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As the interactions of phage with mammalian innate and adaptive immune systems are better
delineated and with our ability to recognize and eliminate toxins and other potentially
harmful phage gene products, the potential of phage therapies is now being realized. Early
efforts to use phage therapeutically were hampered by inadequate phage purification and
limited knowledge of phage—bacterial and phage—human relations. However, although use
of phage as an antibacterial therapy in countries that require controlled clinical studies has
been hampered by the high costs of patient trials, their use as vaccines and the use of phage
components such as lysolytic enzymes or lysozymes has progressed to the point of commer-
cial applications. Recent studies concerning the intimate associations between mammalian

hosts and bacterial and phage microbiomes should hasten this progress.

he human superorganism is made up of
Teukaryotic and prokaryotic cells, in which
the prokaryotic cells far outnumber the eukary-
otic cells. Given our current limited under-
standing of ourselves as super organisms it is
remarkable that we have achieved successes, al-
beit limited, in developing therapies for infec-
tious diseases. This was especially true in the
19th and 20th centuries when specific strains
of bacteria were first being discovered and in
some cases associated with animal or human
disease states.

The therapeutic advances realized at that
time were based on limited observations and

heroic empirical efforts, such as the discovery
of the antisyphilitic compound Salvarsan or 606
(in reference to the hundreds of compounds
screened) by S. Hata in Paul Ehrlich’s laboratory
in the early 1900s (Sneade 2005).

Given the state of knowledge at the begin-
ning of the 20th century concerning microbiol-
ogy and the immune defense mechanisms, the
discovery of bacteriophage (phage) viruses that
kill specific strains of bacteria was welcomed.
However, soon after their discovery a number
of issues arose, including a controversy as to
whether the bacteriophages were self-replicating
particles or a lytic enzymatic activity activated
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in the bacteria. One of the pioneers associated
with their discovery, Félix d’'Herelle, consulted
with Albert Einstein who reassured d’Herelle
that his experiments designed to prove that
they were self-replicating particles were valid
(Summers 1999). Perhaps more serious were
the problems that arose owing to a lack of appre-
ciation of the narrow host range of most phage
strains, so that a phage isolated from an infected
patient did not appear to be effective in treating
another patient with a seemingly similar infec-
tion. In addition, there was a lack of knowledge
of bacterial toxins and methods to purify phage
preparations so that they were not contami-
nated with such toxins. These problems cou-
pled with inadequately designed animal and
clinical experiments were some of the factors
thatled, in the United States, to the development
of a government agency to oversee therapeutic
developments and claims (Merril et al. 2003,
2006).

In addition to these early problems, the dis-
covery of the broad host range antibiotics—be-
ginning with penicillin—more than 85 years
ago, resulted in the virtual abandonment of ef-
forts to continue in the development of the
phage as a therapeutic antibacterial agent in the
United States. However, the increasing incidence
of antibiotic-resistant bacterial strains, particu-
larly the bacterial strains commonly found in
hospital settings, has prompted a reexamination
of the potentials of phage antibacterial therapies.
In addition, there is now an increased awareness
of clinical problems associated with the extended
bacterial host range of most commonly used an-
tibiotics. Although an extended bacterial host
range was one of the criteria used in searching
for clinically relevant antibiotics, as this property
partially alleviated the need to accurately iden-
tify infecting bacterial species before therapy
was initiated, it is now recognized that such
extended host range antibiotics often result in
collateral damage to the natural human micro-
biome (Jernberg et al. 2010). Even before the
medical community recognized the extent of
this problem, it was clear that individuals treated
successfully for one species of infectious agent
would often succumb to an infection by another
secondary foreign bacterial strain.

As most phage strains have a narrow bacte-
rial host range, they are expected to cause min-
imal perturbations of the normal human mi-
crobiome when they are used to treat bacterial
infections. Also, as their mechanisms of anti-
bacterial activity of phage are not related to
the mode of action of the antibiotic therapies,
it should be possible to find effective phage
therapies for the antibiotic-resistant disease-as-
sociated bacterial strains.

In addition our ability to develop molecular
tools that permit manipulations of phage ge-
nomes and our knowledge of the microbiology
and physiology of phage along with some
knowledge of their interactions with the human
immune system, they are beginning to be adapt-
ed to serve as vaccines. The phage strains are
also being used to produce antibacterial pro-
teins that are encoded in their genomes. By ma-
nipulating the promoters for these genes, it is
possible to produce antibacterial proteins such
as the phage-based lysozymes in quantity. The
clinical applications of phage, including the de-
velopment of phage-based vaccines and phage
products are now beginning to enter commer-
cial development.

