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ABSTRACT 

 Antibiotic resistance threatens to become one of the major problems in 21st century and it is 

expected that mortality derived from infectious diseases provoked by multidrug resistant bacteria equals 

mortality caused by cancer in 2050. The necessity to search for alternatives to antibiotics is impending 

and phage therapy represents a very promising solution. This treatment is not novel, since the use of 

bacteriophages to fight infectious diseases dates from beginning of 20th century, when scientists Twort 

y d’Herelle used phages to treat dysentery and cutaneous abscesses. Uncertainty about the mechanism 

of action of these viruses and lack of security and information in experimental studies, as well as the 

discovery of promising penicillin and antibiotic pipeline, forced research about bacteriophages and their 

applications to disappear in Western medicine, relegating it to areas like USSR. 

 Nowadays, multidrug resistant bacteria alarm has brought back the consideration and interest 

about these viruses. Besides the lytic capacity derived from the parasite activity of the virus itself, we 

count on the properties of virus proteins. Experimental studies have been developed in which 

employment of phage-derived enzymes together with antibiotics have proven to be very efficient in 

bacterial elimination, especially in biofilms, structures that, still today, scientific medicine struggles to 

control. 

 To date, there are only a few clinical trials and case reports starring these viruses, that are 

exclusively used in specific cases in which patients suffering from infectious diseases have undergone 

through completely useless antibiotic treatments. However, there are more and more conventions 

arranged by international organizations where phage usage is discussed and investigational possibilities 

are opened. 

 It is true that multiple questions remain to be answered by science before phage therapy 

becomes a reality within human medicine; nevertheless, phage application in other areas such as food 

industry, horticulture control in agriculture and wastewater treatment is broadening and, at the same 

time, this generates very useful information that can be extrapolated to other fields. 

 Progress of antimicrobial resistance appears to be unstoppable, that is why, now more than ever, 

investigation concerning bacteriophages and phage-derived products, their advantages and applications, 

as well as their limitations and risks need to be considered as crucial, in an unceasing attempt to achieve 

the welfare of people and environment all over the world. 
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La resistencia a antibióticos amenaza con convertirse en uno de los mayores problemas del siglo 

21, esperándose una mortalidad derivada de las enfermedades infecciosas provocadas por bacterias 

multirresistentes similar a la causada por el cáncer en 2050. La necesidad de buscar alternativas a los 

antibióticos es inminente y la fagoterapia se postula como una muy prometedora solución. Este 

tratamiento no es algo novedoso, pues el uso de bacteriófagos para combatir enfermedades infecciosas 

data de principios del siglo 20, cuando los científicos Twort y d’Herelle emplearon fagos para tratar 

casos de disentería y heridas de forúnculos. La incertidumbre acerca del mecanismo de acción de estos 

virus y la falta de seguridad e información en los experimentos, así como la aparición de la 

esperanzadora penicilina y el pipeline de los antibióticos, hizo que la investigación sobre los 

bacteriófagos y sus aplicaciones se extinguiera en la medicina occidental y quedara relegada a zonas 

como la URSS. 

Hoy en día, la alarma de las bacterias multirresistentes ha hecho volver a reconsiderar el interés 

en estos virus. Además de la capacidad lítica derivada de la propia actividad parasitaria del virus, 

contamos con las propiedades de sus proteínas. Se han desarrollado experimentos en los que el empleo 

combinado de enzimas derivadas de bacteriófagos con antibióticos resulta altamente eficaz en la 

eliminación de bacterias, especialmente en biofilms, estructuras que, todavía ahora, se le resisten a la 

medicina científica. 

Aún son pocos los ensayos clínicos y casos médicos protagonizados por estos virus, aplicados 

exclusivamente en ciertas situaciones de pacientes con enfermedades infecciosas en los que el 

tratamiento con antibióticos ha sido totalmente inútil. Sin embargo, cada vez son más los encuentros de 

organizaciones internacionales en los que se discute su uso y se abren vías para su investigación. 

