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Abstract: Background: Population control of domestic, wild, invasive, and captive animal spe-
cies is a global issue of importance to public health, animal welfare and the economy. There is 
pressing need for effective, safe, and inexpensive contraceptive technologies to address this prob-
lem.  Contraceptive vaccines, designed to stimulate the immune system in order to block critical 
reproductive events and suppress fertility, may provide a solution. Filamentous bacteriophages 
can be used as platforms for development of such vaccines.   
Objective: In this review authors highlight structural and immunogenic properties of filamentous 
phages, and discuss applications of phage-peptide vaccines for advancement of immunocontra-
ception technology in animals. 
Results: Phages can be engineered to display fusion (non-phage) peptides as coat proteins. Such 
modifications can be accomplished via genetic manipulation of phage DNA, or by chemical con-
jugation of synthetic peptides to phage surface proteins. Phage fusions with antigenic determi-
nants induce humoral as well as cell-mediated immune responses in animals, making them attrac-
tive as vaccines. Additional advantages of the phage platform include environmental stability, 
low cost, and safety for immunized animals and those administering the vaccines. 
Conclusion: Filamentous phages are viable platforms for vaccine development that can be engi-
neered with molecular and organismal specificity. Phage-based vaccines can be produced in 
abundance at low cost, are environmentally stable, and are immunogenic when administered via 
multiple routes. These features are essential for a contraceptive vaccine to be operationally prac-
tical in animal applications. Adaptability of the phage platform also makes it attractive for design 
of human immunocontraceptive agents. 

Keywords: Animal population control, bacteriophage, contraception, phage-peptide fusions, phage immuno-
genicity, vaccine. 

1. INTRODUCTION 

Overpopulation of particular groups and species of 
animals is an expanding, global, economic and public 
health problem. Effective, safe population control of 
animals including stray dogs, feral cats and wild or in-
vasive animal species (deer, horses, pigs, reptiles) is 
needed. Overabundance of wildlife species may also 
occur in zoos and other captive environments. Many 
mammalian species (elephants, lions, wolves, primates, 
etc.) breed well in captivity, often resulting in un- 
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wanted animals that are euthanized. Controlling animal 
fertility with contraceptive vaccines is a humane option 
for managing their population. Such vaccines should 
stimulate adaptive immune responses (humoral and/or 
cell-mediated) against one or more reproductive targets 
that regulate gamete production and/or function. Ad-
ministration of a contraceptive vaccine with the goal of 
suppressing or blocking reproduction via induction of 
an immune response is defined as immunocontracep-
tion. 

Contraceptive vaccines can be effective tools for 
animal population control [1-4] if advanced to fulfill 
specific requirements for individual species and their 
settings. Ideally, contraceptives for wild and feral ani-
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mals must cause permanent infertility after a single 
administration since, short of baiting, the probability of 
repeated delivery of contraceptives to animals in these 
groups is extremely low. Differently, contraceptives for 
animals in captivity are required to have a reversible 
effect on their fertility. Because the scale of the prob-
lem is vast (hundreds of millions of feral cats, dozens 
of millions of stray dogs, millions of wild pigs and 
horses, hundreds of thousands of zoo and captive wild-
life species worldwide), contraceptive agents must be 
of low cost. Additionally, such contraceptives should 
be stable under varying and dynamic environmental 
conditions, defined on a global scale. They must also 
be safe for people who produce and deliver them, for 
treated animals, for non-target species and for the envi-
ronment. Given these demanding criteria, filamentous 
bacteriophages (phages) represent an attractive plat-
form for the development of contraceptive vaccines for 
use in wild, feral and zoo animals.  

Bacteriophages are viruses that infect and replicate 
in bacteria and, as such, are not pathogenic for animals, 
including humans. Filamentous phages comprise a 
group of thread-like bacterial viruses that belong to the 
genus Inovirus of the Inoviridae family [5]. They are 
broadly utilized as vectors for display of various anti-
genic determinants for vaccine development. The most 
investigated in this group are phages of the Ff class 
(M13, fd, and f1). These phages are closely related 
structurally and are composed of a single stranded 
DNA enclosed in a protein coat. To act as vaccines, 
phage particles can be re-engineered genetically or 
modified chemically to carry desirable antigenic do-
mains. Due to their natural immunogenicity and fewer 
endogenous B cell epitopes that can redirect the anti-
body response from its anticipated target, phages em-
body alternative carrier systems to traditional proteins 
[6]. Important for animal contraception, immune re-
sponses against filamentous phages can persist in im-
munized animals for months without re-administration.  

Cloning and purification protocols required for the 
construction of recombinant phages are straightfor-
ward. Phages can be easily obtained in large quantities 
from bacterial cultures and their production does not 
require uniquely specialized equipment or facilities. In 
a laboratory setting, phage yields of ~2 × 1014 virions/L 
can be achieved, providing many vaccine doses. The 
phage production protocol can be scaled up easily us-
ing a fermenter that allows for programmed control of 
oxygen consumption, temperature, rotation speed, and 
pH [7]. This makes the cost of phage-based prepara-
tions low. In addition, phage preparations are very 
thermostable [8] and, by consequence, well suited for 

shipping, storage, delivery, and use under variable con-
ditions. Filamentous phages can also withstand a wide 
range of pH (3-11), which is an essential property for 
vaccines administered orally, providing the preferable 
vaccine delivery route for wild and feral animals (Box 
1). 