PHAGE ANTIBACTERIAL THERAPY

One of the discoverers of phage, Félix d’Herelle,
clearly recognized the clinical potential of phage
as an antibacterial agent (Summers 1999). The
ability of phage to kill bacteria and in addition
to replicate exponentially suggests some of the
potential advantages of phage antibacterial
therapy. Although d’Herelle’s reported success-
es in his first clinical applications of antibacte-
rial phage therapies, others had difficulties
when they tried to scale up the therapies to
larger and/or different patient populations
(Merril et al. 2003, 2006). Despite these prob-
lems, numerous phage strains were isolated
and used clinically in Europe, the Middle East,
and Asia (Alisky et al. 1998; Sulakvelidze et al.
2001). Unfortunately, most of the phage data in
these studies are presented in a qualitative man-
ner with inadequate clinical details and con-
trols.
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Potential Problems for Use of Phage as
Antibacterial Therapy

Oral and topical antibacterial applications of
phage should present few problems other than
an occasional inflammation owing to an im-
mune response or a reaction to bacterial by-
products that have not been sufficiently reduced
in concentration during the phage preparation.
However, system applications require greater
care in reducing bacterial contaminations in-
cluding endo and exotoxins. In addition, phage
pharmacokinetic data is rudimentary at best, as
many phage strains have not been administered
systemically to animals and almost none have
been studied carefully in humans. Animal stud-
ies have clearly shown that most phage are taken
up by the liver with some trapping by the spleen
(Merril et al. 2003). In some cases, it has been
possible to select phage strains that can remain
in the circulation, and remain available for inter-
action with possible systemic bacterial infectious
agents by genetic selection methods (Merril et al.
1996; Vitiello et al. 2005). In a similar manner it
should be possible to select phage strains that
have a reduced immunogenicity. Reduced im-
munogenicity, to minimize adverse reactions
to phage therapy, may be also accomplished by
developing phage strains displaying epitopes
that match surface proteins on normal human
blood cells. In this regard it might be useful to
develop a “platform” phage that is free of toxin
and antibiotic resistance genes, but with the abil-
ity to stay in the circulation longer, and with
reduced immunogenicity. Such a platform
phage could be engineered so that it could be
easilymodified forenhancement ofitshost range
for specific bacterial strains. For example, this
could be accomplished with a phage in which
the tail proteins could be specified in a manner
similar to that found in coliphage K1-5. This
phage is a “dual” specificity phage that encodes
two different tail proteins allowing it to attack
and replicate on both K1 and K5 strains of Es-
cherichia coli (Scholl et al. 2001). Alternatively
one could use a site-specific recombination sys-
tem that permits the phage to switch between
alternative tail fiber proteins, or by using a re-
verse transcriptase controlled tropism switch to
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generate alternate tail fibers (Sandmeier 1994;
Liu et al. 2002). Phage strains considered for
therapeutic purposes should be screened for tox-
ins, antibiotic resistance, and genes that increase
bacterial pathogenicity (Merril etal. 2003). With
the growth of the genomic data banks and the
development of bioinformatics, tools such as
screens will be become more effective (Pauwels
et al. 2009; Verheust et al. 2010).

Animal Models for Treatment of Infectious
Diseases

At the beginning of international hostilities in
the 1940s, the U.S. Department of Defense
sponsored carefully designed phage therapy ex-
periments for animal models of infectious dis-
eases. Despite the encouraging results obtained
in these experiments this approach was virtually
abandoned in the United States following the
discovery and development of broad-spectrum
antibiotics (Merril et al. 2003, 2006). However,
with the advent of antibiotic-resistant patho-
genic bacterial strains, research on the potential
of phage therapy has been rejuvenated. In addi-
tion, with the expanded knowledge of phage
molecular biology and interactions with mam-
malian immune systems it is possible to genet-
ically engineer phage that might be more effica-
cious than the wild types found in nature. This
potential was shown in the development of long
circulating phage strains that could stay in the
circulatory system longer than the laboratory
strains from which they were derived. There
have been a number of successful demonstra-
tions of the effectiveness of phage in animal
models of bacterial infectious diseases (e.g.,
see Dubos et al. 1943; Smith and Huggins
1982; Merril et al. 1996; Biswas et al. 2002;
Bull et al. 2002; Gu et al. 2012) including a
recent success in the treatment of rats using an
animal model system for sepsis and meningitis
caused by S242, a fatal neonatal meningitis
E. coli strain (Pouillot et al. 2012).