Si bien es cierto que multitud de preguntas han de ser respondidas por la ciencia antes de que 

la fagoterapia se convierta en una realidad dentro de la medicina humana, su uso en otras áreas tales 

como la industria alimentaria, el cuidado de cultivos en la agricultura y el tratamiento de aguas 

residuales se extiende cada vez más y, de alguna manera, permite una generación de información que 

puede prestar gran servicio a otros sectores. 

El avance de la resistencia a los antibióticos parece imparable, de manera que, ahora más que 

nunca, la investigación de los bacteriófagos y sus productos derivados, sus virtudes y aplicaciones, así 

como sus limitaciones y riesgos debe considerarse de especial relevancia en un incesante intento de 

conseguir el máximo bienestar de las personas y el medio ambiente en todo el mundo. 
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Chapter 1. INTRODUCTION AND OBJECTIVES. 

 

1.1. Infectious diseases and multidrug resistant bacteria. 

1.1.1. General introduction: infectious diseases and antibiotics. 

Infectious diseases represented the main cause of death at the beginning of the 20th century. More 

specifically, bronchopneumonia and tuberculosis were the two leading causes of death in the United 

States from 1900 to midcentury, when the percentage of deaths related to infectious diseases started to 

decline and heart disease and cancer gained more importance. 

This paradigm shift occurred due to the discovery of penicillin by British scientist Alexander Fleming 

in 1928. After this event, biological research focused on these medical products and the need to find 

and produce more antibiotic molecules, which ended in a burst of antibacterial medicines, denominated 

the “antibiotic pipeline”, from 1940s to 1980s. The most successful antimicrobials were designed 

against three targets or pathways: protein synthesis, cell wall synthesis and DNA replication of bacterial 

cells. After these years, the career of antibiotic discovery suffered a severe deterioration, with the 

authorization of 16 new molecules by the Food and Drug Administration (FDA) between 1983 and 

1987 and only 6 new antibiotics approved from 2010 to 2016 (Luepke et al., 2017). 

Due to the void of new classes of antibiotics discovered after the 1970s, modification of already existing 

molecules through chemical alterations to expand their clinical lifespan has been key in the development 

of new drugs (Fair & Tor, 2014). Initially, the ideal antibiotic was a broad-spectrum, against Gram-

negative and Gram-positive bacteria molecule. Once the resistance problem gained more importance, 

this broad-spectrum characteristic was substituted by specificity of the target. That made chemical and 

pharmacological requirements for effective medicines stricter. But that was not the only reason: the 

overestimation of the results achieved by genomics; regulatory barriers; a setback in understanding the 

complexity of microbial lifestyles; clinical importance of microbial biofilms; and financial issues 

contributed to this lack of new commercially available antimicrobials. 

Nowadays, antibiotics take an indispensable part in our health system and daily life all over the world. 

Medical practitioners issued 262,5 million of antibiotic prescriptions in USA in 2011, that is a rate of 

842 per 1000 people in one year (Hicks et al., 2015). In Spain, in 2019, the consumption of antibiotic 

for systemic use, measured in DDD (define daily dose) per 1000 inhabitants was 23,27, while fifteen 

years before it was 15,1 DDD per 1000 inhabitants. However, in countries like Finland or Sweden, in 

2019, consumption of antimicrobials was about 10,3-12,6 DDD per 1000 inhabitants and they have 

showm a tendency in limiting their usage in the past 20 years (Trend of Antimicrobial Consumption by 

Country, https://www.ecdc.europa.eu/). These last cases offer some hope in a trend that, worldwide, is 

very different.  
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1.1.2. The antimicrobial resistance challenge. 

What lies beneath antimicrobial resistance (AMR) is the presence of antibiotic resistance genes in the 

DNA of bacteria. The primary origin of these genes are mutations that appear as a consequence of 

competitive selection in favor of those strains that are more advantageous and capable of resisting 

treatment with antibiotics. The spread of this benefit is explained through lateral gene transfer, 

performed by three different mechanisms: transformation, transduction, and conjugation. Presence of 

antimicrobial resistance genes in bacterial DNA dates from permafrost and ancient mummies (D'Costa 

et al., 2011) and these genes were already present and within the human microbiota before antibiotic 

era. The main mechanisms for bacteria to resist antibiotics are through hydrolysis of antibiotics with β-

lactamases, modification of the target and restriction of the penetration or efflux of the drug (Lewis, 

2013). 