Box 1. Advantages of filamentous phage as a vaccine plat-
form. 

• Very immunogenic; stimulates humoral and cytotoxic im-
mune responses. 

• Stable in various environmental conditions (temperature, 
pH, buffers). 

• Low cost to produce; requires no special equipment for 
production. 

• Safe in multiple mammalian species, including human. 
• Retains immunogenicity when inactivated (killed) by certain 

methods. 
• Holds potential for development of species-specific vac-

cines. 
• Methods to engineering of phage-peptide fusions are well 

established and relatively easy. 
 

The list of applications for phage-based vaccines is 
impressive and continues to grow. Phage-based vac-
cines were developed for the treatment of cancers [9-
10], HIV [11-12], Alzheimer’s disease [13], candidiasis 
[14], rabies [15], and influenza [16]. The goal of this 
review is to highlight structural and immunogenic 
properties of filamentous phages as a platform for vac-
cine development and discuss applications of phage-
peptide vaccines for advancement of contraception in 
animals.  

2. PHAGE STRUCTURE AND PHAGE VECTORS 

Filamentous phages that belong to the Ff class are 
long (~1µm), thin (~ 7nm), rod-shaped particles (Fig. 
1A). They consist of a tubular protein coat surrounding 
a single stranded circular DNA (Fig. 1B). The genome 
sizes of Ff phages differ slightly and are close to 6400 
nucleotides. Ff phages contain eleven genes, five of 
which (genes 3, 6, 7, 8, and 9) encode phage coat pro-
teins (pIII, pVI, pVII, pVIII, and pIX). Proteins III (406 
aa), VI (112 aa), VII (33 aa), and IX (32 aa), present in 
low copy numbers (five copies each) constitute the mi-
nor coat proteins. Proteins III and VI form a cap on one 
end of the phage virion, whereas proteins pVII and pIX 
cap the other end of the particle. Protein III is com-
posed of three domains (N1, N2, and CT). The N-
terminal (N1 and N2) domains mediate infection of 
bacteria. The C-terminal (CT) domain is necessary for 
the formation of a stable phage particle. Other minor 
coat proteins are required for assembly and structural 
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Fig. (1). Structure of filamentous phage. (A) Microphotograph of filamentous phage particles. (B) Schematic structure of Ff 
wild type phage particle. Ff phages consist of a tubular protein coat surrounding a single stranded circular DNA. Phage coat is 
composed of five proteins (pIII, pVI, pVII, pVIII, and pIX). Proteins III, VI, VII, and IX, present in low copy numbers, consti-
tute the minor coat proteins. Proteins III and VI form a cap on one end of the phage virion, whereas proteins pVII and pIX cap 
the other end of the particle. Protein VIII is the major phage coat protein. It is present in high copy numbers (2700 in wild type 
phage). Protein VIII surrounds the phage DNA and forms the tubular body of the particle. (C) Major types of Ff filamentous 
phage vectors used for peptide display. Phage vectors 33 and 88 contain two respective genes, one encoding a recombinant pro-
tein and one encoding wild type protein. Therefore, the resulting phage particles display fusion proteins interspersed with wild 
type proteins. Phage vectors 3 and 8 contain gene encoding a fusion protein, but no gene for the wild type protein. As a result, 
all copies of their corresponding proteins are modified with fusion peptides. 
 
stability of the virion. Gene 8 encodes the major phage 
coat protein pVIII. This protein, present in high copy 
numbers (2700 in wild type phage), surrounds the 
phage DNA and forms the tubular body of the phage 
particle. The number of pVIII copies per virion varies 
depending on the size of the DNA and can reach 4000 
copies in some recombinant phages [17]. Protein pVIII 
consists of 50 amino acids, approximately one third of 
which are exposed on the surface of the phage. Addi-
tional information about the structure of filamentous 
phages and phage biology is presented elsewhere [18]. 

While any of the genes that encode phage coat pro-
teins can be engineered for the display of fusion pep-
tides, genes 3 and 8 are the most popular due to spe-
cific exposure of pIII and pVIII on the phage surface. 
Inserts in gene 3 most often produce peptides fused to 
the N-terminus of pIII. Inserts in gene 8 produce fu-
sions at the N-terminus of pVIII. The number of copies 
of fusion proteins displayed on individual phage parti-
cles depends on phage vector design (Fig. 1C). Phage 
vectors of the 33 or 88 type contain two genes. One of 
these genes can encode a recombinant protein, while 
the other encodes the wild-type protein. As a result, 
phage constructs based on 33 or 88 vectors display fu-
sion proteins interspersed with wild type proteins. Con-
sequently, these vectors provide reasonable flexibility 
with respect to the size and sequence composition of 

the insert. Type 33 phage particles can carry up to five 
copies of fusion proteins. The number of fusion pro-
teins per virion that can be incorporated in type 88 
phages varies depending on the fusion protein size and, 
to a large extent, protein composition [19]. Typically, 
type 88 phages display between 150 and 300 fusion 
proteins per virion, although displays of as many as 
810 copies per virion can be achieved [20]. Theoreti-
cally, proteins composed of hundreds of amino acids 
can be displayed on pVIII using 88 type vectors [21]. 
In fact, fusion peptides of up to 15 amino acids and 
small proteins (ex. zinc fingers) have been displayed in 
phage vectors of this type [22-24].  