Clinical Studies

One of the first problems encountered by the
infectious disease physician is to determine
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what agent would offer an efficacious treatment
for the patient’s disease. Although the narrow
host range of phage strains would appear to
offer an impediment for the clinical adaptation
of phage therapy, it should be possible to ad-
dress this problem by developing libraries of
clinically relevant phage strains carrying marker
genes. The use of such strains could provide
both an identification of the infecting bacterial
strains along with information as to which
strains of phage might offer an effective therapy
for the patient’s infection (Merril et al. 2003,
2006). One of the major problems confronting
phage therapy is the need and cost of adequate
clinical trials. This is of course a problem for any
new antibacterial therapy. The early clinical ap-
plications often lacked the new standard dou-
ble-blind statistically valid experimental designs
(Carlton 1999). The years of experience devoted
to developing an understanding of the molecu-
lar biology, physiology, and methods for the pu-
rification of phage should be an asset in helping
to design clinical applications and evaluations.
Clinical trials needed to meet the full require-
ments of the U.S. Food and Drug Administra-
tion (FDA) for therapeutic phage have not yet
been fulfilled for any of the phage strains that
have been shown to be effective in animal mod-
els of infectious diseases. Such trials are expen-
sive; however, given the need for such agents,
for the treatment of antibiotic-resistant bacte-
rial infectious organisms, approval should be
gained for some in the not-too-distant future.

USE OF PHAGE COMPONENTS

As Prophylactic Agents

Despite reasonable success of phage therapy in
diagnosis and treatment of bacterial infections
by bacteriophages as discussed above, parallel
research has been progressing in the use of bac-
teriophage components mostly as prophylaxis.
Lysozymes, originally discovered by Alexander
Fleming (Fleming 1922), are ubiquitous in na-
ture, being associated with phage in mammals.
Lysozymes have been used for decades as a pro-
phylactic agent to kill Gram-positive bacteria
because of their ability to degrade cell walls

from outside by hydrolysis of one of the four
major bonds in the peptidoglycan, which results
in hypotonic bursting of the inner membrane
and leaking of intracellular components and
thereby causing cell death. Lysozymes from dif-
ferent sources including phage have been used
as an adduct in the brewing industry and in
yogurt and other milk products. As discussed
below, phage-encoded lysozymes are of two
kinds: (1) endolysin, which is made by phage
during phage lytic growth after infection of bac-
terial host, and which lyses the cell wall from
inside to help release phage progeny particles;
and (2) phage tail-associated murein lytic en-
zymes (TAME), which can hydrolyze cell wall
bonds from outside after phage adsorption to
the host.

Brewing industries face problems with their
fermentation systems, as airborne bacteria fre-
quently contaminate them. Bacterial con-
tamination can make a beer turbid, aromatic,
odious, or ropy. The most common contamina-
tions are lactic-acid-producing Gram-positive
bacteria (Lactobacillus and Pediococcus) and
acetic-acid-producing Gram-negative bacteria
(Acetobacter). The spoilage comes from the
fact that acetic acid and lactic acids, among oth-
er by-products, are made by bacteria from sugar.
Some measured amount of specific strains of
lactic-acid-producing bacteria are allowed dur-
ing fermentation to keep the pH low, thus facil-
itating beer production as well as lowering acid-
ity by “malolactic acid” production. In wine
making, unwanted contaminations are routine-
ly taken care of by sanitation practices. In fact,
direct lysozyme addition acts as a preservative
for storage of foods like yogurt, tofu, cheese, and
sake (Larson 2005).

More recently, the addition of phage endo-
lysins has been shown to protect against a broad
spectrum of Gram-positive bacteria. If micro-
bial contamination is envisioned, lysozyme is
used to kill the lactic acid bacteria. In fact, ly-
sozyme can be added to the final product. De-
pending on factors like temperature, pH, etc.,
lysozyme starts working immediately after ad-
dition and kills bacteria at once. Lysozyme in
beer remains 50% active for at least a 6-month
period. Lysozyme present in beer has minimal
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effects on the physical and sensory properties of
the beer (Feeney and Nagy 1952; Daeschel et al.
1991; Landschoot 2005; Waite and Daeschel
2007).