Bacterial resistance against antibiotics appeared rapidly after the introduction of antimicrobials as a 

treatment for bacterial infectious diseases. When Alexander Fleming first discovered penicillin, he 

warned as well about the resistance development. He could notice certain resistance towards penicillin 

in his laboratory when bacteria were exposed to the antibiotic in small quantities or short periods. It 

was already understood then that the use of antibiotics would cause resistance against them. However, 

no one could foretell the dimension of this phenomenon. Resistances continued to flourish years after 

the discovery of every class of antibiotics (Figure 1) and they threaten the prosperity in treatment of 

infectious diseases which the scientific community had already begun to think as part of the past.  

 

 

Figure 1. Timeline representation of the discovery of each class of antibiotics and its resistance. Time of 

discovery is pointed on the upper part of the image and the year resistance towards that class was reported is 

located below (Wakeham, 2013). 
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The principal groups of multidrug resistant (MDR) bacteria are described by the so-called ESKAPE, 

acronym for Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Enterobacter spp. These groups are mostly resistant to β-

lactams -methicillin as their representative-, glycopeptides -vancomycin-, aminoglycosides and 

quinolones. Other bacteria, not included in ESKAPE, that constitute a biological hazard are Clostridium 

difficile, resistant to β-lactams and quinolones; Mycobacterium tuberculosis, impervious to rifamycin, 

quinolones and aminoglycosides; and Neisseria gonorrhoeae, resistant to β-lactams, quinolones, 

tetracyclines and macrolides. The class of antibiotics for which bacteria are developing most resistance 

are β-lactams, which constitute 52% of available antibiotics now. 

Human contribution to this resistance resides in the inappropriate use of antibiotics: prescriptions by 

doctors for conditions for which this treatment is not recommended or even needed, consumption of 

antibiotics without asking for medical advice or overuse of antibiotics in agriculture and animal farms 

as growth promoters. This last issue is forbidden within European Union since 2006 due to its 

detrimental consequences (Castanon, 2007). That being in an individual level, the spread of AMR is 

enabled by travelling people, medical tourism, food and animal trade and migrating animals, among 

others. 

It is important the fact that information concerning proper antibiotic use must be accessible, clear and 

comprehensive for population in order to arise awareness regarding safety of antibiotics. A study in 

2018 showed that citizens from Northern countries and Netherlands, regions where people were most 

educated in antibiotic features and regulation, had the highest perception of safe antibiotic use and 

lowest numbers of consumption of antibiotics for systemic use (Zilinskas et al., 2018).  

International organizations as well as national governments all over the world have been lately leading 

prospecting plans to approach this challenge. In a convention that took place in September 2016 

organized by the United Nations, international leaders agreed on declaring the “AMR had become one 

of the biggest threats to global health and endangers other major priorities, such as human development” 

regarding the antibiotic resistance (“WHO | United Nations High-Level Meeting on Antimicrobial 

Resistance”, 2016). Also, the European Commission launched a five-year action plan against antibiotic 

resistance in 2012, and updated in 2017, which goal was the “need to tackle the rise or return of highly 

infectious diseases” ("European Commission. Evaluation of the EC Action Plan against the Rising 

Threats from Antimicrobial Resistance", 2016). In 2015 in USA, the White House introduced the White 

House National Action plan for combating Antibiotic-Resistant Bacteria and highlighted the use of 

phage therapy as a possible treatment for further development ("National Action Plan for Combating 

Antibiotic-Resistant Bacteria", 2015). 

We need to act immediately about this significant topic, that is estimated to cost at least 700.000 deaths 

globally every year, only from illness caused by MDR bacteria, and many more from derived conditions 
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(Laxminarayan et al., 2013). It is thought that death caused by AMR will overtake the numbers from 

cancer in 2050, being the major cause of death by then. 