Unlike phage vectors 33 and 88, phage vectors 3 
and 8 contain a recombinant gene only (no wild type 
gene) (Fig. 1C). Therefore, all copies of their corre-
sponding proteins are modified with fusion peptides. 
There are no particular constraints for the generation of 
phage-peptide fusions in vector 3, since pIII is a rela-
tively large protein with a low number of copies lo-
cated at the tip of a phage particle that do not interact 
with each other. In contrast, pVIII copies are located 
very close to each other and interact to form the phage 
protein capsid. This creates significant constraints for 
the use of vector 8. Phages of this type can house in-
serts of up to six amino acids [25]. Peptides that are 
longer, or those of certain amino acid composition, can 
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Table 1.  Ff phage vectors and their characteristics. 

Vector Type Number of Genes Coat Protein of 
Display Size of Fusion Peptide Peptide Copies Per 

Virion 

33 one recombinant & one wild type gene pIII from short peptides to large proteins less than 5 

88 one recombinant & one wild type gene pVIII from short peptides to large proteins usually 150-300 

3 one recombinant gene pIII from short peptides to large proteins 5 

8 one recombinant gene pVIII up to 6 amino acids 4000 

 
Table 2.  Methods for generation of phage-peptide fusions. 

Method Advantages Disadvantages 

Cloning in phage vector 

Uses standard cloning techniques 
Does not require a selection target 

or a phage display library 
Phage clones are well defined molecularly 

Phage clones remain viable for extended periods 
when properly stored 

Nucleotide sequence encoding fusion peptide must be 
known 

Size and composition of fusion peptide depend on 
phage vector 

Phage clones can be genetically unstable and/or have 
low propagation rate, depending on phage vector, size 

and composition of fusion peptide 

Selection from phage dis-
play library 

Selection procedure is relatively simple 
Phage clones are genetically stable and propagate well 

Phage clones are well defined molecularly 
Phage clones remain viable for extended periods 

when properly stored 

Selection target has to be available and well  
characterized 

Appropriate phage display library has to be available 

Chemical conjugation to 
phage coat proteins 

Uses standard conjugation chemistries 
Flexible as to size and composition of fusion peptides 

Relatively chemically stable if stored properly 

Number of fusion peptide copies per phage particle 
varies between batches 

Conjugation sites of fusion peptides are not specific 

 
interfere with phage assembly and physical stability. 
Even if such recombinant phage particles are able to 
get assembled they can be genetically unstable, mutat-
ing after amplification, or have low propagation rates. 
However, this type of phage virion has advantages for 
immunological applications. Each phage particle cre-
ated using the type 8 vector displays 4000 copies of the 
fusion peptide [17]. Such densely displayed epitopes 
are presented in a highly organized manner and are 
properly spaced for binding to B cell receptors. Repeti-
tive, highly organized epitope patterns usually permit 
cross-linking activation of B-cell receptors, which pro-
vides robust, long-lasting immune responses [26]. 
Characteristics of the major Ff phage display vectors 
are summarized in Table 1. Detailed information on the 
design of these and additional phage vectors and their 
applications can be found elsewhere [27].  

3. APPROACHES TO ENGINEERING PHAGE-
BASED VACCINES  

Phage-based vaccines can be generated via cloning 
of an oligonucleotide encoding a desired antigenic pep-

tide in a phage vector. Alternatively, such phages can 
be selected from a library of pre-engineered phages 
displaying random peptides. Both approaches have 
their advantages and limitations (Table 2). Obviously, 
phage modification via cloning can be done only when 
the fusion peptide sequence is known. This is not a re-
quirement for identification of target-specific phages 
through affinity selection from a phage library. Con-
versely, cloning does not depend on availability and 
quality of the selection target. Such targets (ex.  
antigen-specific antibodies) must be on hand and well 
characterized when phage isolation is performed using 
affinity selection from a phage display library. In addi-
tion, an appropriate phage display library must be 
available, whether acquired from a commercial source 
(ex. New England BioLabs, Inc.) or constructed in-
house.  

Phage display libraries are mixtures of billions of 
different phage clones, each displaying different fusion 
peptides. Libraries differ by the type of phage vector 
used for their construction and the size of fusion pep-
tides. Owing to restrictions applied in the construction 
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process, all phages present in phage libraries should be 
genetically stable and have good propagation character-
istics. Phage libraries with more variants are more de-
sirable since they provide additional possibilities for 
identification of target-specific phages. The selection 
procedure is straightforward and includes: (1) incuba-
tion of the phage library with a specific target; (2) re-
moval of phages that do not bind to the target; and (3) 
recovery of phages bound to the target specifically. 
These steps, which comprise one selection round, are 
repeated several times (typically three to five) to enrich 
for specific target-binding phage. At completion of the 
selection process, phage DNAs are sequenced and 
translated to determine sequences of fusion peptides 
[28]. Fusion peptides on selected phages can be identi-
cal, show some sequence similarities to the desired  
antigenic epitope [29], or can be structural or func-
tional mimotopes of the antigen [30].  

Next generation sequencing (NGS) is a powerful 
tool that has potential to accelerate and improve isola-
tion of target-specific phages from phage display li-
braries. Traditionally, when the selection process is 
completed, identification and analysis of fusion peptide 
sequences is achieved by picking of random phage-
containing bacterial colonies manually, followed by 
Sanger sequencing of that population of phage DNAs. 
This time-consuming process is inefficient and limits 
screening to examination of a few hundred phage 
clones, leaving thousands of potentially valuable clones 
uncharacterized. By contrast, deep-sequencing technol-
ogy allows characterization of the entire selection out-
put (105-106 phage clones), enabling efficient discovery 
of rare, high quality clones that would otherwise be lost 
[31-33]. Use of NGS in this way can reduce the num-
ber of selection rounds to one or two. This, for exam-
ple, might prevent isolation of false-positive phage 
clones that have high propagation rates or that bind to 
non-target components of the selection system (plastic 
or proteins added to blocking buffers). 

