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ABSTRACT 
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The first studies involving phage dating from the early nineteenth 

century. In the last three decades these studies were intensified, mainly 
because of the emergence of antibiotic-resistant bacterial strains. Since 
then, the wide and diversity of phage species became evident. It is 
estimated that there are 1031 particles and 108 different species of phages 
dispersed in the biosphere, which highlights their importance in 
ecosystems on the planet. These data generates the need for an efficient 
phage classification system. Classically, the phages have been classified 
according to their structure, type of genetic material (DNA or RNA), host 
range and infection cycle. Additionally, molecular techniques such as 
pattern of enzymatic restriction of the DNA, profile of structural proteins, 
and more recently gene sequencing have been increasingly employed for 
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this purpose. The original studies involving phage aimed the control of 
pathogenic bacteria in humans and animals, named the phagetherapy. 
Based on phage estimated number and diversity, it is likely that there are 
thousands of phages with potential to be applied in several areas. The 
promising results encouraged the researcher to search for alternative 
applications such as food control, biofilm dispersion in capillaries and 
surfaces, specific detection of microorganisms and even as instruments of 
gene transference for bacterial cells. Thus, a proportional amount of 
information has been and will still be generated. The gathering of these 
data in an organized way will support the creation of a viable 
classification system for efficient implementation of phagotherapy in the 
prevention and control of pathogens that threaten human and animal 
health. 
 
 

1. INTRODUCTION 
 
Since the first use of penicillin in the midst of World War II, antibiotics 

became undoubtedly the greatest tool against bacterial infections. However, 
the emergence of strains resistant to antibiotics worries. The phagetherapy 
(PT), or the use of bacteriophages to kill pathogenic bacteria, appears as a 
potential alternative, but still in its early stages of development. 

Bacteriophages are widely distributed, exhibit dramatic expressions in 
bacterial ecology, and are the most diverse and abundant organisms on the 
planet, considered by researches the main influence on bacterial evolution. In 
the late nineteenth century some researchers have suggested the existence of 
bacteriophages, however their studies did not provide sufficient support for 
consistent research. In one of them, Hankin (1896) reported that the waters of 
the Ganges and Jumma rivers have the ability to kill certain types of bacteria, 
especially Vibrio cholerae. He proved that this ability was filterable and 
sensitive to the boil, which led him to believe that it was a chemical volatile. 
In 1901, Emmerich and Löw described a substance present in autolysed 
cultures that had the ability to lyse various other cultures, possessed curative 
effect in experimental infections, and provided prophylactic immunity to 
subsequent inoculations. In 1915, Frederick W. Twort published an article 
describing the growth of some colonies of Micrococcus, which had mucoid, 
aqueous or vitreous appearances, and compared these different morphologies 
with an acute infectious disease (Twort, 1915). Independently, in 1917, Felix 
d‘Herelle described a “microbe” that act as antagonist of bacteria, lysing them 
in liquid cultures and forming discrete spots, which he called plaques, on the 
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surface of agar seeded with bacteria. He concluded that these organisms were 
ultra-viruses that invade bacteria and multiply, and called them bacteriophages 
(d’Herelle, 1917). Next, some results concerning PT were obtained and 
excited researches, making phages become a major tool in the control of 
bacterial infections in humans. However, their uncontrolled use, mainly 
associated with little knowledge of their basic biology and kinect, made this 
technology failed in a number of clinical trials in the mid-30’s. Furthermore, 
antibiotics appeared at that time as the promise of the end of the problems with 
bacterial infections, which contributed to the PT fell into oblivion. 

Recently, with the emergence of antibiotic-resistant bacteria, scientists are 
resuming studies involving PT. As can be seen in Figure 1, there was an 
increase in the number of publications involving PT in the last decade, as well 
as the number of patent applications and clinical trials involving the use of 
phages in the control of pathogenic bacteria, for example with Klebsiella 
pneumoniae (Tsao et al., 2012) and Pseudomonas aeruginosa (Sulakvelidze 
and Pasternack, 2009). However, the development of products based on PT, 
mainly in Western countries, faces a number of hurdles due to the absence of 
regulatory mechanisms that specifically cater to the peculiarities of this type of 
product. To date, the U.S. Food and Drug Administration (FDA) have applied 
the same rules that regulate the use of antibiotics for phage-derived products, 
which would significantly increase the cost of the final product and reduce its 
effectiveness. However this scenario is likely to change. Some phage-based 
products were recently approved by the Department of Agriculture/Food 
Safety & Inspection Service (USDA) and the FDA for the control of 
pathogenic bacteria such as Salmonella and Listeria in industrial plants and 
even in ready-to-eat (RTE) food. 

Phages generally act over a very restricted host range, allowing the 
removal of pathogenic bacteria and preservation of the commensal flora, 
unlike most antibiotics, which indiscriminately acting between both types of 
microorganisms. However, phage specificity is also a problem, since one must 
know exactly the strain causing the infection to use the appropriate phage. 
This can easily be overcome with the use of phage cocktails, which would 
increase the spectrum of action of the final product , and / or the use of 
techniques for rapid bacterial identification. Another positive point of using 
phages is based on their ability to readapt under selective pressure, like the 
emergence of resistant strains of pathogenic bacteria, what is known as co-
evolution cycles. Thus, new adapted phages can be selected at each 
appearance of a new resistant bacterial strain. Furthermore, cocktails 
containing different phages, with or without antimicrobials, could be used to 
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achieve a synergistic effect on the pathogenic bacteria and reduce the 
emergence of resistant strains. On the other hand, the phages pharmacokinetics 
not favor their use to control infections inside the organism because they could 
be eliminated by the immune system. Thus scientists are challenged to select 
phages able to remain for a longer time in the organism or to develop 
adjuvants which prevent early elimination of viral particles. A second 
challenge consists in the production in large-scale of viral particles and 
standardization of solutions to stabilize these particles. 

 

 

Figure 1. Number of publications in the PubMed Database containing the term “phage 
therapy” in the title or abstract between 1997 and 2012. 

 
2. PHAGE BIOLOGY 

 
2.1. Phage Structure and Classification 

 
The origin of the caudate viruses during evolution occurred before the 

separation of the three major domains Eubacteria, Archaea and Eukarya, 
probably about 3.5 to 3.7 billion years ago. Phages have been reported for 
Eubacteria and Archaea, but their presence as Eukarya cells-infecting agents 
remains questionable. Bacteriophages can be caudate, polyhedral, filamentous 
or pleomorphic (Figure 2) and, except for the caudate, they are not grouped 
into orders. Caudate viruses are the most abundant bacteriophages, while 
pleomorphic virions are rare. 
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Figure 2. Types of bacteriophages. 

