coat proteins. 
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constrained peptide ligands. 
Antibodies with the ability of  being internalized into 

HBV-infected cells hold enormous potential for the de-
velopment of  treatment methods against hepatitis B in-
fection. Park et al[67] constructed a large nonimmunized/
naive human antibody phage library in scFv (single-
chain variable fragment) format. Peripheral blood mono-
nuclear cells (PBMC) of  nonimmunized healthy donors 
were used as a source of  lymphoid tissue. Subsequent to 
screening of  this phage library, two functional anti-PreS1 
scFvs were obtained. Survey of  biological activity of  the 
isolated scFvs established that they can recognize PreS1 
and neutralize the binding of  PreS1 protein and HBV 
virions to a human hepatoma cell line. As interaction 
between PreS1 (on the surface of  HBV) and hepatocyte 
is vital for HBV infection, inhibition of  this interaction 
via the identified scFvs may be promising in immuno-
prophylaxis and immunotherapy against HBV infection. 
Furthermore, this type of  phage library can be an advan-
tageous and applicable source of  antibodies to any viral 
or malignant cell target. Wen et al[68] exploited screening 
of  a natural immune antigen binding fragment (Fab) 
antibody phage library against HBsAg. This library had 
been constructed from the lymphocytes of  a volunteer 
immunized with HBsAg. A number of  Fab fragments 
with considerable ability for binding to the target antigen 
were identified following several rounds of  biopanning. 
Subsequently, these Fab fragments were reconstructed 
into scFvs for further analysis. This reconstruction of  
display format of  the isolated antibodies was due to 
the fact that scFvs represent interesting features includ-
ing low molecular weight and convenient permeability 
while retaining binding capacity. All scFvs maintained a 
high affinity against HBsAg on the membrane of  HBV-
infected cells. Further analysis revealed that one of  scFvs 
is heavily internalized into HBsAg-positive HepG2.2.15 
cells. On the other hand, as transferrin is a marker for 
clathrin-mediated endocytosis, colocalization of  this scFv 
with tranferrin suggests the possible role of  clathrin-
mediated endocytic pathway in the trafficking of  scFv 
into infected cells. 

It is interesting to note that phage display technology 
presents the possibility for affinity maturation of  HBV-
binding ligands. In this context, phage display can find 
utility as a tool for the production of  a mutant antibody 
library with the intention of  augmenting affinity of  an 
antibody. Yang et al[69] made use of  phage display library 
to enhance the affinity of  an anti-PreS1 antibody with 
HBV-neutralizing activity in chimpanzees but inadequate 
affinity for clinical application in human. They gener-
ated HCDR3 (heavy chain complementarity determining 
region)-randomized library in scFv-phage display format. 
Biopanning of  phage-displayed library against the PreS1 
antigen resulted in selecting several affinity-matured scFv 
variants of  the original anti-PreS1 antibody. These anti-
body mutants, with higher affinity towards target antigen, 
present improved potency in neutralizing HBV infection 
in comparison with wild type antibody thereby providing 

more efficacious tools for anti-HBV immunotherapy.

BACTERIOPHAGE-BASED VACCINE 
DEVELOPMENT FOR HBV 
Many vaccines are designed based on recombinant viral 
and bacterial carriers. One major complication of  these 
vaccines in translation to the clinic is their ability to gen-
erate strong immune responses that result from previ-
ous exposure of  human cells to these bacterial and viral 
agents[70]. The use of  bacteriophages as viruses whose 
naturally occurring hosts are non-human prokaryotic 
cells can bring new opportunities to the field of  immu-
notherapy and vaccine development. Bacteriophages have 
recently been introduced as efficient vehicles for vaccine 
delivery. Bacteriophage-carried antigens have the capacity 
to trigger humoral and cell-mediated immune responses. 
Various bacteriophages including filamentous phage, 
lambda phage, T4 and T7 can be exploited for vaccina-
tion purposes[71]. 