A third method for generation of phage-peptide fu-
sions is chemical conjugation of synthetic peptides to 
phage surface proteins. Advantages and disadvantages 
of this methodology are summarized in Table 2. Con-
jugation can be achieved by employing traditional 
chemistries such as acylation of amines using N-
hydroxysuccinimide esters, modification of residues 
containing carboxylic acid by means of carbodiimide 
compounds, and modification of tyrosine using dia-
zonium salts [34]. Most studies on phage-peptide 
chemical conjugates were performed to advance phage-
assisted drug delivery [35-36]. Few reports describe 

development of phage-peptide conjugates for use as 
vaccines.  

Van Houten et al. [6] conjugated a peptide binding 
specifically to human immunodeficiency virus type 1 
antibody b12 to two carriers, f1.K filamentous phage or 
ovalbumin, and compared corresponding antigenic re-
sponses. Calculations of peptide-to-carrier antibody 
ratios indicated that, when used as a carrier, phage can 
better focus the antibody response against antigenic 
peptides. Roehnisch et al. [37] demonstrated superior 
immunogenicity of a chemically linked idiotype protein 
when compared to a genetically engineered idiotype-
phage construct using the murine B cell lymphoma 1 
model. This group also reported that a chemically 
linked phage-based idiotype vaccine stimulated tumor-
specific immune responses in a subset of patients with 
advanced multiple myeloma [38]. Thus, chemical con-
jugation could be a valid alternative to phage-based 
vaccines obtained via genetic manipulations, which 
have limitations defined by phage biology (peptide 
length, copy number, sequence composition, phage 
stability and propagation rate). A disadvantage of 
phage-peptide chemical conjugates is that they are less 
well defined molecularly. When compared to phages 
modified genetically, the number of peptides per 
chemically conjugated phage particle may vary from 
one batch of conjugates to another. The conjugation 
sites of fusion peptides may also vary. 

4. PHAGE AS IMMUNOGEN 

Filamentous phages possess a number of beneficial 
characteristics that support their utility as vaccine car-
riers. Inoculations of animals with whole phage parti-
cles, which started soon after phage display technology 
was introduced in 1985 [39], provided evidence of the 
ability of filamentous phages to stimulate a broad range 
of immune responses. Phages can stimulate strong hu-
moral [40] as well as cell-mediated immune responses 
[41] and are highly immunogenic without adjuvants 
[42-43]. Experiments in multiple mammalian species 
(mice, pigs, goats, sheep, monkeys) showed that phage-
based preparations do not cause adverse effects even 
with high phage doses and repeated phage administra-
tions [44-45]. In the majority of applications phage par-
ticles were viable; however, if required, phage can be 
used in “killed” form since deactivated phages retain 
immunogenicity [46-47]. Moreover, phage-based 
preparations are immunogenic after oral administration 
[48-50], highlighting a realistic path for development 
of contraceptive vaccines that are practical for use in 
wild and feral animals.  
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To stimulate potent immune responses, phage parti-
cles must first be internalized and processed by antigen 
presenting cells (APCs). As bacterial viruses, wild type 
phages have no tropism to mammalian cells. They can 
be internalized by phagocytic APCs like dendritic cells 
and macrophages due to the particulate nature of phage 
virions, but not by other cell types. However, phages 
can enter many types of mammalian cells if modified 
to display ligands specific to cell-surface receptors. For 
example, Hart et al. [51] modified filamentous phage 
particles to display integrin-binding RGD peptides. The 
recombinant phage bound cell-surface integrin recep-
tors on HEp-2 cells, a human laryngeal epithelial cell 
line and, after incubation, was localized inside the 
cells. In another study, RGD-displaying phages were 
internalized by and recovered from cells in an infective 
form [52]. RGD modification also enabled internaliza-
tion of recombinant M13 phages carrying a segment of 
the polymorphic membrane protein D from Chlamydia 
trachomatis (Ct). These recombinant phages blocked 
Ct infection in HeLa and primary endocervical cells, 
serving as an anti-microbial therapeutic [53]. Interest-
ingly, a non-phage viral vector modified with RGD 
peptides transduced dendritic cells more efficiently 
than the corresponding wild-type vector [54]. This is 
important from an immunological perspective, since 
targeting vaccines to dendritic cells is thought to im-
prove their efficacy [55]. Cellular internalization of 
phage can also be achieved using cell-penetrating pep-
tides. For example, phage particles modified with cell-
penetrating 3D8 VL transbody or TAT peptide were 
internalized into several types of cultured mammalian 
cells by endocytosis via interaction with cell surface 
receptors [56].  