A variety of morphologic characteristics can be observed between phage 
species isolated from natural systems. Typically, a caudate phage has a head 
(capside) and a tail linked or not by a connector (collar), while cubic, spindle, 
lemon-shaped, filamentous or pleomorphic shapes are less frequently isolated. 
Although in great number and types, some structures in phage particles are 
optional, as the head appendage, collar, and fibers or spikes. The capsid 
diameter and the genome size can vary by more than an order of magnitude 
between isolates. 

According to current studies, it is estimated that there are about 1031 
caudate virion particles in the biosphere, requiring somewhere around 1024 
productive infections per second to maintain this number (Krupovic, M., 
2011). Organisms with such extraordinary numbers need some form of 
organization. The earliest registered attempt of organization of these particles 
was performed by Bradley in the 60’s, and was based on morphological 
analysis, which were possible by the development of the technique of negative 
contrasting by Brenner, Horne and colleagues in 1959. This system involved 
approximately 6300 micrographs of viruses of prokaryote, 6196 from bacterial 
and 88 from Archaeal. The large difference between the numbers of viral 
particles in each group may be due to the ease of cultivation of the host. 
Accordingly to the micrographs, Bradley (1967) defined six different phage 
morphotypes, which were designated as Myoviridae (contractile tails), 
Siphoviridae (long non-contractile tail), Podoviridae (short tail), Microviridae 
(non-caudate, large capsomer), Leviviridae (filamentous) and Inoviridae (non-
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caudate, small capsomers). Currently, the ICTV (International Committee on 
Taxonomy of Viruses) admits the existence of one order called Caudovirales 
comprising the caudate viruses, which corresponds to 96% of known, and 7 
small families of non-caudate phages, which are not included in any order, 
some with a single representative. 

The order Caudovirales is divided into three families: phage with a long 
flexible tail (Siphoviridae), phages with contractile tails (Myoviridae) and 
phages with very short tail (Podoviridae). Phages belonging to this order have 
icosahedral heads or or elongated capsids with additional lines formed by 
subunits starting from central structures. Phages with polyhedral capsids are 
icosahedral or similar (Levivirus) and vesicles lipoproteins can be present 
inside them (Tectiviridae, SH1 and STIV) or as part of the capsid itself 
(Corticoviridae). A wide range of shapes is found in pleomorphic phages, such 
as fusiform, spherical, bacilliform, and bottle- and drop-like forms. Some 
virions are enveloped, such as some filamentous phages, which makes them 
sensitive to chloroform. The phages can possess single or double stranded 
DNA or RNA as genetic material, which ranges from 3.5 kb (levivirus GA, 
ssRNA) to 497.5 kb (myovirus G, dsDNA) (Figure 3). 

 

 

Figure 3. Families of bacteriophages grouped according to their most common nucleic 
acid composition. A) dsDNA – are represented by tailed phage, which are classified in 
the order Caudovirales, which represents approximately 96% of all phages identified 
so far; B) ssDNA – mainly represented by the family Microviridae, which are the 
major ssDNA phages found in metagenomics approaches; C) ssRNA – the phage 
levivirus GA represents this group; D) dsRNA – the Cystoviridae family is formed by 
enveloped virions, as the phage Φ6. 
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2.2. Infection Cycles  
 
Several steps during the phage life cycle are common to all viruses: 

adsorption, injection of nucleic acid, expression and replication of the viral 
genome, particle assembly and virions release. 

The adsorption of bacteriophages to the host occurs in two steps. At first, 
adsorption occurs by reversible interaction of the virion structural proteins 
(e.g., fimbriae tail proteins) with a component of the cell surface. During the 
second step, an irreversible binding occurs between these structures. After 
adsorption, the cell wall is permeabilized by enzymes present in the tail or 
capsid, allowing the infection of viral genetic material into the cytoplasm of 
the host cell, while the capsid remains outside. A different mechanism is 
observed for enveloped phages, as the Φ6 whose envelope merges into the cell 
membrane, internalizing into the cytoplasm the viral proteic structure 
surrounding the genetic material. In this environment, the protein structure is 
disassembled and the viral genetic material is released.  

Following the entry of the viral genome in the cytoplasm of the host, two 
distinct pathways can occur: the viral genome can be integrated into the host 
chromosome or remain in the cytoplasm as a non-expressed plasmid 
(lysogenic cycle) or viral genes can be expressed and the vital genome is 
replicated, followed by the assembly and subsequent release of virions 
particles (lytic cycle). Cell lysis by caudate phages occurs mainly by a dual 
system consisting of hydrolases of peptidoglycan (endolysins), which attack 
the murein layer present in the cell wall, and holins, which damage the cell 
membrane and allow endolysins to have access to the peptidoglycan. The 
virions can also be released by budding or extrusion. The phase of the 
infection in which the phages are internalized in the host cell, which 
comprehends from adsorption to cell lysis in the lytic cycle, is termed the 
latency period. The eclipse period is that prior to assembly of the capsid and 
inclusion of genomes, whereas the number of virions released into the medium 
by each cell is known as the burst size. 

Phages can perform different cycles of infection: lytic, lysogenic, 
pseudolysogenic and chronic. In the lytic cycle, the host metabolic machinery 
is diverted to the production of new viral particles, which are released by cell 
lysis. The lysogenic cycle is characterized by the maintenance of the viral 
genome in a state of latency (prophage), during which it replicates along with 
the host genome or as an independent material in the cell, until the lytic cycle 
is induced. Temperate phages have the ability to migrate between the 
lysogenic and lytic cycles according to the host characteristics and 
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environmental conditions. In persistent infections (pseudolysogeny or carrier 
state), only a fraction of the phage population multiplies in the host, while the 
term carrier is strictly used for bacteria containing plasmid-type prophages. 
Chronic infections occur when a cell is infected and the viral progeny is 
constantly released by budding or extrusion. 

 
 

2.3. Phage Genomics 
 
Until the year 2012 there were about 750 complete sequenced genomes of 

bacteriophages, comprising several morphotypes and nucleic acid composition 
combinations. However, the vast majority of these sequences were from 
caudate viruses with nucleic acid composed of dsDNA. The proportional 
presence of the caudate families between these phages was about 55, 25 and 
20% from the Siphoviridae, Myoviridae and Podoviridae families, 
respectively. Although the sizes of the genomes varies among the phages, in 
general the genomic densities in the interior of the capsids are similar, and the 
size of the capsid varies as a function of the genome size. Too large or too 
small genomes can influence the stability of the virion, thus influencing viral 
infectivity. This flexibility favors the viral evolution, since the bacteriophages 
can acquire or donate genes independently of their functionality. In this 
context, the theory of modular organization of the phage genome was 
proposed in the early 80's. and proposed that the evolution of bacteriophages 
was given by recombination of functional modules, resulting in new viable 
phages, more complex as they are phylogenetically distanced from their hosts.  