 

1.2. Non-antibiotic alternative treatments.  

The emergency of antibiotic resistance in bacteria has forced the scientific community to explore 

alternative therapies to treat the sepsis in bacterial infectious diseases. 

1.2.1. Adjuvants. 

It is a therapeutic option based in the combination of antimicrobials with non-antibiotic compounds that 

help enhance the effectiveness of antibiotics, especially against MDR bacteria strains (Kalan & Wright, 

2011). The aim of these adjuvants is to spot resistance mechanisms in bacteria in order to restore the 

antimicrobial activity in antibiotics. It has been proven that combination of meropenem with                      

β-lactamase inhibitor clavulanate has successfully degraded samples of resistant Mycobacterium 

tuberculosis (Hugonnet et al., 2009). 

1.2.2. Monoclonal antibodies. 

This biological medical treatment uses monoclonal antibody-based products to target bacteria surface 

structures or toxins (Oleksiewicz et al., 2012). Due to economic reasons and despite its promising 

specificity, this molecular remedy is only implemented in cases of infectious conditions where a few or 

no treatment appears to be favorable and is always administrated accompanied by antibiotics. 

1.2.3. Immune system modulators. 

Immunomodulatory therapies are developed to make changes in the host immune system to obtain a 

benefit in defense of bacteria (Promising Approaches to the Development of Immunomodulation for 

the Treatment of Infectious Diseases, 2006). The structures that are being investigated for this purpose 

are regulator peptides with antimicrobial activity and probiotics as shape-modifiers of microbiota 

(Hancock et al., 2012; McFarland, 2006). Antimicrobial peptides, the most promising option, are able 

to stop the growth or directly kill bacteria through different mechanisms: interacting with the cell 

membrane or targeting intracellular processes such as the DNA replication, the wall formation or 

autolysin formation. 

 

1.3. Phage therapy to treat infectious diseases. 

1.3.1. History of phage therapy and situation at present. 

The start of phage therapy was nothing like a graceful process. In early 20th century, scientists were 

developing a technology they did not entirely understand since there was an enormous lack of 

information regarding its molecular basis. Phage therapy, based in the capacity of phages, short for 
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bacteriophages, to infect and destroy bacteria, would not be decoded until the 1940s, when they 

published the first images of bacteriophages obtained by electron microscopy (H.-W. Ackermann, 

2011b). This episode allowed scientists to visualize bacteriophages and its mechanisms of action and 

start to elucidate what their colleagues were doing forty years before. Considering the fact that the only 

treatment available to that date that was able to target microorganisms such as Streptococcus 

pneumoniae and Corynebacterium diphtheriae was serum therapy and some sulfonamides (Cecil, 1940; 

Dowling, 1973), phage therapy constituted a promising, yet unfledged pledge. 

Scientists who first tested bacteriophages effectiveness applied this treatment on themselves, co-

workers and family to treat diseases such as dysentery (Abedon et al., 2011). Then, they experimented 

on wound recovery. The first publication regarding bacteriophages as a medical treatment described the 

experiment of Bruynoghe and Maisin in 1921 (Bruynoghe & Maisin, 1921), who used bacteriophages 

against Staphylococcus in six patients showing cutaneous abscesses, resulting in the improvement of 

all six individuals in the next 48 hours. However, released data from bacteriophage experiments was 

severely criticized, and, at the same time, Alexander Fleming was announcing the discovery of 

penicillin, which had the chance to test its efficiency in the scenario of World War II. Penicillin proved 

to be an excellent remedy for infectious diseases and other war wounds and stablished the beginning of 

the “antibiotic pipeline” for the next years. 