Mechanisms of processing and presentation of fila-
mentous phage virions in B lymphocytes were investi-
gated by Gaubin et al. [57]. Wild type virions were 
fluorescently labeled, incubated with lymphocytes and 
subjected to confocal microscopy to trace virion fate. 
Results indicated that virions were internalized effi-
ciently by B lymphocytes and degraded in the endoso-
mal-lysosomal compartments, and that derived peptides 
were directed to MHC class I and II peptide loading 
compartments. The same study showed that recombi-
nant phage particles displaying a cytotoxic T cell epi-
tope from the reverse transcriptase of human immu-
nodeficiency virus were processed similarly to wild 
type particles. Formation of recombinant phage-derived 
peptide:MHC class I complexes in macrophages was 
also reported by Wan et al. [58]. In that study, MHC 
class I peptide complexes were co-localized with class 
II molecules and molecular markers for the endocytic 

system, suggesting cross-presentation of endocytosed 
phages. Hashiguchi et al. [59] examined antibody re-
sponse against M13 in wild type and knockout mice. 
Strong anti-M13 IgG response was induced in wild 
type C57BL/6 mice by a single administration of phage 
without an adjuvant. Induction of antibody responses to 
M13 phage was also analyzed in MyD88-knockout 
mice with the same background. MyD88-deficient 
mice did not produce antibody responses while wild 
type mice did, suggesting essential involvement of 
MyD88 in antibody induction.  

The ability of filamentous phages to stimulate spe-
cific humoral and cellular immune responses against 
various B and T cell epitopes displayed on phage was 
demonstrated in multiple studies. Mascolo et al. [60] 
showed that display of a single cytotoxic epitope on the 
surface of phage virion was sufficient to induce prim-
ing and sustain long-term MHC class I-restricted cyto-
toxic T lymphocyte response in vivo. Strong, specific 
anti-tumor CTL responses activated by filamentous 
phage displaying MAGE-A10 or MAGE-A3-derived 
peptides were reported by Sartorius et al. [10]. In a 
study by Ulivieri et al. [61], fd recombinant phages 
displaying different human cytomegalovirus (HCMV) 
MHC II restricted epitopes were processed by human 
antigen presenting cells and activated HCMV-specific 
CD4+ T cells. A phage-displayed epitope originating 
from the Candida albicans heat shock protein 90 in-
duced both antibody and CTL immune responses [14]. 
Looking further into the mechanisms of fd phage im-
munogenicity, Del Pozzo et al. [62] studied the ability 
of a CTL-displaying phage to mediate a delayed type 
hypersensitivity (DTH) reaction. In that study, recom-
binant bacteriophage elicited DTH in the absence of 
adjuvants. Additionally, authors showed that the pres-
ence of CD4+ T cells is required to elicit a long-term 
memory response against antigens delivered by phage.  

 Mechanisms of filamentous phage internalization 
and processing by antigen presenting cells, as well as 
induction of corresponding humoral and cellular im-
mune responses by phage particles, are summarized 
schematically in Fig. (2). The first step is uptake of the 
phage by DC at the immunization site followed by 
phage processing via MHC class I and II pathways. 
Consequently, activated DCs migrate to a local drain-
ing lymph node to present MHC II:phage-derived pep-
tide complexes to naïve antigen-specific T helper (Th) 
cells. In turn, these cells develop into either Th1 or Th2 
lymphocytes and become activated. Once activated, 
they produce cytokines leading either to antibody pro-
duction by B cells (Th2 pathways) or cytotoxic T cell 
responses and macrophage upregulation (Th1 
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Fig. (2). Immune cell responses to filamentous phage. (1) Dendritic cells uptake phage particles, degrade them, and present 
phage-derived peptides as complexes with MHC II molecules to naïve antigen-specific T helper (Th) cells. (2) Th cells become 
activated and undergo transformation into Th1 or Th2 effector cells. (3) Activated Th1 cells secrete Th1-type cytokines to 
upregulate cell-mediated immune responses such as activation of macrophages or cytotoxic T (Tc) cells. (4) Antigen-specific 
activated (effector) Tc recognize MHC I:phage-derived peptide complexes presented on target cells and destroy these cells. (5) 
Th2-type cytokines induce antigen-specific B cells, which (6) undergo transformation into antibody secreting plasma cells. An-
tibodies secreted by plasma cells neutralize antigens similar to B cell epitopes on phage particles. 
 
pathways). Th-independent B cell responses (not  
shown in Fig. 2) are also possible. They are initiated  
via binding and, ultimately, cross-linking of repeating  
antigenic epitopes displayed on the phage surface to 
 antigen-specific B cell receptors (IgM antibodies), re- 
sulting in B cell activation and IgM secretion. Stimula- 
tory signals can also come from bacterial lipopolysac- 
charide molecules associated with phage coat proteins  
[63] and, possibly, from CpG sequences present in  
phage DNA binding with TLR on sentinel cells [64]. 

5. INCREASING POTENCY OF PHAGE-BASED 
VACCINES  

High phage dose, different administration routes, 
and the use of adjuvants were explored to improve effi-
cacy of phage-based vaccines. High phage doses were 
shown to be safe for animals. For example, beyond an 
expected immune response, sheep and goats inoculated 
with 1x1014 virions per animal of phage displaying 
cathepsin L1 mimotopes showed no adverse effects 
[45]. Safe doses in piglets were reported at 2.5x1013 

virions per immunization [65]. No serious adverse 
events were observed in human patients vaccinated 
with 1x1011-2.5x1012 bacteriophages [38]. The highest 
reported phage dose of 2x1014 virions per animal was 
administered to rhesus macaques without adverse side 
reactions [44]. Mascolo et al. [60] reported that the 
strength of the cytotoxic activity of a CTL epitope-
carrying phage in mice correlated directly with the dose 
of recombinant phage administered. Roehnisch et al. 
[37] showed that anti-phage antibody responses 
reached their peak at the maximum tested dose of 
5x1011 virions per mouse. Immunization of mice with a 
dose of 2x1012 virions per animal resulted in a signifi-

cant increase in serum antibodies against peptides dis-
played on phage as compared to the response of mice 
inoculated with 5x1011 virions each [66].  