Typically, the genes necessary to maintain lysogeny in phages are 
divergently transcribed and are adjacent to the genes of the lytic cycle. The 
lysogenic module usually encodes a repressor, which is required for prophage 
maintenance, and an integrase, which is essential for integration of the viral 
genome into the bacterial chromosome. The lytic module contains a second 
repressor, which acts repressing lysogenic module during lytic propagation. 
Next to the repressor gene are clusters involved in the replication and 
packaging of the viral genome and in the lysis of the host cell. Studies 
performed to understand the the regulatory control of the lytic-lysogenic 
change traditionally used the phage λ as a model. It was discovered that this 
phage has a repressor protein named CI, which interacts to an switch 
intergenic region preventing the binding of the RNA polymerase to lytic 
promoters, thereby preventing the establishment of the lytic cycle. This 
repressor protein also performs an auto-regulated function, since at high 
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concentrations it represses the promoter responsible for its own expression. 
The CRO proteins exert an opposite effect to that of CI by the attack to the 
same operators, but with an alternative order of occupation, allowing the 
occurrence of the lytic cycle. However, additional regulatory elements, 
including CII, CIII and Q, and complexes interactions between them and host 
responses to the environment, are involved in establishing both cycles. 

A comparison of sequences from different bacteriophage demonstrates an 
enormous variety in the genomes. Genomes of phages with different hosts 
have not extensive similarities in nucleotide sequences, suggesting that the 
host might be a barrier to genetic exchange between bacteriophages. However, 
phages that infect the same host can present a high genetic variability, 
suggesting that there are additional barriers and influences in gene exchange. 
The main feature observed in the phage genome analysis is the mosaicism, 
with genic segments originated from distinct evolutionary sources. A feasible 
explanation for this phenomenon is the horizontal gene transfer, which has a 
key role in the genomic architecture and is easily observable in studies of 
comparisons of complete genome sequences, Hatfull, (2006) observed great 
similarity between two closely related Mycobacteriophages (Rosebush and 
Qyrzula) by comparing their complete genome sequence, When the Rosebush 
sequence was compared to other mycobacteriophage (Colbert), it was 
observed low similarity between their nucleotide sequences. However, a single 
fragment of their sequence had high coverage, with over 94% similarity, 
possibly due to a recent horizontal transfer of genetic material. 

 
 

2.4. Ecology 
 
Ecology is the study of the interactions between different organisms, and 

between the organisms and the environment. One of the relevant factors in 
ecological analysis is the viral diversity, which is given by the analysis of three 
parameters: species richness, evenness and diversity. In a system model where 
species richness is related to the number of species, the equity is the average 
significance of a single species in terms of abundance, biomass or activity, and 
the difference is the taxonomic relationship of species in a specific system. 
Studies of pelagic systems have shown that in deeper regions, less productive 
systems, viral abundance is low; however, the abundance in coastal regions 
increases by two orders of magnitude, showing that, in general, the higher the 
productivity of the system, the greater viral abundance. 
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Some environmental studies demonstrate that viral exceeds the bacterial 
abundance by about 10-20 times. Paradoxically, in studies with phage-host 
systems, when a stable state is established, the host is more abundant than the 
phage in several orders of magnitude. This paradox could be explained by the 
existence of non-infective viral particles. Decay data show that about 50% of 
the viruses exist as infectious particles. 

Metagenomics recently caused an explosion in the number of sequences 
obtained from the most diverse global niches, whether sea, soil, reefs-
associated communities, estuaries, among others. This technology can realize 
the dream of genomic biologists, actually allowing a complete comprehensive 
analysis of various organisms. The isolation and sequencing of a phage with 
taxonomic objectives carries some facilities, such as easy cultivation and 
previous knowledge about the host. The analysis of large numbers of 
sequences provides relevant information about the phage distribution, diversity 
and evolution by the Earth. For example, metagenomics confirmed the 
dominance of caudate phages with genome composed of dsDNA in marine 
communities (Breitbart, M., 2002, Breitbart, M., 2004). A second study 
showed the predominance of certain viral types in specific regions, such as the 
prevalence of phage with ssDNA in the Sargasso sea, and the prevalence of 
prophages in the Arctic (Angly, FE, 2006). Other findings in these studies 
were the presence of genes of eukaryotic viruses, as genes of phosphate-
sensibility, response to stress and photosynthesis, all present in their respective 
hosts (Comeau, AM, 2008). 

Due to predation exerted by phages on microbial communities, these 
viruses exert a strong influence on the carbon and nutrients flows and food 
dynamics, showing that bacterial competence is not only related to their 
adaptation to available resources, but also to biotic agents present in the 
environment. To combat phage activity, bacteria have developed defense 
systems, among which we can mention: i) preventing adsorption, hindering the 
interaction of viral proteins to the cell receptors by changing the receptor 
expression, by masking receptors with other molecules, by the production of 
exopolysaccharides (EPS), etc.; ii) blocking DNA injection through changes in 
the membrane permeability; iii) restriction-modification strategies, using 
cellular methylases which modify the cellular genome making it inaccessible 
to endonuclases, but allowing the enzymes to act on the foreign DNA; and iv) 
abortive infections, in which the cell interferes in one of the steps eh the lytic 
cycle, acting on replication, transcription, translation or assembly steps. 
Following this strategy the cell is dead and no infectious viral particles are 
released, preventing neighboring cells to be infected. 
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Several studies have been conducted on the use of bacteriophages as 
alternative tools to the conventional drugs, mainly due to the emergence of 
resistant bacterial strains. Some studies regarding the phages biology and 
proteomics difficulties hamper the regulatory approval process. However a 
renewed interest in PT has been observed in the scientific literature. Part of 
this interest stems from the appreciation of the extraordinary abundance of 
these particles in the biosphere, allied to a series of experiments conducted 
with phage lysins, to the large number of experiments with animals using 
viable phages as antibacterial agents and to historical revisions of the Soviet 
experience with PT that are currently being recovered.  

 
 

3. APLICATIONS 
 
The world is in the midst of a crisis in relation to disease control. After 

decades of indiscriminate use of antibiotics and other antimicrobials, multiple 
resistant bacterial strains have emerged and led to epidemics that are becoming 
increasingly difficult to control with conventional antimicrobials. Thus, the 
search for alternative, convenient, cheap and safe methods has been the focus 
of a growing number of research centers and funding agencies worldwide. 

Most of the scientific research carried out in the second half of the last 
century involving the use of bacteriophages to control infections was restricted 
to Eastern Europe, where PT is a reality. This difference was exacerbated due 
to the political problems of the Cold War and the linguistic and cultural 
differences of the Western World. Among the scientific studies and clinical 
tests conducted in the twentieth century involving PT, a large number is not 
available in international journals of english language. Part of the data 
generated in these studies was lost, while the rest has been published in books 
on PT. 