Other early identified challenges were preventing scientific community from moving forward with 

phage therapy: prior characterization of bacteriophages was needed due to their great specificity, 

meaning that a victorious result of some bacteriophage battling a certain condition might not be of use 

for the same condition in a different patient population; the rapid elimination of bacteriophages within 

the system, along with the inability to prevent contamination in samples meant a huge obstacle for the 

developing of the treatment at that time; resistance of bacteria towards bacteriophage was still on the 

table; and the dissimilitude between in vivo and in vitro experiments was notorious. All this, together 

with the controversy around the phage treatment due to inconsistency in the results and lack of security 

and controls in the experiments, set phage therapy aside in Western medicine, relegating it, almost 

exclusively, to laboratories in the former USSR. Poland, Russia, and Georgia are examples of countries 

where phage therapy continued to be studied and developed, with the Eliava Institute in Georgia as the 

major representative. 

In the 1980s there was a re-discovery of phage therapy thanks to the experiments of H. W. Smith and 

J. B. Huggins (Smith & Huggins, 1982, 1983). They addressed previous criticism of phage therapy and, 

through a series of experiments, demonstrated the correlation between in vitro and in vivo trials, the 

presence of bacteriophages in the tissue several days after the inoculation -proving clearance of phages 

in the system was not such a great adversity- and they established factors to enhance the effectiveness 

of bacteriophages within the patient organism. 
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Before them, some isolated cases were described, such as the administration of typhoid phages to a 

group of more than 18.000 kids as a prophylactic intervention trial during a 1974 typhoid epidemic. 

Results showed a 5-fold decline in the number of cases in the test group of children compared to the 

placebo group (Kutateladze & Adamia, 2008). 

In the 2000s, human experiments were resumed, performing the first phase I randomized trial in Europe 

in 2005, which was conducted to test safety in administration of bacteriophages targeting E.coli (Bruttin 

& Brüssow, 2005) and in 2009 in USA, for patients suffering from chronic venous leg ulcers (VLUs) 

(Rhoads et al., 2009). 

At present, phage therapy is yet far from constituting a solid medical treatment. Their mechanism of 

action is very specific, which complicates the possibility to standardize the technique and the controls 

used in clinical trials are nothing alike reality scenarios, but improvements are being accomplished and 

scientific bibliography is full with phage therapy reviews, showing the renewed interest in this treatment 

(Cisek et al., 2017; Gordillo Altamirano & Barr, 2019; Górski et al., 2018). In 2017, the FDA named 

phages “Emergency Investigational New Drug”, after the treatment of a 68-year-old patient suffering 

from septic shock due to a MDR Acinetobacter baumannii appeared to be favorable, resulting in the 

improving and survival of the patient (Schooley et al., 2017). In 2018, Belgian Federal Government 

established a regulation for clinical utilization of bacteriophages as part of a magistral preparation 

(“compound prescription drug preparation”) in collaboration with a research team from the Queen 

Astrid Military Hospital (Pirnay et al., 2018). This could mean an important move, since, even though 

European Commission approved phage products as medicinal products in 2011, there has not been any 

therapeutic phage product reaching the European market so far. 

 

1.3. Objectives. 

The aim of this review is to compile the available research and synthesize the current knowledge 

regarding phage therapy and medical treatment related to bacteriophages. History of phage therapy and 

antibiotic resistance is mentioned. Mechanisms of action and ecology of bacteriophages are described. 

Studies showing application of phage treatment on diseased patients are highlighted. Potential role of 

bacteriophages and their products in treatment of these issues are discussed. 
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Chapter 2: ANALYSIS OF PHAGE THERAPY. 

 

2.1. Bacteriophages. 

2.1.1. Origin and characteristics. 

Bacteriophages are a type of viruses, intracellular parasites, that infect bacteria exclusively. They insert 

their genome inside the bacterial cell and, taking control of cellular mechanisms of replication and 

protein production, create multiple copies of new viral particles that, by lysing the bacteria, will be 

released outside as virions ready to infect new bacterial cells. Some bacteriophages show great 

specificity for a particular bacteria genre or species or even genotypic strain of bacteria, while other 

phages are able to infect broad-spectrum hosts by mutating. 