As Curative Agents

More recently, however, lysozymes are being de-
veloped for treatment of mammalian infections.
Endolysin, used by phage to release progeny
particles from bacterial hosts, acts by breaking
up the cell from inside. This occurs after another
phage product, called holin, creates pores in the
inner membrane through which lysozymes can
pass through the membrane and reach the cell
wall (Wang et al. 2003). However, peptidogly-
can-degrading enzymes have the ability to di-
gest bacterial cell walls. The phage-encoded en-
dolysins precisely do that except in a species- or
genus-specific manner (Nelson et al. 2001; Fis-
chetti 2010). Phage-encoded endolysin usually
can lyse from outside only the corresponding
host. Recently, cell wall lysis-mediated killing
activity of phage-encoded pure lysozymes has
been successfully used to its maximal level by,
among others, Fischetti and colleagues, and
Loessner and colleagues. Like the current surge
in bacteriophage therapy, development of endo-
lysin-mediated therapy of infection was moti-
vated by the emergence of antibiotic-resistant
bacteria in clinics. Endolysins create holes in
the cell from outside by peptidoglycan digestion
and expansion of the inner cytoplasmic mem-
brane and subsequent hypotonic lysis.

Most human infections begin at the muco-
sal membranes followed by their colonization,
which are usually a reservoir of many pathogens.
Very few anti-infective agents are known that
prevent mucosal colonization. Nonetheless, if
one can reduce the bacterial load of the mucous
membranes in the community, in hospitals, and
in nursing homes, the incidence of the diseases
would very likely reduce. Precisely, endolysins
are expected to be very effective in such cases.
Specific endolysins have now been identified to
very effectively kill Gram-positive bacteria (Nel-
son et al. 2001; Loeffler et al. 2003). Interesting-
ly, the endolysins bind very tightly to their cell
wall substrates and thus and do not have a turn-
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over number requiring multiple molecules to
bind and hydrolyze several cell wall bonds to
make effective cell wall lysis (Loessner et al.
2002; Jervis et al. 2005). An oral colonization
animal model has been developed with Strep-
tococcus pyogenes, a nasal model with pneumo-
cocci, and a vaginal model with group B strep-
tococci. These studies showed, for example, that
nanogram quantities of endolysin kill S. pyogenes
106-fold in 2—4 h after lysozyme treatments. All
current success in dealing with endolysin-medi-
ated cell killing are only with Gram-positive
bacteria simply because the enzyme when added
from outside can access the cell wall peptidogly-
can. Gram-negative bacteria, however, have an
outer membrane that sterically interferes with
lysozyme action thus making lysozyme-mediat-
ed cell killing generally ineffective. However, re-
cently, a structurally engineered phage lysozyme
containing the FyuA-binding domain of pesti-
cin fused to the amino terminus of T4 lysozyme
has given encouraging results against Gram-
negative pathogens (Lukacik et al. 2012).

Immunity and Resistance

Both in bacteriophage therapy and in direct
lysozyme (of phage or any other source) therapy,
it has always been feared that such foreign ob-
jects or proteins when used systematically would
develop neutralizing antibodies and thus hinder
their antibacterial action in the future. However,
it has been found that highly immune serum
slows down but does not block bacteriolytic
activities of pneumococcal-specific endolysins
(Loeffler et al. 2001). Another concern of endo-
lysin treatment was its short circulation time
after administration (Loeffler et al. 2001). But
this issue did not affect the treatment because of
the very rapid action time of the lysozyme mol-
ecules. Both in antibiotic and phage therapy,
another major concern is the phenomenon of
the increase of resistant pathogenic strains. In-
terestingly, every attempt to generate resistant
mutants against endolysins in the laboratory
setup has so far failed (Loeffler et al. 2001). Al-
though this gives more credence to the potential
of lysozyme therapy, we note that most anti-
biotic-resistance elements that have infiltrated
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into antibiotic therapy are because of bacteria-
acquiring resistance elements from natural en-
vironments by lateral gene transfer.

Use of Lysozyme for Treating Bacterial
Contamination in Plant Cell Cultures

Even egg white lysozyme has been successfully
used to reduce Bacillus circulans and Sphingomo-
nas paucimobilis infection of in vitro shoot cul-
tures quince and hybrid rootstock (Marino et al.
2003). Although lysozyme did not have a nega-
tive effect on shoot growth, under optimal con-
ditions it was effective in eliminating B. circulans
in quince shoot and hybrid rootstock cultures,
and has a bacteriostatic effect on S. paucimobilis.
These results suggest that lysozyme may be able
to replace antibiotic treatments of in vitro shoot
cultures although it may not be effective against
every plant bacterial infection.