Phages are natural predators of bacteria and are commonly found in the 
environment in which its host inhabits. It is believed that phages are 
responsible for the elimination of 4 to 50% of the total bacteria produced every 
day, contributing significantly to the geochemical cycles and as a reservoir of 
genetic diversity, serving as a natural, highly specific, non-toxic and accessible 
technique for the control of various micro-organisms. Its use as a biological 
control agent has increasingly become a viable option for reducing the 
bacterial population in various environments. Among the many advantages of 
PT are its efficiency against pathogenic bacteria resistant to antimicrobials; the 
viral specificity, ensuring the integrity of commensal bacteria; the ability of 
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these particles to quickly respond to the formation of phage-resistant bacteria, 
in coevolution cycles; the low cost of production of phage-based products; the 
safety to eukaryotic cells, where side effects of its use are uncommon; their 
widespread presence in large numbers and diversity in nature; and its easy 
cultivation and manipulation. 

Factors such as the multiplicity of infection (MOI), the number of doses 
and the route of administration of these doses could be critical to the efficiency 
of bacterial inactivation. For example, it has been demonstrated that the 
reduction in the number of bacteria is proportional to the MOI. In contrast, 
unlike antibiotics, a single dose of phage could be sufficient to kill 100% of 
the bacterial population. The route of application has a direct implication on 
the efficiency of PT. Historically, the main route of administration is oral, 
which reduces the effects of contaminants of the phage preparations, such as 
endotoxins. However, in this case the viral particles could be subjected to 
conditions which may result in its inactivation.  

The pharmacokinetics of phage-derived products is poorly understood and 
more complex than chemotherapy. This is because to its dependence of the 
characteristics of the pathogen, the individual (animal or human), and the 
multiplicative ability of the phage or phage cocktail. It is therefore very 
important to ensure that proper dosage of infective viral particles reach the site 
of infection. 

Another point to be considered is the partial or complete elimination of the 
phage by the innate immune system of the treated individual, since a decrease 
in phage titre in the blood of mice injected with phages are generally attributed 
to elimination by the natural defenses of the organism. Techniques as serial 
passage have been used to isolate phage mutants with a greater capacity to 
remain in the circulatory system of the mouse. These 'long-circulating' phages 
were shown to be more effective therapeutically. The adaptive immune 
response of the individual may lead to the phage neutralization or adverse 
reactions such as anaphylactic shock, although, to date, there are no reported 
cases of anaphylactic shock caused by PT. If a particular phage strain is 
repeatedly used in a single organism, the adaptive immune system would be 
stimulated and result in the production of antibodies in a few days by clonal 
expansion of lymphocytes. Depending on the immunogenic portions of the 
phage proteins, these antibodies could block infection of bacterial cells via 
phage neutralization. If a new injection of phage occurs, a secondary response 
will happen faster and produce a greater number of antibodies. Thus, the 
pharmacokinetics of PT varies with the immunogenicity of the phage proteins 
and with the number of doses administered in each patient. Beyond 
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neutralization, antibodies against the phage structural proteins could also cause 
the acceleration of phage clearance in the body. In fact, patients with severe 
combined immune deficiency display a prolonged period for the phage 
clearance. 

 
 

3.1. Using Phages to Control Bacterial Infections 
 
In the following topics we summarize the main studies performed in order 

to enable the use of phages for the prevention and treatment of bacterial 
infections. 

 
3.1.1. Using Phagetherapy to Treat Skin Infections and Burn Patients 

The PT has been successfully used to prevent rejection of skin grafts in 
animals, to treat skin infections and to prevent and treat infections in patients 
who have suffered burns. The bacterium P. aeruginosa is the major pathogen 
involved in skin infections. This bacterium is also the causative agent of other 
diseases such as pneumonia, bacteraemia, meningitis and urinary tract 
infections in individuals with suppressed immune systems. Moreover, bacterial 
strains of P. aeruginosa are commonly found as multiresistant cells, frequently 
isolated from biofilms on hospital equipment and utensils. 

The high mortality rates among patients with severe burns have led 
researchers to reevaluate the conventional methods used in their treatment. 
The main cause of death of burn patients within the first 2 days occurs due to 
infections by bacteria P. aeruginosa, Staphylococcus aureus, Escherichia coli 
and Streptococcus, which are currently considered serious problems in 
hospitals due to the presence of various strains resistant to traditional 
antibiotics. Accordingly, topical application of phages-based products, or its 
use as active particles adsorbed onto polymers and artificial skin grafts 
(PhageBioderm), have been developed in specialized research centers and 
have shown promising results. 

The study performed by Lazareva et al (2001), for example, showed that 
the use of phages to treat infections in wounds from burns promoted the 
disinfection of wounds and normalization of the body temperature and the 
levels of immune system cells, with consequent reduction in mortality. In 
2009, Merabishvili and collaborators obtained promising results using a phage 
cocktail called BFC-1, which consisted of one P. aeruginosa-specific phage 
and one S. aureus-specific phage, what led this group to further studies of 
these agents, including its effectiveness against antibiotic-resistant strains, 
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infection parameters, stability, genomic composition, studies of routes of 
application, time of residence in the body, etc.., attempting the feasibility of its 
use in Western medicine. 

 
3.1.2. Using Phagetherapy to Treat Urinary Tract Infections 

Urinary tract infections (UTI) are usually caused by E. coli, but other 
Enterobacteriaceae can also cause this type of infection. The colonization of 
the urinary tract confers to the pathogen a protective environment, so it could 
increase up to 100 times its tolerance to antibiotics. In this context, PT appears 
as an interesting and promising for the control of this type of infection, since 
phages are specific to a particular strain or group of bacterial strains. This 
feature ensures only the elimination of the pathogen and the maintenance of 
commensal flora, what is particularly important in UTIs.  

In vitro and in vivo studies demonstrated the potential of PT to the 
treatment of UTIs, although controlled clinical studies are still scarce, 
particularly in Western countries. For example, the phage T1, a T4-like phage, 
proved to be able to cause a 45% reduction of different E. coli strains (isolated 
from UTI patients) attached to epithelial cell monolayers after two hours of 
treatment (Sillankorva et al., 2011). Another T4-like phage, KEP10, was 
effective in controlling enteropathogenic E. coli (EPEC) in mice model when 
inoculated intraperitoneally (Nishikawa et al., 2008). This phage, when 
inoculated by this route of administration, was able to prevent the death of 
mice experimentally infected with the pathogen. Interestingly, KEP10 was 
present at high levels in different organs for at least 24 h. This situation is 
fairly different from the case of phage lambda, which was rapidly eliminated 
by the organism. Thus, one of the points to be considered during the selection 
of a appropriate phage for use in PT is its low immunogenicity and a favorable 
pharmacokinetic, as previously described. 