The contributions that gave rise to the discovery of bacteriophages were mostly made by Frederick 

William Twort and Félix Hubert d’Herelle, separately, over one hundred years ago (Wilkinson, 1994; 

Fruciano DE & Bourne S, 2007). Twort found colonies of Staphylococcus spp. when growing Vaccinia 

virus, the microorganism responsible for smallpox, what led him to consider that the virus was “feeding” 

on that bacteria (Twort, 1915). A few years later, in Paris, d’Herelle (D’Herelle & Roux, 2007) isolated 

what he called an “anti-Shiga” organism from filtrated stools from ill patients with dysentery. He then 

added this filtrated to cultures of the bacilli and observed the eventual lysis of the bacterial cells. He 

was the first person to coin the term “bacteriophage” as bacteria-eater to refer to these viruses. D’Herelle 

formulated a hypothesis claiming that, for every bacteria species involved in an infectious process, it 

would exist a virus which could destroy that bacteria, understanding these entities as potential 

treatments for bacterial diseases.  

At that time, the idea that bacteriophages were originated inside the host cells resounded strongly, since 

DNA and RNA remained to be discovered as the basis for life (Northrop, 1938). However, multiple 

conclusions from renowned scientists seconded d’Herelle on the conception that bacteriophages existed 

outside the bacterial cell and acted as parasites when replicating inside bacteria. Capacities such as the 

introduction of phage material inside the hereditary portion of the host cell, now known as lysogeny, 

was reported, as well as a nucleoproteinic nature of bacteriophages. 

Finally, the structure of bacteriophages was described by Helmut Ruska in 1939. Once visualization of 

bacteria under the electron microscopy was tested successfully, Ruska moved forward into the display 

of bacteriophages parasitizing bacteria, more specifically, coliphages infecting E. coli (Figure 2). 

Throughout his career, Ruska described four different morphological types of bacteriophages and 

suggested the first classification for these entities (Ackermann, 2011).  

Almost 40 years after the first visualization of a bacteriophage, in 1977, the genome of a phage was 

described for the first time, decoding the sequence of DNA inside phage φX174 (Sanger et al., 1977). 
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Nowadays, we count on more than eight thousand completely described phage genomes according to 

the Center for Biotechnology Information (NCBI). 

   

Figure 2. First visualization of bacteriophages infecting bacteria. (A) Bacteriophages are located around the 

bacterium cell surface. (B) Lysis of the cell has occurred and “crystalloid elements” are seen in the vicinity. (C) 

Clear image of “crystalloid elements”, which are being destroyed by irradiation. (Ackermann, 2011) 

There are almost 6300 distinct bacteriophages whose morphology has been described (H. W. 

Ackermann & Prangishvili, 2012). Their classification is based on their morphology, the type of nucleic 

acid they possess -DNA or RNA, single or doble stranded-, the presence or not of a lipid envelope, their 

usual habitat, life cycle and infected host. For therapeutic phage therapy we are going to consider three 

main families of bacteriophages: Myoviridae, Siphoviridae and Podoviridae families. 

The typical bacteriophage structure corresponds to T4 bacteriophage, a coliphage, whose structural 

characteristics have a proteinic head or capsid, with either icosahedron or filamentous framework, that 

contains the nucleic acid inside; a helicoidal tail, that is not common to all bacteriophages, consisting 

in an empty tube that conducts the acid nucleic from the head to the bacterial cell surface during 

infection; and, lastly, the most complex bacteriophages have a base plate with multiple fibers attached 

at the end of the tail whose role is involved in attachment to cell surface during viral cycle (Figure 3). 

Most bacteriophage dimensions are between 20 and 200 nm length (Jurczak-Kurek et al., 2016). 

 

Figure 3. Negative staining electron micrograph of a Myoviridae family bacteriophage. Blue circle identifies 

the icosahedron head, where nucleic acid is encapsulated. Orange represents the tail. In yellow we have the base 

plate with extended fibers. (Zhao et al., 2019). 