Supplementation of phage with adjuvants did not 
result in improved immune responses. Presence or ab-
sence of Freund's complete adjuvant indicated no dif-
ference in the immune response in mice immunized 
with phage displaying antigenic peptides of the circum-
sporozoite protein of the malaria parasite [42]. Simi-
larly, the presence of saponin adjuvant did not increase 
the efficacy of a phage-based vaccine against Leishma-
nia amazonensis parasite in mice when compared to the 
vaccine alone [43]. Also a possibility is that phage im-
munogenicity can be improved via optimization of 
vaccine administration routes. Only a few studies com-
pared delivery routes for particular phage applications 
[50, 66]. Extensive side-by-side studies are needed to 
draw objective conclusions about preferable admini-
stration routes for phage-based vaccines.  

Enhancement of humoral and cytotoxic immune 
responses can be achieved by phage targeting to cells 
and tissues of the immune system. Trepel et al. [67] 
demonstrated increased serum anti-phage antibody 
titers in mice vaccinated with phage carrying lymph 
node-targeting peptides compared to mice inoculated 
with control phage. Sartorius et al. [68] reported en-
hanced receptor-mediated uptake of phages displaying 
scFv against DC surface molecular marker DEC-205 
by these cells. Moreover, phage hybrid particles dis-
playing the DEC-205 targeting moiety and a CTL an-
tigenic peptide induced potent antigen-specific im-
mune responses leading to inhibition of tumor growth 
in mice.  
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 Attempts to optimize antigenic properties of phage-
displayed peptides by using mixtures of phages each 
displaying a separate epitope from the same antigen 
resulted in mixed outcomes. Villa-Mancera et al. [45] 
tested immunogenicity of individual phages displaying 
cathepsin L mimotopes of Fasciola hepatica as well as 
a combination of these phages. While mean F. hepatica 
worm burdens were reduced in sheep vaccinated with 
two individual clones, no improved effect was ob-
served in animals inoculated with the mixture of seven 
clones. Using phage display Prudencio et al. [69] de-
veloped specific immunogens that mimic Rhipicepha-
lus microplus tick antigen. Use of a mixture of nine 
clones did not stimulate increased immune responses in 
mice as compared to the individual phage clones. In 
contrast, Costa et al. [43] demonstrated that a combina-
tion of two phage clones improved the efficacy of a 
phage-based vaccine against Leishmania infantum. Wu 
et al. [70] showed that combining four phages stimu-
lated a higher immune response against the antigen 
than when the same phages were tested individually. 
Such effects are likely to be antigen-specific. Phage 
mixtures might be useful in applications where broad 
immune responses are needed.  

Focusing immune responses on phage-displayed 
peptides rather than on phage coat proteins by reducing 
complexity of phage coat proteins is another strategy 
used to enhance immune responses to displayed pep-
tides. For example, antibody response against displayed 
peptides can be improved by removal or alteration of 
immunodominant B-cell epitopes on the minor phage 
coat protein III [71]. Henry et al. [72] provided a com-
prehensive review on engineering of filamentous phage 
vectors aimed at effective delivery of antigenic pep-
tides in order to enhance humoral responses.  

6. PHAGE-BASED VACCINES FOR ANIMAL 
CONTRACEPTION 

Molecules being explored as targets for develop-
ment of contraceptive vaccines for animals can be di-
vided broadly into two groups: (1) regulators of gamete 
production; and (2) regulators of gamete function [73]. 
The first group of targets includes gonadotropin-
releasing hormone (GnRH), follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH) and their recep-
tors (GnRHR, FSHR, and LHR). The second group of 
targets involves sperm-specific antigens and zona pel-
lucida (ZP) proteins participating in sperm-oocyte in-
teractions and fertilization. Reproductive targets from 
both groups were explored in development of immuno-
contraceptive vaccines based on the filamentous phage 
platform (Table 3).  

Samoylov et al. [66] developed multiple phage con-
structs displaying GnRH-like peptides and tested them 
in mice. Recombinant phages stimulated production of 
neutralizing anti-GnRH antibodies resulting in sup-
pressed serum testosterone. Phage-GnRH constructs in 
this study were identified using different types of 
GnRH antibodies as selection targets, including anti-
bodies raised in dog, cat, or rabbit. Interestingly, the 
core peptide sequence (XXXXHWSX) identified using 
GnRH antibodies raised in dog, was similar to a se-
quence (XHWSXXLXXX) identified by phage selec-
tion on GnRH antibodies from the same species by 
others [74]. Additionally, peptide sequences identified 
using antibodies raised in cat or rabbit contained an 
amino acid core sequence GLRP that was similar to a 
partial GnRH peptide GLRPG that had contraceptive 
effects in mice [75].  