In Western medicine there are very few clinical studies of PT against UTIs 
in humans. In Russia, the sensitivity to phages of pathogenic strains isolated 
from 46 different UTIs patients was analyzed in order to optimize the 
formulation of preparations suited to each patient. The clinical efficiency of 
this study reached 90% when the oral and local routes of administration were 
used (Perepanova et al., 1995). 

Thus, although still scarce, the existing studies are able to show us that PT 
is a potential candidate for the control UTIs. Currently, researchers’ biggest 
challenge is to construct a set (phage bank) of practical therapeutic phages able 
to infect and kill pathogens associated to this type of infection, and proved 
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good agents for PT of UTIs, which will only be accomplished by well-
controlled in vivo clinical studies. 

 
3.1.3. Using PT to Control Respiratory Tract Infections  

Respiratory infections are a major medical concern due to the high degree 
of mortality among affected patients and also due to the recent emergence of a 
large number of strains isolated from sick patients that are multi-resistant to 
the conventional antimicrobial agents. Among the most worrisome diseases 
are chronic lung infections in patients with cystic fibrosis (CF), for which 
alternative treatments have been evaluated due to the high failure rate in 
conventional treatments. 

Patients with CF are usually affected by lung infections caused by P. 
aeruginosa which consists of one of the main problems in antibiotic therapy 
due to their ability to form biofilms and acquire resistance to conventional 
antimicrobials. Several phages have been isolated in attempt to eliminate this 
pathogen from lung, and some clinical trials have been performed. For 
example, phages NH4 and MR299-2, isolated by the group headed by 
Alemayehu in 2012, were active against nine clinical strains of P. aeruginosa, 
and a mixture containing these phages was effective in eliminating the 
pathogen in murine lungs and also when this bacteria was forming biofilms in 
human lung cell lines, representing an important demonstration of efficacy in 
validated infection models. 

A second group of researchers led by Debarbieux, of the Pasteur Institute, 
has investigated the action of phages in the prevention and cure of pneumonia 
caused by a strain of P. aearuginosa isolated from patients with CF. Their 
experiments showed that instillation of a phage-containing solution at 24 h 
before the inoculation of mice with the bacteria prevented the occurrence of 
the lethal form of the disease, with a survival rate of 100%, while all animals 
which were not instilled with the phage solution died. In the same way, they 
observed a 75 and 25% survival rate when phages were instilled 4 and 6 h 
after challenge with bacteria, respectively. In another study performed by the 
same group, a total of 95% survival was observed after intranasally inoculation 
of phages at 2 h after infection with the bacterium, and a four-day preventive 
treatment (one single dose) resulted in a 100% survival. 

Despite the successes achieved in these and other treatments, the route of 
administration of the doses remains one of the main issues in the optimization 
of treatment for respiratory tract infection because bacterial infections in the 
lung may reside in macrophages or as colonies in the vasculature protected by 
structures such as mucus layers or biofilms. Among the routes already tested, 
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inhalation / nebulization seem to be efficient in deliver phages to the lungs. 
This strategy of administration is also promising because many phages can be 
stabilized in the solid state for years, which has led to the research of dry 
powder inhalers containing phages incorporated into microparticles. 

 
3.1.4. Using Phagetherapy to Control Pathogens in Animals  

Bacterial infections in animals cause priceless damages to agriculture, 
even in countries where sanitary control is considered satisfactory. Several 
antimicrobials used for industrial management, some of which are freely sold 
as growth promoters, are known to cross-react to those used in human 
medicine, making their use increasingly discouraged. Furthermore, the 
presence of antibiotic-resistant bacteria has been demonstrated in a number of 
animal products, especially dairy and beef, widely consumed by humans. 
Because this area has prime economic importance to the commercial balance 
of a large number of countries, the search for safe and inexpensive alternative 
antimicrobials is a priority, what makes this issue a major funding source of 
research in PT.  

 
Control of Salmonellosis in Poultry 

Despite the evolution of industrial poultry, salmonellosis is still a limiting 
factor in the creation of birds, occupying a prominent position due to 
economic losses ranging from chicken production to final consumption of 
poultry byproducts. Salmonellosis is the term used for acute or chronic 
diseases caused by bacteria of the genus Salmonella. The birds, once 
contaminated, become intestinal carriers and eliminate the pathogen in the 
faeces for longer periods of time, reaching the slaughterhouse, compromising 
the entire production line. The epidemiological and economic implications of 
foodborne illness in humans can achieve great magnitude, where the 
increasing incidence is associated with ingestion of origin-contaminated and / 
or improperly prepared poultry products, since the birds are considered 
Salmonella spp reservoirs. 

Different serotypes of Salmonella are able to cause salmonellosis, which 
makes the use of phages to control it even more challenging. There are over 
2500 serovars of Salmonella enterica, of which 13 can be commonly isolated 
from poultry in the U.S., including Enteritidis and Typhimurium , which are 
also the serovars more frequently isolated from human sources in the U.S.. 
There is not known any phage that is able to infect and kill all Salmonella 
serovars. More likely, a particular Salmonella-specific phage will lyse only a 
small part of the spectrum of Salmonella serovars. A higher degree of host 
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specificity requires the use of phage mixtures for prophylaxis of bacterial 
infections in most instances, as made by Chighladze et al. (2001), which 
created a phage cocktail that was able to lyse 232 of 245 Salmonella isolates 
representing 21 serovars and reduced Salmonella to undetectable levels after 
48 h in artificially contaminated surfaces. Although several in vitro studies 
have obtained the removal of 100% of the initial amount of Salmonella using 
specific phages, different, but not less exciting, efficiencies were observed 
during in vivo tests with Salmonella-specific phages. These studies showed 
reductions in the counts of colony forming units ranging from 2 to 4 log10 
units, indicating that PT can be applied to salmonellosis control in birds even 
considering the differences between the in vivo and in vitro results. 

As occurs for studies on the use of PT to control infections in humans, in 
vitro studies are revealing the great potential of PT for the control of 
salmonellosis in birds, although in vivo studies show that there are still many 
questions to be answered before PT becomes a reality. Among the factors that 
may explain these differences is the lack of knowledge of phage 
pharmacokinetics, with the possible loss in the number of viral particles during 
passage through the tract of the animal. Strategies of microencapsulation to 
provide protection for the particles in the gastrointestinal tract have been 
attempted. A promising association for using phages in the poultry industry is 
their association with products based on competitive exclusion such as 
probiotics. The combined application of these products presents a synergistic 
action in reducing the count of colony forming units of Salmonella. The PT, 
being a biological mechanism, provides quality for the food, whereas phage 
particles not leave residues in meat, eggs and also the environment, besides 
being economically viable when compared to the cost of traditional 
antimicrobials. These factors, associated with the inherent biosecurity on the 
using phages, enable the label of "promising" for the PT in the control of avian 
salmonellosis.  