Bacteriophages represent some advantages for the 
development of  vaccine delivery systems. Bacteriophage-
based antigen delivery platforms are low-cost and stable 
under relatively extreme environmental conditions. They 
can be readily and simply produced in large quantities 
because of  their exponential multiplication on a simple 
bacterial host. These vaccine vehicles offer an approxi-
mately large cloning capacity; for example up to 20 kb for 
lambda-phage-based vaccines[71-73]. This provides poten-
tial for the delivery of  multiple different constructs (dif-
ferent vaccines or multiple copies of  the same vaccine) 
by a single phage particle, inclusion of  adjuvant (cytokine 
and chemokine) genes on the phage vaccine, and also 
cloning of  large intron-harboring genes of  eukaryotes. 
The latter property is of  considerable significance to tai-
lor bacteriophage vaccines for eukaryotic parasites such 
as Plasmodium falciparum (causal pathogen of  malaria) or 
Trypanosoma brucei (causal pathogen of  trypanosomiasis); 
disease-causing agents with complicated life cycles or 
antigen switching activity[73]. In contrast to vaccines based 
on eukaryotic viruses, bacteriophages are lacking ability 
to propagate in eukaryotic cells that excludes the pos-
sibility of  vaccine replication in human cells. With the 
birth of  phage therapy concept in the initial decades of  
the 20th century, there have been a multitude of  studies - 
particularly in Eastern Europe countries - in which these 
prokaryotic viruses were safely utilized for the treatment 
of  bacterial infections[74,75]. This implies the fact that there 
is a long tradition of  safe application of  bacteriophages 
in human for clinical purposes. 

There are two main strategies for the exploitation 
of  bacteriophages as vaccine delivery platforms: phage 
DNA vaccines and phage display vaccines[76]. In phage 
DNA vaccines, the sequences necessary for the synthesis 
of  vaccine antigen under the control of  an appropri-
ate eukaryotic expression cassette are inserted into the 
phage genome. Following DNA packaging in vitro and 
propagation of  phage virions on the bacterial cells, the 
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whole recombinant phage particles are used as a delivery 
carrier for DNA vaccination and immunization of  the 
host. When introduced into APCs (antigen presenting 
cells) of  the host immune system, the phage protein coat 
is removed and the vaccine-encoding DNA is expressed. 
Compared with standard plasmid DNA vaccination, 
phage DNA vaccines have been indicated to mount en-
hanced antibody responses in mice and rabbits[10]. March 
et al[72] used lambda-phage DNA vaccine containing HB-
sAg (λ-HBsAg) for immunization of  rabbits and mice. 
Compared with those vaccinated with equivalent plasmid 
construct encoding HBsAg, λ-HBsAg-immunized ani-
mals presented a higher titer of  anti-HBsAg antibodies 
and this antibody response did not show any sign of  re-
duction more than six months post-immunization. Clark 
et al[77] incorporated an expression cassette containing 
HBsAg of  hepatitis B virus into the genome of  lambda 
phage and used this phage-based vaccine for vaccination 
against HBV in rabbits. Furthermore, they compared the 
immunization capacity of  λHBsAg with a commercially 
available protein vaccine, EngerixB, that is made up of  
HBsAg recombinant protein. They demonstrated that the 
phage construct in comparison with Engerix B protein 
vaccine is able to produce significantly higher antibody 
responses. This difference can be ascribed in part to the 
adjuvant effects of  lambda phage particles. Immunos-
timulatory effects of  bacteriophage particles have been 
previously shown in several studies[74,78]. In another study, 
Clark and March intramuscularly injected mice with 
λ-gt11 phages harboring HBsAg of  hepatitis B virus[71]. 
Mice groups vaccinated with λ-HBsAg were found to 
yield elevated anti-HBsAg responses in comparison with 
unmodified λ-gt11 phage or HBsAg-containing plasmid 
(naked DNA). Additionally, a potent antibody response 
was observed against the coat protein of  the carrier 
phage lambda. This phenomenon leads to the formation 
of  immune complexes that play a critical role in effective 
targeting of  antigen presenting cells thereby boosting 
efficiency of  the delivery system. Although this finding 
reflects momentousness of  initial priming of  the im-
mune system against the phage carrier, investigation of  
the impact of  anti-phage response on the efficacy of  the 
delivery system remains to be elucidated. 