Jean-Jacques Remy's group produced recombinant 
filamentous phages displaying three overlapping N-
terminal decapeptides of FSHR. When administered to 
animals they induced neutralizing antibodies against 
FSHR, blocking FSH-FSHR interaction [76-77]. The 
constructs were tested in several mammalian species 
and in animal groups of different sexual maturity. 
Phage-FSHR constructs were employed for immuniza-
tion of male mice and goats at the prepubertal stage 
[78]. Immunization of three-week old mice delayed 
their sexual maturation by one week. Once sexually 
mature, litter sizes produced by mating immunized 
males to untreated females were reduced by up to 60%. 
In goats, phage-FSHR vaccine administration resulted 
in low, prepubertal circulating levels of testosterone for 
several months, suggesting potential to delay onset of 
puberty. These vaccines induced anti-FSHR peptide 
antibody responses with 300 peptide copies per phage 
particle, stimulating both systemic and mucosal immu-
nity.  

In adult male bonnet monkeys, monthly subcutane-
ous phage-FSHR immunizations caused azoospermia. 
Breeding trials with proven fertile females (carried out 
between days 90 and 225) revealed that all the immu-
nized males were infertile [79]. The sperm count in 
immunized males gradually returned to normal and the 
fertility was restored when immunizations were 
stopped. The results demonstrated that active immuni-
zation against FSHR using phage as a vaccine carrier 
can induce complete and reversible infertility in adult 
male monkeys. Such vaccines could be used in zoo 
animals, where temporary contraception is a highly 
desirable feature. Also important is that targeting 
FSHR with phage-based vaccines did not affect testos-
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Table 3.  Antigens and selection targets used for development of contraceptive vaccines based on filamentous phage. 

Antigen or Selection Target Effect on Reproductive Characteristics Test Animal or Cell System References 

GnRH suppression of testosterone mice [66] 

LHR reversible infertility 
inhibition of vitellogenesis in females 

mice 
rainbow trout 

[76] 
[80] 

FSHR 

reversible infertility 
impaired fertility 

inhibition of ovulation 
delayed sexual maturation 

reduced progeny size 
delayed onset of puberty 

azoospermia, reversible infertility 
delayed sperm production in prepubertal males 

mice 
mice  
sheep 
mice 
mice 

male goats 
bonnet monkeys 

rainbow trout 

[76] 
[77] 
[77] 
[78] 
[78] 
[78] 
[79] 
[80] 

Combination of LHR & FSHR inhibition of spermatogenesis, steroidogenesis rainbow trout [80] 

ZP-binding peptides 
anti-sperm antibodies 

inhibition of sperm-oocyte binding, less cleaved 
embryos 

pigs 
porcine IVF 

[87] 
[86] 

Sperm-binding peptides or anti-
bodies 

inhibition of sperm-oocyte binding and fusion 
inhibition of sperm-oocyte fusion 

anti-sperm antibodies 

hamster egg penetration test 
sperm-oocyte fusion 

human sperm binding 

[81] 
[84] 
[83] 

FA-1 anti-sperm antibodies, inhibition of sperm acrosome 
reaction sperm acrosome reaction [82] 

 
terone levels in immunized individuals, opening a pos-
sibility for the use of phage-FSHR vaccines in male 
human patients.  

Sambroni et al. [80] studied the effect of phage dis-
playing LHR- or FSHR-derived decapeptides on trout 
sexual maturation. Recombinant phages were used as 
vaccines against the receptors. The anti-FSHR phage 
delayed sperm production in prepubertal males. The 
anti-LHR phage blocked vitellogenesis in females. 
Immunization against LHR or FSHR simultaneously 
inhibited spermatogenesis and reduced plasma steroid 
hormone levels in maturing males. The use of phage-
based vaccines in controlling the onset of puberty in 
aquaculture species is one of the most obvious applica-
tions resulting from this study.  

Using total RNA from lymphocytes obtained from 
individuals with anti-sperm antibodies, Clayton et al. 
[81] constructed an "anti-sperm-biased" library of 
phages displaying fragments of antibodies (Fabs) 
against human sperm. Selection of the library against 
human spermatozoa led to the isolation of sperm-
specific phages that inhibited sperm-egg binding and 
fusion in vitro, indicating their potential use for contra-
ceptive purposes. Using a similar approach, Samuel 
and Naz [82] identified phages displaying Fabs reactive 
with fertilization antigen 1 (FA-1) on the surface of 
human sperm that inhibited the sperm acrosome reac-

tion. Fiszer et al. [83] constructed a phage display li-
brary of Fabs recognizing sperm surface antigens and 
screened these against whole unfixed sperm cells. Se-
lected Fabs showed similarities to antibodies generated 
against proteins involved in sperm motility and cell 
fusion. Authors suggested that such Fabs could cause 
infertility and, therefore, have value for development of 
contraceptive vaccines. Eidne et al. [84] identified a 
number of fusion peptides that bind to spermatozoa 
specifically and with high affinity, one of which had 
high sequence homology with a dominant epitope of 
human ZP3. These peptides were tested in a sperm-
oocyte interaction assay and impaired sperm-oocyte 
fusion in vitro. 