 
Control of Bovine Mastitis 

Despite several control programs, bovine mastitis represents the most 
economically important disease of dairy cattle and remains a central problem 
on dairy farms. It causes reduced milk production, increased treatment costs, 
extra labour requirements and an increased rate of culling. Mastitis is most 
often caused by infectious agents, such as Staphylococcus aureus, 
Streptococcus agalactiae, Streptococcus dysgalactiae, Streptococcus uberis, 
E. coli, Citrobacter freundii, Enterobacter sp., Klebsiella sp., Pseudomonas 
aeruginosa and Arcanobacterium pyogenes. These pathogens invade the 



Roberto S. Dias, Monique R. Eller, Rafael L. Salgado ... 18 

mammary gland, especially those glands predisposed to infection due to 
trauma, and produce toxins that injure the milk-secreting tissues and ducts 
throughout the gland.  

Studies involving the isolation and identification of bacteria from milk 
obtained from animals with mastitis report the prevalence of coagulase-
positive Staphylococcus, which frequently exhibit a broad spectrum of 
antibiotic resistance. Many studies have emphasized the lack of genetic 
diversity among multiple-drug-resistant bacteria, probably due to clonal 
selection, what means that phages are ideal agents for eliminating these 
organisms. This has led researchers to create libraries of phages with different 
specificities and efficiencies to test them in combating this disease.  

A major concern of medical and veterinarians is the increased number of 
cases of isolation of methicillin-resistant strains of S. aureus (MRSA) from the 
most diverse environments. This bacterium is widely associated with cases of 
bovine mastitis, and the use of phages is being tested to combat this ill 
considered of medical emergency. Kwiatek, M (2012) reported the isolation of 
a myophage from cows with mastitis, the MSA6, which showed lytic activity 
against a broad host range of staphylococci both associated with mastitis and 
related to human infections. This phage exhibited rapid adsorption and a short 
latent period considered promising characteristics for use of phage in PT.  

 
 

3.2. Biocontrol of Foodborne Pathogens 
 
Foodborne diseases are responsible for high levels of morbidity and 

mortality in the general population, but particularly for at-risk groups, such as 
infants, children, the elderly and the immunocompromised individuals. The 
Center of Disease Control (CDC) estimates that 9.4 million illnesses, 55,961 
hospitalizations, and 1,351 deaths occurs each year, only considering the 
majors known foodborne pathogens in United States. However, these numbers 
are much higher if we consider unknown agents and non-reported cases. 
Recently, bacteriophages have been proposed, and used, as biocontrol agents 
in human foods due to their ability to promote disinfection of contaminated 
food. In this case, the main targets are Listeria monocytogenes, Salmonella, E. 
coli O157: H7 and Campylobacter due to their relevance in human health. 
Although there is still difficulties in the registration of phage-based products in 
the Western world, the FDA, in 2006, allowed the use of a cocktail of 6 
different phages effective against 170 strains of Listeria in meat products, the 
INTRALYTIX’s. This was the first phage-based product approved by the 
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FDA to be applied to ready-to-eat foods, which represents a clear and formal 
recognition of the phages as realistic antibacterial agents in foods. Similarly, 
ListexTM (MICREOS Food Safety, Netherlands) and OMNILYTICS (Salt 
Lake City, UT), a hide-washing solution containing phage active against E. 
coli O157: H7, have obtained their approval from the FDA and the USDA, 
respectively. So the phage-based products begin to gain the confidence of 
Western governmental control agencies. 

Unlike what happened in the past with antibiotics, phages alone are not to 
be a substitute for antibacterial agents as an independent technology. Although 
using pure phages has shown high efficiency in controlling bacterial 
contaminants in food, its association with other control processes has shown 
synergistic results. A combination strategy that has been adopted to control 
Listeria is the association of specific phages with nisin, a peptide produced by 
lactococcal strains with antimicrobial properties. This is known as barrier 
technology, which employs different and simultaneous technologies to control 
food spoilage, and has been widely used in the food industry, in order to 
reduce the negative effects of each treatment on the physico-chemical and 
sensorial characteristics of the food. Another important factor is the reduction 
in the selection of resistant bacterial strains due to high selective pressure 
generated by the combination of methods. Thus, the phages are logical 
candidates for the control of undesired bacteria in foods, especially when used 
in combination with other methods of control, and can make a valuable 
contribution to food safety and public health. 

 
 

3.3. Using Phagetherapy to Control Biofilms 
 
A great number of microorganisms is able to colonize indwelling medical 

devices to form a biofilm. The biofilm is a structure composed of a consortium 
of microorganisms colonizing a surface where the different species are 
integrated and surrounded by a complex structure formed by extracellular 
polymeric substances (EPS) produced by them. The various molecules in the 
matrix include cell surface proteins, pili, DNA, RNA, lipids, and especially 
polysaccharides. The exact composition of the biofilm depends on several 
factors such as species of microrganisms that are present, types of nutrients 
available and the material from which the adherent surface is composed. The 
more common microorganisms found in biofilms from indwelling medical 
devices are coagulase negative staphylococci, S. aureus, Enterococcus 
faecalis, Enterococcus faecium, E. coli, Proteus mirabilis, Klebsiella 
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pneumoniae, Viridans streptococci, P. aeruginosa and Acinetobacter spp.. It is 
common that bacteria in the biofilm are catalysts for chemical reactions that 
cause corrosion of equipments, mainly by the release of sulfur compounds. 
The presence of biofilms may also cause clogging of capillaries, reducing of 
the heat flow over the surfaces and releasing of adhered cells, resulting in 
bloodstream or urinary tract infections. 

Commonly, biofilm organisms are tolerant to antimicrobial agents, 
disinfectants and biocides, e the treatment of device-associated infections with 
systemic antimicrobial agents is usually ineffective, making high 
concentrations of antimicrobials for prolonged treatment durations normally 
required. In this context, the use of phage for the treatment of device-
associated contaminations could prevent biofilm formation on these devices, 
reduce the use of antimicrobial agents, and limit the spread of antimicrobial-
resistant organisms. 