In phage display vaccines, bacteriophages are engi-
neered in order to display a specific peptide or protein 
with antigenic property on their surface. A number of  
studies have revealed the potential of  phage displayed 
antigens for the development of  vaccines against patho-
gens such as hepatitis C virus[79], HIV-1 (Human Immu-
nodeficiency Virus-1)[80], Plasmodium falciparum[81], Neisseria 
meningitidis[82], as well as diseases including Alzheimer[83] 
and cancer[84] in animal models. These reports have suc-
cessfully exhibited the capability of  these vaccines in the 
activation of  immune responses. In this regard, a vaccine 
against Taenia solium pig cysticercosis is known as the 
first vaccine developed through phage display for a large 
animal like pig[85]. Tan et al[86] displayed major antigenic 
region of  HBV, the immunodominant region (amino ac-

ids 111-156) of  S-HBsAg, on the surface of  T7 phage as 
fusion to the C-terminal end of  10B capsid protein. This 
region has proven to be capable of  eliciting protective 
antibodies. T7 phage-HBsAg construct was indicated to 
generate desirable antigenic responses with the guinea pig 
anti-HBsAg antibody and human anti-HBsAg serum in 
ELISA tests. This observation implies the merit of  this 
phage construct for the detection of  antibodies produced 
against HBsAg in infected individuals. Moreover, the sera 
purified from rabbits immunized with T7 phage-HBsAg 
exhibited high levels of  anti-HBsAg antibodies suggest-
ing the potential of  these phage particles as candidates 
for vaccine production. The results were in support of  
antigenic and immunogenic characteristics of  the im-
munodominant region of  HBsAg displayed on T7 phage. 
This antigenicity and immunogenicity represent the po-
tential of  T7 engineered phage particles to be employed 
as immunological reagents in detection assays for HBV 
infection also as immunogens for the development of  
economical vaccine platforms. 

In the aforementioned reports, the capacity of  bacte-
riophage-based vaccines in inducing humoral immunity 
was brought into focus. However, specific cellular im-
mune responses also play substantial roles in generating 
anti-virus immunity thereby taking a special place in the 
establishment of  bacteriophage-based vaccines against 
HBV infection. Keeping this in mind, it is of  particular 
importance to explore whether vaccines developed based 
on bacteriophage particles can stimulate T cell responses 
especially antigen-specific cytotoxic T cell (CTL) respons-
es. Wan et al[87] displayed a MHC (major histocompat-
ibility complex) class I molecule (H-2d)-binding peptide 
called HBs28-39, an epitope generated by exogenous pro-
cessing of  hepatitis B virus surface anigen, on the surface 
of  filamentous phage particles (as fusion to the pⅧ coat 
protein) and injected the constructed phage into BALB/c 
mice without adjuvants. Several days following injection 
of  low doses of  phage particles into mice, a specific CTL 
response for MHC class I-restricted HBS28-39 epitope was 
found. This study suggested that filamentous phage par-
ticles can be processed by macrophages for presentation 
by MHC-I molecules. In another report, Manoutcharian 
et al[88] grafted a T-cell epitope that was predicted through 
analysis of  the Taenia crassiceps proline-rich protective anti-
gen KETc7 into immunoglobulin heavy-chain CDRs and 
displayed it on the surface of  filamentous bacteriophage 
particles. The CD4+ and CD8+ T cells isolated from mice 
immunized with this phage display vaccine stimulated 
the generation of  interferon gamma (INF-γ). The results 
indicated that phage particles can be efficiently processed 
and presented by MHC class I molecules eliciting strong 
CTL responses that yield ultimate resistance to chal-
lenge by infection. In the study conducted by Hashemi 
et al[89]recombinant filamentous phage particles contain-
ing the expression cassette of  HSV-1 (Herpes Simplex 
Virus 1) glycoprotein D were used for vaccination of  
mice. Glycoprotein D is necessary for viral entry, medi-
ates fusion of  membranes following viral attachment 