A B C 



9 

 

2.1.2. Ecology of bacteriophages. 

Bacteriophages are considered the most abundant biological organism in our planet, with a 

representation of 1031 entities (Kutter & Sulakvelidze, 2004) as they regulate natural bacterial 

populations and they are essentials in biological cycles in nature. Phages also take part in the human 

virome within our microbiome (Shkoporov & Hill, 2019), where they exist primarily as lysogenic 

phages, acting as modulators of the metabolism. In essence, they have been identified in every examined 

biome where their host is capable of living, being marine and soil sediment the two leading 

environments where bacteriophages are found. Taking into account that bacteriophages constitute a 

great reservoir of genetic diversity, then every infection has the possibility to import new genetic 

information into the organism that is being infected, therefore, we must consider bacteriophages as 

important conductors of biological evolution. 

2.1.3. Mechanism of action. 

The infection of bacteria by bacteriophages happens in four stages: attachment to cell surface, insertion 

of nucleic acid, formation of new viral particles and lysis of the cell (Ofir & Sorek, 2018). The time 

between the insertion of the DNA or RNA and the formation of new viral particles and lysis of 

bacterium differs depending on the type of cycle of the bacteriophage. There are two different cycles: 

lytic and lysogenic -or temperate-. Lytic phages induce death of the bacterial cell after all the 

components of the viral particle are produced and assembled. Lysogenic phages integrate their genetic 

material inside the bacterial chromosome in a latent prophage state and this information is normally 

replicated and transcribed by means of the bacterial machinery, therefore it is inherited by daughter 

cells through division. Then, at a certain moment, decided by environmental perturbation and other 

stressor factors, lytic cycle is triggered and induced (Figure 4). 

First step in both cycles is adhesion to the bacterial surface. This is a reversible step mediated by the 

fibers attached to the tail or similar structures in those phages lacking the tail. The interaction is between 

these structures and specific receptors in the cell surface. For instance, some Cystoviridae phages count 

on attachment proteins embedded inside an envelope around the nucleocapsid to interact with 

Lactococcus lactis (Mindich et al., 1976). There is a second method of attachment that is irreversible 

and it is mediated by the base plate or other elements in base plate lacking phages. Then, the membrane 

around the tail is contracted and the tail is pushed inside the bacterial envelope. Other mechanisms used 

as well are digestive enzymes that degrade components of this envelope such as exopolysaccharide 

structure capsules (Drulis-Kawa et al., 2015). The nucleic acid inside the head of the bacteriophage is 

driven through the tail and penetrates the bacterial cell. There are a few exceptions where the whole 

viral  particle is  inserted in the cell. This is where lytic and lysogenic cycles diverse. Lysogenic viruses 

insert their DNA inside the bacterial chromosome and replicate together. In lytic cycle what happens is  
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that phage early genes are expressed to redirect the host metabolism of the host cell to replicate the viral 

nucleic acid and produce viral proteins. Once all the viral particles elements are constructed, assembly 

of new viral particles happens. Finally, phage late proteins are triggered to induce bacterial cell lysis 

and virions are excreted to the environment. 

 

Figure 4. Life cycle of both lytic and lysogenic tailed bacteriophages (Batinovic et al., 2019). 

 

2.1.4. Lateral gene transfer. 

As we mentioned previously, some phages are able to insert their genetic material inside the bacterial 

chromosome as prophages, providing bacteria with new genes and information, the so-called lysogenic 

conversion genes (LCG) (Canchaya et al., 2003). This has proved to be a short-term conductor of 

bacterial evolution, as bacteria has used this extra information for their own benefit.  

It can also occur that, during the assembly of viral proteins with the genetic material, some viruses 

erroneously package bacterial nucleic acid instead of phage DNA or RNA. This will cause that, during 

the infection of a new host, this bacterial nucleic acid can be inserted inside the bacterial chromosome. 

This event is known as transduction and explains the phenomenon of lateral gene transfer (Goh, 2016). 

In marine biomes, the area where bacteriophages are believed to outnumber bacteria by the largest 

difference, the ratio calculated for this lateral gene transfer via bacteriophages is about 20 million billion 

times per second (Canchaya et al., 2003). There are bacteria whose chromosomes are composed by 

multiple prophage insertions -polylysogenic bacteria- and, for instance, in E.coli DNA, representation 

of viral DNA has been reported to be up to 16% of the total bacterial genome (Ohnishi et al., 2001). 