Several phages have been tested to their ability to inhibit formation of 
these structures or destabilize biofilms. However, infection of cells in a 
biofilm by phage is highly conditioned to biofilm chemical composition and 
environmental factors such as temperature, stage of development, physico-
chemical conditions of the medium and phage concentration. Studies have 
demonstrated the effectiveness of these particles under conditions of nutrient 
limitation, as occurs in a hospital environments, which reduces the rate of 
bacterial protein synthesis and consequently limits viral multiplication. For 
example, phage T4 was effective against E. coli biofilms in glucose-limited 
chemostat (Corbin et al., 2001) and higher nutrient levels result in increased 
cell growth rates. Other studies have demonstrated that there is no need for 
prolonged exposure times to phages efficiently reduce the bacterial population 
in biofilms, and that biofilm age did not significantly decrease the 
susceptibility of P. aeruginosa biofilms to phage F116 (Hanlon et al., 2001), 
unlike what occurs with antimicrobial whose minimum concentration must be 
increased according to the biofilm age. Regarding the diffusion limitations that 
occur in the application of antimicrobials, several studies have reported the 
ability of phages to spread through the polysaccharide matrix of the biofilm by 
means of various mechanisms such as moving through biofilm water channels 
and cell clusters to the biofilm interior of its host bacterium or by the 
production of polysaccharide depolymerases with potential to degrade the 
biofilm EPS matrix. These studies indicate that some of the most important 
obstacles to biofilm control by antimicrobial agents might be overcome by 
phage. 
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The most effective treatments are concentrated in prevent biofilm 
formation rather than control existing biofilms. To use the phage in preventing 
biofilm formation on medical indwelling catheters or other devices, the ideal 
scenario would be that in which virus particles were adhered on the surface 
thereof. For this, some important point to be verify are the capacity of the 
coating matrix to adsorb the phage, infectivity and stability of the incorporated 
phage, the efficacy of the incorporated phage in the presence of serum proteins 
and tolerance of the coating by the patient.  

Genetic engineering has been a great aid in optimizing the techniques of 
biofilm inactivation by increasing the efficiency of phage via the changing of 
its genome, either to insert a gene encoding a depolymerase able to degrade 
the biofilm polysaccharide matrix, either by withdrawal of lysogeny genes, 
which may decrease the phage effectiveness. The persistence of device-
associated infections drives the quest for new treatment strategies that target 
biofilm-associated organisms. 

 
 

3.4. Using Phages to Detect their Hosts 
 
The use of specific fluorescence-labeled phages (Fluorescent 

Bacteriophage Assay – FBA), phages containing the gene for luciferase 
(Luciferase Reporter Phage – LRP), or phages that encode the green 
fluorescent protein (GFP) have been considered an economically viable, 
sensitive, practical, and fast alternative for the detection of microorganisms in 
a number of environments. For example, a specific L. monocytogenes phage 
containing the lux gene was used to detect this contaminant in meat and 
showed great sensitivity and practicality, even in the presence of large 
numbers of natural competitors (Loessner et al., 1996).  

A successful example is the detection of Mycobacterium turberculosis 
using specific phages. For decades phages were tested for their ability in the 
identification, diagnosis and susceptibility testing of tuberculosis. From these 
studies were created rapid, simple and relatively inexpensive tests to detect 
this microorganism (FASTPlaqueTB and PhageTekMB, Biotec Laboratories, 
UK). These tests rely on the formation of lysis plaques on crops and / or on the 
use of phages genetically modified to expressing chromogenic or fluorescent 
proteins following the host infection. Additional details about these and other 
methods used for detection of bacteria using bacteriophages are described in 
the work of Hagens & Loessner (2007) and Schofield et al. (2012). 
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The disadvantages of using this technology include questions regarding 
the safety and feasibility in using active phages and the need for viable 
pathogens to the success of the tests. These hurdles have led researchers to 
devise alternative models of detection using viral proteins responsible for host 
recognition. These proteins are highly specific and have been cloned and 
expressed in heterologous systems for this purpose, which will be treated in 
the next section. 

 
 

3.5. Using Phage Recombinant Proteins  
 

Detection of Pathogens Using Recombinant Viral Proteins 
As shown above, genetically modified bacteriophages carrying reporter 

genes can be used to detect specific bacterial strains. A refinement of this 
technique is the use of fiber proteins of the phage tail, which are highly 
specific to a particular type or group of pathogens. These proteins are normally 
produced in heterologous recombinant systems connected to a chromatogenic 
substance so that color intensity can be measured and is proportional to the 
interactions between the labeled recombinant protein and the bacterial 
component, a technology similar to the ELISA test (enzyme-linked 
immunosorbent assay) which uses labeled antibodies for the detection of 
specific proteins. However, phage proteins can generate more sensible and 
specific tests than those using antibodies. The process of detection by phage 
proteins is carried out with only a specific protein and not the infectious 
particle, and is therefore considered safer for use in industrial processes. A 
product based in this technology was actually patented and is commercialized 
as VIDAS UP® by BioMérieux Industry, France. Currently, there are 
available kits for the detection of Salmonella, E. coli O157 and Listeria in 
samples of food, feed, environmental samples and soil. 

Besides these, there are still endolysins-based tests. Endolysins are 
enzymes produced at the end of the lytic cycle of dsDNA bacteriophages and 
are capable of hydrolyzing peptidoglycans from the bacterial cell wall, thus 
facilitating cell lysis and therefore the release of viral progeny. The PlyG is a 
endolysin of the phage Gamma and is able to specifically interact and kill 
germinating spores of Bacillus anthracis. The interaction between this protein 
and bacterial sprouting cell promotes a rapid increase in the release of 
intracellular ATP, which can be detected in the presence of luciferin / 
luciferase, readily producing light in proportional intensity to the amount of 
released ATP.  
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Using Endolysins to Control Pathogens  
Recombinant or purified endolysins are able to destroy the bacterial cell 

wall when externally applied, resulting in rapid lysis of the bacterial cell. This 
kind of direct application is only effective against Gram-positive bacteria such 
as S. pneumoniae and B. anthracis since the outer membrane of Gram-
negative prevents contact of this enzyme to the cell wall. However, once each 
endolysin have one or more specific hydrolytic activities (amidases, peptidases 
and glycosidases), and the components of the cell walls may vary between 
different bacterial species, it is necessary to perform tests to identify its 
spectrum of action. In addition, due to these different activities, the efficacy of 
lysins may be further enhanced synergistically by using a combination of two 
enzymes of different enzymatic specificities. 