Bakhshinejad B et al . Bacteriophages and hepatitis B virus



11679 September 7, 2014|Volume 20|Issue 33|WJG|www.wjgnet.com

and is considered as an important target for the immune 
system[90]. After inoculation of  mice with different titers 
of  phage particles, both humoral and cell-mediated im-
mune responses were measured in the immunized mice. 
In this work, antigen specific cellular response was evalu-
ated through ELISA measurement of  secreted granzyme 
B in the supernatant of  effector-target cells co-culture. 
Granzyme B, a serine protease, is regarded as one of  the 
most significant cytotoxic mediators exocytosed by CTLs 
upon specific recognition of  antigens presented by self  
cell surface MHC class Ⅰ molecules and triggers granule-
mediated apoptosis through cleavage of  different cellular 
substrates. The results of  the study exhibited that there is 
a dose-response relationship in both antiviral neutralizing 
antibody and specific cellular immune responses. There-
fore, phage virions displaying a fusion antigenic peptide 
can be taken up and subsequently processed by both 
MHC class Ⅰ and class Ⅱ in antigen presenting cells and 
in this way stimulate the immune response to the phage-
displayed epitope. In another work, it was revealed that 
fd virions that displayed peptide RT2 (corresponding 
to residues 309 to 317 of  the reverse transcriptase of  
HIV-1) harbor the capability of  priming a CTL response 
specific to RT2 epitope in human cell lines[91]. A T-helper 
epitope (pep23 corresponding to residues 249 to 263 of  
the reverse transcriptase of  HIV-1) is required for suc-
cessful priming of  specific CTL response against RT2 
epitope. This results in the activation of  antigen specific 
CD4+ T cells. Furthermore, HLA-A2 transgenic mice 
that were immunized with bacteriophages displaying RT2 
peptide mounted an efficient and specific anti-HIV-RT2 
CTL response. 

These studies reflect the fact that bacteriophages offer 
potential to elicit T cell-mediated immunity in particular 
antigen specific cytotoxic T cell responses. The ability of  
bacteriophages for inducing cellular immunity, together 
with humoral immune response, can have significant im-
plications for the development of  bacteriophage-based 
vaccine platforms. 

In addition to phage DNA and phage display vac-
cines previously mentioned, phage display methodology 
can also be used in another manner for vaccine develop-
ment. In this approach, a specific antiserum or the serum 
of  convalescent individuals is employed as a means for 
screening phage peptide libraries to recognize new pro-
tective antigens or mimotopes - peptides mimicking sec-
ondary structure and antigenic characteristics of  a pro-
tective protein, carbohydrate or lipid, although bearing a 
different primary structure - as novel potential vaccines 
against a certain disease[92-94]. 

Another practical framework for the use of  bacterio-
phages in vaccine design, inspired by combining phage 
DNA and phage display vaccines, is development of  
hybrid phage vaccines. This more recently established 
methodology, as its name represents, takes advantage of  
both previously mentioned approaches of  phage DNA 
and phage display vaccines. In this strategy of  vaccine 
development, a DNA vaccine is inserted into the phage 

genome, while a phage display variant of  the antigen 
encoded by the incorporated DNA vaccine is expressed 
on the phage surface. This vaccine type exhibits a more 
considerable efficacy in targeting of  both humoral and 
cellular components of  the immune system[10,76]. 