Use of Bacteriophage Tail-Associated Lytic
Enzymes as Antibacterial Therapeutic Agents

It has been known for a while that peptido-
glycan-degrading murein hydrolases cleave bac-
terial cell walls very efficiently in a species-
specific manner. Thus, they have the potential
of being therapeutic agents against specific
pathogens. Recently, this idea has been success-
fully exploited. These hydrolases are different
from the phage-encoded endolysins, which are
made and used by phage to come out of host
cells by cell wall degradation from inside as dis-
cussed above. Unlike the endolysins the murein
hydrolases are present at the tip of tails of phage
virions. It is believed that the tail-attached
hydrolases help DNA injection after phage ad-
sorption. If a bacterial cell is infected by phage
particles at very high multiplicities, then the
cell lyses before phage DNA starts replication.
It has been called “lysis from without” (Del-
bruck 1940). These tail hydrolases are more or
less ubiquitous among tailed phages. Moti-
vated by the emergence of drug-resistant hu-
man pathogen Staphylococcus aureus, Paul et
al. (2011) identified the muralytic activity of
the tail of the broad host range staphylococcal-
specific phage, called phage K. These investiga-

tors showed the efficacy of the K-encoded puri-
fied hydrolase as a bacteriocidal agent in cell
culture. The efficacy of this protein was further
enhanced by making a hybrid protein compris-
ing the catalytic domain of the hydrolase and
the staphylococcal cell wall binding domain of
a bacteriocin called lysostaphin (Baba and
Schneewind 1998) to generate a protein called
P128. The bacteriolytic activity of P128 was
more than two orders of magnitude higher
than the catalytic domain of the hydrolase
alone because of increased substrate specificity.
The hybrid has already been tested in experi-
mental nasal colonization of methicillin-resis-
tant S. aureus (MRSA) in experimental rats; the
protein has been shown extremely effective in
decolonizing the animals. Thus it is an excellent
prospective therapeutic against infection.

PHAGE-MEDIATED VACCINE

Prevention of infectious diseases by direct inoc-
ulation of a minute quantity of pathogens was
shown in China during the 15th century, where
healthy children were inoculated with a minute
quantity of exudates collected from the pustule
of smallpox-infected persons. It was observed
that the process of this crude inoculation tech-
nique protected the children from future epi-
demics of smallpox (Tizard 1984; Needham
1999). Despite the fact that the science behind
the treatment of infectious diseases through
vaccination was first shown by Edward Jenner
more than three centuries ago (Riedel 2005) and
that use of vaccine in treatment of diseases is
widespread now, there are still problems and
limitations in preparing vaccines by traditional
means. This set the stage to explore other
approaches for producing better vaccines (Bur-
din et al. 2004; O’Hagan and Rappuoli 2004).
The advancement of recombinant DNA tech-
nology led us to produce vaccine candidates
that are recombinant protein molecules display-
ing subunits of pathogens. However, such vac-
cine candidates lack many immunogenic fea-
tures of the original pathogens (Petrovsky and
Aguilar 2004). Although many of these recom-
binant vaccines contain succession of immuno-
dominant epitopes, they fail to stimulate the
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production of neutralizing antibodies. To over-
come this situation, currently many of these
recombinant vaccines are mixed with adjuvants
to enhance immunostimulatory effects. Unfor-
tunately, the adjuvants that have been tried are
either questionable or the process is time con-
suming and thus not an ideal method of devel-
oping vaccines for rapidly evolving diseases like
swine flu (Barrett and Stanberry 2008).

Previously immunostimulatory effects of
synthetic-immunodominant peptides (epi-
topes) of antigen and recombinant viruses or
nucleotide acid-based (DNA) vaccines were
evaluated through various clinical trials. Results
of these trials indicated that these vaccines were
lacking an effective delivery system for proper
activation of the immune system (Petrovsky and
Aguilar 2004). These activation deficiencies
were reflected in the inability of the vaccines
to elicit both humoral and cell-mediated im-
munity against targeted pathogens. Thus, devel-
opment of a proper delivery system for any type
of subunit or DNA vaccine is of paramount im-
portance (Burdin et al. 2004).