The process of external application of purified endolysins to control 
pathogenic bacteria in vivo has been studied since the last decade. Some 
potential problems associated with their use, such as its immunogenicity and 
release of pro-inflammatory components during bacterial lysis, in fact do not 
seem to render them unfit for use. In addition, with their independent 
functional domains, makes them ideal for domain-swapping studies in which 
bacterial specificities and catalytic activities are improved or adapted for use 
with other pathogens. This also includes genetic structural engineering 
strategies to increase their specificity. An example is the association of 
endolysins with specific recognition proteins or pore-forming proteins for the 
elimination of specific pathogens, including gram-negative bacteria such as 
uropathogenic E. coli (UPEC). The following paragraphs describe two 
examples of successful use of purified lysins to control infections in vivo: 

Selective elimination of S. pneumoniae (Loeffler et al., 2001): the Dp-1 
Pal amidase (Pal), a bacteriophage endolysin expressed in heterologous 
prokaryotic system, was purified and is already successfully used in in vitro 
and in vivo tests of bacterial inactivation. Fifteen strains of S. pneumoniae, two 
"capsule-deficient" mutants of Pneumococcus (R36A, Lyt 4-4), beyond three 
penicillin-resistant strains and eight species of streptococcus from the human 
commensal flora (S. gordonii, S. mitis, S. mutans, S. oralis, S. salivarius, S. 
intermedius, S. crista, and S. parasanguis) were submitted to the purified 
enzyme for 30 seconds. The result showed that both the 15 strains of S. 
pneumoniae, as the penicillin-resistant mutants and the "capsule-deficient" 
were equally susceptible to Pal, reducing by about 4.0 log10 the number of 
colony forming units (CFU) of these bacteria, while two species of commensal 
bacteria, S. mitis e S. oralis, were almost completely eliminated. On the other 
hand, the other commensal species were not susceptible to this enzyme, 
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indicating its high specificity. Tests in vivo in mice intranasally infected with 
S. pneumoniae and treated with Pal showed that treatment with Pal reduced the 
number of S. pneumoniae to undetectable levels in all animals, while control 
treatment detected on average 3.0 log10 CFU/10 µL.  

Treatment of B. anthracis infections (Shuch et al., 2002): the purified 
PlyG endolysin was used in in vitro and in vivo tests against different species 
of Bacillus. Fourteen strains of B. anthracis, ten strains of B. cereus and four 
of B. thuringiensis were treated with the enzyme, which was specifically 
effective against all B. anthracis and only one of B. cereus (RSVF1), which is 
related to B. anthracis. Thus, endolysins are potential antibacterial agents that 
rapidly and selectively kill pathogenic bacteria. Thus, considering the 
estimated total population of dsDNA phages (more than 1030), the technology 
of employing endolysins to control bacterial pathogens has an enormous 
potential that remains to be explored. Bacteriophages and their corresponding 
lytic enzymes activities represent an enormous untapped pool of agents with 
which to control human pathogens. 

 
Viral Integrases 

Viral integrases have the capability of integrating plasmids and other 
DNA fragments in chromosomal sequences, preventing plasmid clearance 
after successive cell divisions. This feature gives to these enzymes a great 
potential for use in gene therapy for the treatment of various diseases of 
genetic origin. Therefore, integrases have been used for integrating plasmids 
containing genes of interest to mammalian cells, or for integrating 
complementary sequences of specific genes for the repression of the 
expression of a particular protein by the cellular metabolic machinery (iRNA). 
As an example, the integrase of the phage ΦC31 has been extensively studied 
as an integration system used in adenoviral vectors, which has been showed an 
attractive alternative for the engineering of cells, because it allows the efficient 
site-specific integration of large DNA fragments in the most diverse cell types. 

 
 

CONCLUSION AND PERSPECTIVES 
 
Bacteriophages are the most abundant organisms on Earth and are 

structurally composed of a capsid, attached or not to a tail, with optional 
structures present in many of them. This proteic structure is involving their 
genetic material, whose composition is highly variable. Due to this diversity, 
the phages were traditionally classified based on their morphology and, more 
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recently, on sequence similarities and genomic organization. Currently they 
are classified in one order (Caudovirales) which comprises three families, and 
in other 7 families that are not grouped in any order. The phages can infect 
cells displaying the lytic, lysogenic, pseudolysogenic or chronic cycles, which 
may be influenced by physiological conditions of the host and its environment. 
The study of the molecular factors that influence the phage decision on the life 
cycle is of extreme importance, since the horizontal gene transfer and the 
presence of host genes in the viral genome are common features in different 
phages. The entry of phages in the Metagenomics Era can generate relevant 
informations about their genomic organization and thus answer questions 
relating to the mechanisms of bacterial resistance, as well as the interactions 
between the phages and many other organisms. 

As shown in this chapter, phages can be applied in various types of 
organisms, by different routes of administration. Since often a single bacterial 
species is the causative agent of different diseases, as happens in P. 
aeruginosa-associated diseases, an unique phage can be used as agent of PT 
for different diseases, changing only the dose and route of administration so 
that its quantity and activity is maximized at the site of infection. Furthermore, 
recombinant phage proteins have been succesfully used as specific and 
sensible agents of diagnostic and control of bacterial pathogens. 

Among the many advantages of using these agents to control pathogens, 
we can cite phage high specificity, protecting the patient commensal flora; 
phage ability to exponentially growth inside the host, what optimizes their 
pharmacokinectics inside the individual; their effectiveness against multi-
drug-resistant pathogens; their synergistic effect when administered in 
association with others antimicrobials; the facility to manipulate virion 
particles; phage safety, since they are non-toxic to animals and human cells. 
Moreover, many of these particles are able to synthesize proteins which 
degrade the biofilm matrix, increasing phage effectiveness. Those proteins can 
also be used as purified proteins to be applied as non-infective antimicrobial 
agent. On the other hand, the phage specificity is also a hurdle in PT because it 
requires the pathogen identification at species-level before the treatment. 
Furthermore, the original pharmacokinetics of the isolated phages might not be 
ideal for their use in PT, and immune response could hinder their use. To 
overcome these problems, an appropriate and careful selection of less 
immunogenic particles and virions with satisfactory pharmacokinetic can be 
achieved after multiple passages in vitro. Bacterial resistance is also 
commonly cited as one of the problems associated with the use of phages. 
However, phages develop in coevolution cycles relative to its host, 
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continuously giving rise to particles adapted to the resistance of the bacterial 
cell. There is also a apprehension in the use of phages because they can act as 
genes carriers between bacteria, although the selection and genetic engineering 
of phages has supplanted these questions, as well as the use of phage 
recombinant non infective proteins. 

In 2012, the World Health Organization declared that the antibiotics era 
began to reach its end, reporting its apprehension that trivial infection agents 
become major public health disasters. Among the alternatives, PT is still not 
seen, at least by Western countries, as a real strategy. Thus, the main question 
that remains to be answer is: Will phages be no longer a potential pathogen-
specific killer to become a real strategy applied to benefit the human life? 
Brüssow, a leading researcher in the area of  PT in the world, recently said that 
for the PT becomes a reality in countries with stricter rules of control, the 
researches need to focus their efforts to understand the phage biology and 
behavior in their natural environment and in the human body, as well as the 
parameters that influence their interactions with the host, to thereby reduce the 
large discrepancies observed in the results of in vitro and in vivo studies. 
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