Targeting of  bacteriophages towards APCs is another 
important issue which is worthy of  consideration in the 
development of  bacteriophage-based vaccines. Surface 
modification of  bacteriophage vaccines through specific 
molecules can be used as a means for preferential target-
ing of  these vaccines towards certain types of  immune 
cells such as APCs. With regard to targeting of  bacte-
riophage vaccines towards cells of  the immune system, 
dendritic cells (DCs) as the most important category of  
professional APCs have received considerable attention. 
DCs make essential contribution to the initiation of  the 
immune response. These specialized immune cells are 
able to sample antigens from their surrounding environ-
ment, process the antigens that have entered the endocyt-
ic pathway, and ultimately present the processed antigens 
as immunostimulatory peptides to T lymphocytes in the 
context of  MHC antigens. DCs, in addition to playing 
roles in priming naive T cells, are also involved in the 
growth and secretion of  immunoglobulin molecules by 
B lymphocytes. As a consequence of  these diverse func-
tions, DCs support a major role in battle with viral infec-
tions and other pathogenic conditions through inducing 
both humoral and cellular immunity[95]. Previous studies 
have demonstrated the potential of  DCs as effective vac-
cines in human clinical trials[96].

Currently, the lack of  DC-specific molecules has made 
the design of  DC-targeting strategies challenging. Great 
efforts have been made to develop optimal means for the 
delivery of  immunogenic antigens to DCs. Targeting of  
molecules to DCs is considered a potentially helpful vac-
cination strategy in eliciting anti-virus immune responses. 
Undoubtedly, the efficacy of  bacteriophage-based antigen 
delivery systems can be improved through targeting of  
bacteriophage particles to DCs. It has been demonstrated 
that phage peptide libraries can be exploited to identify 
ligands with specific binding ability to DCs. These pep-
tides make it possible to specifically guide immunogenic 
antigens to DCs through molecules expressed exclusively 
on the surface of  these immune cells. In line with this, 
Curiel et al[97] screened a PhD.12-mer peptide phage dis-
play library to obtain human DC-homing peptides. The 
isolated DC-binding peptides were subsequently fused 
to the NS3 (nonstructural protein3) of  hepatitis C virus 
- as a model immunogen and as an antigen proposed for 
HCV vaccines - to facilitate DC capture and presenta-
tion. This genetic fusion also preserved the selectivity 
of  DC targeting and antigen immunogenicity. The NS3-
DC-peptide fusion was efficiently presented to CD4+ and 
CD8+ T cells obtained from HCV-positive blood cells 
and induced antigen specific activation and proliferation 
of  T lymphocytes. In chimeric NOD-SCID (Nonobese 
Diabetic/Severe Combined Immunodeficiency) mice 
transplanted with human cells, NS3-DC-peptide fusion 
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was able to prime naive CD4+ and CD8+ T cells for po-
tent antigen specific proliferation and cytokine secretion. 
The capacity of  DC-targeting peptides isolated from 
phage display libraries to direct immunogenic antigens 
to dendritic cells may present a novel platform for vac-
cine development. In another report, selective targeting 
ability of  the above mentioned DC-targeting peptide was 
used to deliver a therapeutic siRNA into DCs. In this 
study, DC-specific 12-mer peptide was fused to nona-D-
arginines (9dR) to selectively direct siRNA - specific to an 
envelope sequence of  dengue virus - to DCs[98]. Dendritic 
cells and macrophages are the major in vivo targets of  
dengue virus being regarded as the predominant infected 
cell types. The results of  the study indicated the potential 
of  this DC-targeting approach for targeted delivery of  
specific therapeutic siRNA to dendritic cells. This ef-
fectively suppressed dengue virus replication leading to 
simultaneous decrease of  viral load and aberrant cytokine 
responses in DCs. In another study, a semi-synthetic scFv 
antibody phage display library in combination with flu-
orescence-activated cell sorting was employed to isolate 
antibodies that bind to subpopulations of  DCs present in 
human peripheral blood[99]. These DC-targeting scFv an-
tibody fragments can be genetically fused to antigens or 
chemically coupled to nucleic acids thereby providing an 
immunotherapeutic means for targeted delivery of  vac-
cines to DCs.
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