Vaccinologists are now evaluating bacterio-
phages (phages) as vaccine delivery agents, and
the idea is gaining popularity owing to the in-
herited character of phages to stimulate both
arms of the immune system (humoral and cell-
mediated immunity).

The ability of phage to deliver gene(s) to
mammalian cells was discovered in studies in
which lambda (N) phage carrying a galactose
transferase gene was shown capable of inducing
galactose transferase enzyme activity in human
fibroblast cells from a child lacking the capacity
to make the Gal-transferase enzyme (Merril
etal. 1971). This ability of phage to deliver genes
to human cells was later independently con-
firmed with a phage carrying the 3-galactosi-
dase gene in human cells deficient in that en-
zyme activity (Horst et al. 1975).

A concern that was expressed concerning
these experiments is that the DNA used to cor-
rect the genetic defects in the eukaryotic cells is
bacterial or prokaryotic. However, it has now
been clearly shown that prokaryotic genes,
such as the genes in a segment of the Ti plasmid
of the bacteria Agrobacterium tumefaciens can
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function in eukaryotes. These genes have been
shown to be capable of transforming eukaryotic
cells in plants and they are the cause of the com-
monly observed plant crown gall tumors. In
addition, the bacterial Ti plasmid genes have
also been shown to be capable of affecting yeast,
filamentous fungi, cultivated mushrooms, and
human cells in culture (Lacroix et al. 2006).

Currently, two separate approaches of anti-
gen delivery systems are attempted with phage
vaccines. These systems are designated as “phage
display vaccines” and “phage DNA vaccines”
(Clark and March 2004a). Broadly, phage dis-
play vaccines are mainly referred for producing
immunogenic phage particles that display for-
eign antigen on phage surface. This generally is
achieved by expressing antigens as fusion prod-
ucts of one of the major surface proteins of
phage virion; phage DNAvaccines, on the other
hand, are produced by incorporation of foreign
antigen genes in phage genome under the con-
trol of strong eukaryotic promoters. In the latter
case, phage acts as a passive carrier to transfer the
foreign DNA in mammalian cells where the an-
tigen gene is expressed. These two methods are
often combined to produce phages that carry a
foreign antigen gene along with a display protein
or peptide on the surface. The display proteins
or peptides are generally selected for their spe-
cific binding affinity of antigen-presenting cells.
Thus, such phage constructs pose the additional
ability of delivering the antigen gene directly to
the immunoreactive cells like dendritic cells,
Kupffer cells, etc. (Zanghi et al. 2007).

Phage Display Vaccine

A filamentous phage M13 display system was
first used for expression of antibody fragments
and their affinity maturation (Benhar 2001).
Although M13 is successful in several cases in
displaying melanoma-specific tumor antigen to
produce cancer vaccines effective in reducing
tumor growth in animal models (Fang et al.
2005), the M13 display system has limitations
(Guptaetal. 2003). The system is not efficient in
displaying larger proteins when using the high
copy coat protein gp VIII. The other coat pro-
tein, gplll, which can effectively display foreign
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proteins or peptides, has a low copy number in
the M13 virion (Smith 1985).

Soc and Hog, two of the virion proteins of
phage T4, are more effective major display plat-
forms for foreign antigens. Unlike M13, T4 is
able to display peptides of various sizes and
sequences without much problem. Hoc and
Soc are also highly immunogenic and therefore
act as good adjuvants. Thus, T4 phage is con-
sidered as a better display platform than fila-
mentous phages (Li et al. 2006a). Currently,
several vaccines for infectious diseases are pre-
pared by using the T4 phage display system,
which has shown promising results in animal
models (Jiang et al. 1997).

T7 is another phage capable of displaying
proteins and peptides including antigens. Fu-
sion products are generated by cloning the cod-
ing sequences for the peptides and proteins at the
carboxyl end of the capsid protein, 10B (Lind-
ner et al. 2011). Lewis lung cancer vaccine pre-
pared by T7 phage display of vascular endothe-
lial growth factor (VEGF) has been successfully
used to break immunologic tolerance. When
injected in mice, T7-VEGF display produced
strong immunogenic response against cancer
cells and inhibited cancer growth (Li et al
2006b). The comparative aspects of different
phages for antigen display are shown in Table 1.