Phages displaying peptides for potential contracep-
tive uses were also isolated from phage display librar-
ies selected against intact dog oocytes surrounded by 
ZP [85]. When administered to dogs, these peptides 
stimulated production of anti-sperm antibodies. Theo-
retically, this approach enables identification of pep-
tides that mimic sperm surface molecules binding ZP at 
fertilization. Anti-sperm antibodies have potential to 
reduce fertility by disrupting events associated with 
fertilization, including sperm motility, the acrosome 
reaction, and/or aspects of sperm-egg interaction. In-
deed, while preliminary, incubation of porcine oocytes 
with sera collected from pigs immunized with phage-
peptide fusions developed to bind porcine ZP 
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Fig. (3). Sperm-oocyte interaction in in vitro fertilization system in the presence of porcine serum. (A) Serum collected from a 
control pig (not immunized). (B) Serum collected from a pig immunized with phage particles that stimulated production of anti-
sperm antibodies. Dim circles are pronuclei in oocytes. Small bright elongated dots (indicated with arrows) are sperm cells. 
Cellular DNA is blue (staining with Hoechst dye). 
 
decreased sperm binding to oocytes (Fig. 3), percent 
embryo cleavage, and percent cleaved embryos that 
developed to blastocysts in vitro [86]. Phage-peptide 
constructs used in these studies were selected following 
a protocol designed to favor species specificity [87]. 
Prior to reaction with porcine oocytes, the phage li-
brary was preabsorbed with oocytes of non-target spe-
cies (cat, dog, and cow) that possess close homology 
with porcine ZP proteins. When administered to pigs, 
these phage antigens induced production of anti-sperm 
antibodies. Phage-peptide constructs with pig specific-
ity were identified by staining of semen samples col-
lected from different species, including pig, cat, dog, 
bull, and mouse, with anti-sera from pigs immunized 
with ZP-binding phage [87]. Species-specificity is a 
valuable characteristic of contraceptive vaccines for 
oral administration to be used in control of wild/feral 
animal populations to limit negative effects on non-
target species.  

Non-filamentous phages have been investigated as 
platforms for contraceptive vaccines. One study re-
ported cloning of RNA bacteriophage AP205 fusions 
for display of a GnRH peptide [88]. Immunization of 
mice with AP205-GnRH fusions resulted in production 
of anti-GnRH antibodies and suppression of testo-
sterone. In another instance [89], RNA bacteriophage 
PP7 was modified to display peptides derived from 
human chorionic gonadotropin (hCG). The resulting 
phages induced a substantial anti-hCG response and 
reduced uterine weight gain in immunized mice. 

7. OTHER TYPES OF BIOLOGICAL NANO- 
PARTICLES CURRENTLY USED IN VACCINE 
FORMULATIONS 

Due to their nature, structure and size, bacterio-
phages are considered to be biological nanoparticles. 

Nanoparticles that closely resemble phages with re-
spect to their origin, structural and immunologic char-
acteristics are virus-like particles (VLPs). VLPs are 
defined as particles composed of a single or multiple 
viral coat proteins without genetic material. Depending 
on their structural complexity, VLPs require prokary-
otic or eukaryotic expression systems for protein pro-
duction. The particles are then formed from proteins 
via a self-assembling process. Simple VLPs (composed 
of a single protein) can be assembled in a cell-free en-
vironment, while assembly of complex VLPs can be 
accomplished using yeast, insect or plant cells [90]. 
VLPs can derive from a variety of viruses. Similar to 
phage-peptide fusions, they can be modified geneti-
cally or via chemical conjugation to display peptide 
epitopes and serve as vaccines. The diversity and 
adaptability of VLPs supports a wide range of applica-
tions, including vaccination against viral infections 
[91]. Several human VLP-based vaccines (ex. anti-
papilloma virus vaccines Gardasil® and Cervarix®) are 
licensed, and many are in clinical trials. The use of 
VLPs for contraceptive purposes is currently undocu-
mented. Major limitations of VLPs relate to their cost 
of production [90].  

CONCLUSION 

Filamentous phages constitute an attractive platform 
for vaccine development that can be engineered effi-
ciently, effectively and with remarkable specificity at 
both molecular and organismal levels. Next generation 
sequencing provides a mechanism for efficient identifi-
cation of novel phages of unique utility in this domain. 
Phage-based vaccines can be produced in abundance at 
low cost, they are stable in extreme environments and 
are immunogenic when administered parenterally or 
orally. These features are essential for a contraceptive 
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vaccine to be effective and practical in animal applica-
tions. Contraceptive vaccines based on filamentous 
phage might be applicable to various species and 
groups of animals, including wild, feral, and captive 
animals. The adaptability of this platform also makes it 
attractive for design of human immunocontraceptive 
agents.  

LIST OF ABBREVIATIONS 

APC =  Antigen presenting cell  

CpG =  Cytosine-phosphate-guanosine 

Ct =  Chlamydia trachomatis 

CTL =  Cytotoxic T lymphocyte  

DC =  Dendritic cell  

DTH =  Delayed type hypersensitivity 

FA-1 =  Fertilization antigen 1  

Fab =  Antibody fragment  

FSH =  Follicle-stimulating hormone 

FSHR =  Follicle-stimulating hormone receptor  

GnRH =  Gonadotropin-releasing hormone  

GnRHR =  Gonadotropin-releasing hormone receptor  

hCG =  Human chorionic gonadotropin  

HCMV =  Human cytomegalovirus  

HIV =  Human immunodeficiency virus  

IVF =  In vitro fertilization 

LH =  Luteinizing hormone 

LHR =  Luteinizing hormone receptor  

MAGE =  Melanoma antigen gene  

MyD88 =  Myeloid differentiation primary response 
gene  

NGS = Next generation sequencing 

RGD =  Arginine-glycine-aspartic acid peptide  

scFv =  Single-chain variable fragment 

Tc =  T cytotoxic  

Th =  T helper  

TLR =  Toll like receptor  

VLP =  Virus like particle 

ZP =  Zona pellucida 
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