Recently, the common cloning vector phage
lambda (\) is also gaining popularity as a phage
display platform. The complex cloning method
of \ phage display is considerably simplified by

using a Cre-loxP site-specific recombination
process to develop a N phage display system
that facilitates rapid high efficiency cloning of
foreign DNA in A genome (Gupta et al. 2003).
The method allows displaying foreign genes
fused to N capsid protein gene D; nearly about
450 copies of foreign antigen can display as D
fusion on N surface (Gupta et al. 2003). The
ability of N\ to display multiple copies of the
same antigen on the surface of a single phage
particle is more effective in eliciting a strong
immune response than low copy display (Clark
and March 2004a). Production of successful A
display antigen to produce neutralizing anti-
bodies against infectious porcine circovirus in-
fection has been shown by Hayes et al. (2010),
using gpD fusion antigen on phage \. Activa-
tion of immune system by phage display vaccine
is described in Figure 1.

Phage DNA Vaccine

Successful delivery and expression of foreign
genes in eukaryotic cells by phage-mediated
gene transfer is also in common use now. The
use of strong eukaryotic promoters has extend-
ed the capacity of phage to deliver foreign anti-
gen genes to mammalian cells. Generally for
production of vaccine, the antigen genes under
the control of a eukaryotic promoter are cloned
inside of a nonessential region of phage ge-
nome. When injected in a mammalian system,
this phage vaccine acting as a DNA vaccine can

Table 1. List of phages and their virion proteins, which are used for display

Phage virion proteins

Vector phage for fusion display Copy number of display Size of display shown

M13 gpVIII ~2700 Small peptide (6—8 amino acids)
gpllI ~5 Large protein with reduced viability
T4 Soc ~960 Large protein (up to 837 amino acids)
Hoc ~160 Protein (up to 183 amino acids)
T7 10A ~415 Protein (40—50 amino acids)
10B ~1 Protein (up to 1200 amino acids)
Lambda (\) gpD ~420 Large protein (1024 amino acids)

Data were taken from Smith (1985), Markland et al. (1991), Mikawa et al. (1996), Ren et al. (1996, 1997), Ren and Black
(1998), Iwasaki et al. (2000), Savinov and Austin (2001), Sche et al. (2001), Gupta et al. (2003), Pacheco et al. (2006), and Li
et al. (2007).

The above phages are used for presentation of displayed antigens to mammalian cells; the N system was also developed as a
DNA delivery platform to antigen-presenting cells (APC).
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Figure 1. Immune activation of mammalian system with phage display antigens. (1) Particulate nature of phage
activates the antigen-presenting cells (APC), which process the antigens for immune presentation. (2) Presen-
tation of processed antigens by major histocompatibility complexes (MHC) class I molecules to CD8 T cells,
which leads to T-cell activation. (3) Antigens are presented by MHC class I molecules to CD4 T cell, which in
turn activates Ty,; and Ty, effector cells. (4) T, cells generate cytotoxic T-cell (CTL) responses and help produce
interferon y (IFN-vy). (5) Ty, cells activate B cells to make antibodies. (6) Direct activation of B cells by phage
vaccines also leads to massive antibody response. T-cell receptors are denoted by TCR.

induce potent immune response by expressing
foreign antigen inside of APCs (Fig. 2) (Clark
and March 2006). Several \-based DNA vac-
cines for infectious diseases have been prepared
that have shown promising results in animal
models (Clark and March 2004b; March et al.
2004).

Advantages of Phage-Mediated Vaccine
Delivery

Recent global surveillance indicates that infec-
tious microorganisms are emerging at an alarm-
ing rate (Barrett and Stanberry 2008). There is
also a significant concern about the potential of
generating highly virulent microorganisms us-
ing genetic engineering and synthetic biology
techniques. The outbreak caused by these types
of natural or man-made variants can spread
rapidly and has to be stopped before diseases

become epidemic. The quarantine and rapid
vaccination against targeted pathogens is the
only way to prevent epidemics during massive
disease outbreaks. One of the best advantages of
phage vaccine is that it can be produced inex-
pensively and deployed rapidly during disease
outbreaks.

Utilizing advanced knowledge in bioinfor-
matics, gene sequencing, and phage genetics, it
is possible to create and manufacture vaccines in
record time. Genomic and proteomic data of
any old or newly emerging pathogenic bacteria
or virus can be scanned using existing algo-
rithms and database management systems to
identify novel antigenic motifs that can be
cloned into phage genome to produce phage
vaccine. The resulting phage vaccine can prop-
agate rapidly using bacteriological media and
does not need cell culture or a chicken-egg-
based system for manufacturing sufficient quan-
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Figure 2. Schematic representations of several phage-mediated vaccine delivery systems. (1) Production of virus-
like particles (VLPs) by adding purified phage capsid proteins fused to antigens during assembly of phage
particles in vitro. (2) Antigens are attached by chemical conjugation on preassembled phage head. (3) Antigens
are displayed on phage surface by fusion of antigen genes with phage capsid protein genes. (4) Phage as a DNA
delivery vehicle where antigen genes are cloned in phage genome under the control of eukaryotic promoters. (5)
Phage for DNAvaccine, where phage carries antigen genes under the control of eukaryotic promoters. The phage
also displays foreign proteins on its surface as fusion of phage capsid proteins. This protein targets the phage to

antigen-presenting cells (APC).

tities of vaccine to protect against a new patho-
gen; such preparations can be made in weeks
rather than months. The phage particles are
nonpathogenic to humans and the resultant
vaccines do not require adjuvants. By using
phage vaccine, all relevant information can be
delivered to the immune system to allow for an
immune response that includes antibody pro-
duction and the development of immunity to
a pathogen (Fig. 1). The particulate nature of
phage vaccine attracts APCs that engulf, pro-
cess, and present phage-mediated antigens
through MHCs (class I and class II pathways)
(Manoutcharian et al. 1999; Gaubin et al. 2003)
to evoke both cell-mediated and humoral im-
munities (Fig. 1). It was expected that phage as

an extracellular antigen will only activate anti-
body production through MHC class II bias
pathway, but it has been shown that phage as a
particulate antigen can access the MHC I path-
way through cross priming, which activates a
cellular immune response (Gaubin et al.
2003). In addition, the immunostimulatory un-
methylated CpG motifs of the phage genome
are recognized by the innate immune cells
through Toll-like receptors (TLRs) (Krieg et al.
1995; Mason et al. 2005), which further enhance
immunity. Immunostimulatory effect of phage
vaccination through oral route has been evalu-
ated by Clark et al. They have succeeded in mak-
ing a phage DNA vaccine against Yersina pestis
by cloning V-antigen in phage \ genome. Upon
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oral administration, it produced a significant
immune response in mouse (Clark and March
2004b). Others have also explored the oral de-
livery route of phage vaccination, and showed
antigen-specific response (Delmastro et al
1997; Zuercher et al. 2000). These results indi-
cate the possibility of oral delivery of phage vac-
cine in developing countries.

In summary, phage particles pose several
intrinsic characters that make them lucrative
for developing vaccine-delivery platforms. The
natural stability of phage particles provides easy
processing and cheaper manufacturing capabil-
ity for large-scale production of vaccines. The
particulate nature of phage makes them easy to
purify by simple centrifugation steps, which are
far easier and cheaper than the methods applied
for purifying soluble recombinant protein vac-
cines. Additionally, phage itself acts as a strong
adjuvant and thus enhances excellent immune
response against any antigens present along
with phage (Frenkel et al. 2000; Manoutcharian
et al. 2004). In fact, the response against phage-
displayed antigens can break immunological
tolerance against self-proteins and thus is an
ideal vehicle for delivering cancer antigens
(Fang et al. 2005).

PERSPECTIVES

The ever-increasing list of antibiotic-resistant
bacterial strains and newly emerging viruses is
forcing a reexamination of alternate modes of
therapies for infectious diseases. Of these, the
phage and their molecular components and
products offer a number of new therapeutic al-
ternatives. Although the development of phage-
based applications will require new directions,
there are advantages over the prior art of treat-
ing infectious disease. A useful aspect is the abil-
ity to develop therapies for bacterial infection
that minimally perturb the human micro-
biome. As recent research of the microbiome
has shown, even small alterations can have ef-
fects that range from alterations in the percep-
tion of hunger to increased susceptibility to le-
thal infections by foreign bacterial strains. These
advances in our ability to work with phage ex-
tend from the treatment of human infections to

Phage Therapeutics and Prophylaxis

increasing the efficiency of industrial processes,
particularly those that rely on fermentation. The
development of phage-based delivery of anti-
gens and genes will result in new vaccines for
protection from numerous diseases and new
therapeutic approaches to both infectious and
noninfectious diseases, such as some forms of
cancer. The newly developed genomic sequenc-
ing methods along with other high-throughput
technologies including cell sorters and multi-
well metabolic monitoring robots should result
in the rapid development of the needed infor-
mation for phage-based therapies.
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