It has also been demonstrated the presence of phage genes clusters from specific family of virus in 

phages from different families, confirming the transfer of LCG between different groups of 

bacteriophages, expanding the spectrum of dissemination for these genetic information (Ravin et al., 

2000). 

The lateral transference of these genes between bacteriophages and bacteria represents a threat in AMR 

when these genes equip bacteria with virulence factors or decrease bacteria sensitivity to antibiotics. 
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Notorious bacterial elements such as Corynebacterium diphtheriae diphtheria toxin or the E. coli shiga 

toxin have been found to be of viral origin (Boyd & Brüssow, 2002). However, there is a therapeutical 

application that we can exploit from this event. It has been successfully shown that lysogenic phages 

can be used in addition to antibiotics to insert genes to deteriorate bacterium, facilitating its destruction 

by antimicrobials. Lu and Collins put this hypothesis into practice working with E. coli, inserting genes 

that led to the overexpression of a protein that restrained the mechanism of DNA repair in the bacterium. 

Results were promising, as they showed 50% of mice administrated with the combination therapy of 

phages and antibiotics survived, in comparison with the 20% that received the antibiotic alone (Lu & 

Collins, 2009). 

 

2.2. Lytic function of phage therapy. 

2.2.1. Molecular basis and preparation of therapeutic bacteriophages. 

Success in the lysis of bacteria depends on different features of the infectious cycle, but also in the 

ability of bacteria to modify their sensitivity to bacteriophages. It has been found presence of genes in 

bacterial chromosomes -such as CRISPR genes- to restrict phage production pathways or disrupt phage 

receptors structure and characteristics. Other genes encode phage defense mechanisms, such as 

induction of apoptosis to prevent propagation of phage infection. Thus, adequate interaction between 

phage receptor binding proteins and bacterial receptors is not the only issue to consider when thinking 

about the design of therapeutic phages. It is needed to contemplate possible modifications of phage 

genomes in order to avoid restriction-modification systems of bacteria (Samson et al., 2013; Tock & 

Dryden, 2005). 

The idea of targeting an only bacterium genre or species with a particular bacteriophage seems to be 

less effective treating some particular infections, such as burn wounds, where often more than one 

bacterial strain are found in the affected area (Servick, 2016). The key for preparation of therapeutic 

bacteriophages relies on the so-called phage cocktails, preparations that include different phages that 

have tested their efficacy to infect the target pathogens in vitro (Goodridge, 2010). The procedure 

includes phage typing of isolated bacteria and selection of desirable most potent phages from a 

characterized collection (Drulis-Kawa et al., 2012). For that we need to develop bacterial strains for the 

proliferation of therapeutic phages. The problem with traditional growing of already existing bacteria 

is the presence of possible active prophages, plasmids and other mobile genetic elements in the bacterial 

chromosome and defense mechanisms against phages. Removal of all these elements seems to be very 

complex from a pragmatic point of view. That is why the ideal option is working with synthetic biology, 

that is the construction of molecular chassis (Adams, 2016). In synthetic biology, a molecular chassis 

describes an «organism that serves as a foundation to physically house genetic components and supports 

them by providing the resources to function, such as transcription and translation machinery». This 

way, less strains are used, since they only produce the number that might be needed, and the lack of 



12 

 

undesired genomic elements -virulence or toxin genes- is guaranteed, saving money and time in 

evaluation controls. 

2.2.2. Lytic proteins. 

After assembly of all the viral particle structures inside the host cell, lytic phages need to break through 

the bacterial membrane to liberate new formed particles while killing the cell. Most bacteriophages use 

the holing-lysin system, consisting in two different protein classes, holins and endolysins, that are 

expressed by the bacterial host during the lytic cycle to trigger this lysis (Loessner, 2005; Shi et al., 

2012). There is a third group of proteins implicated in crossing the membrane, named spanins, that are 

characteristic of highly specialized, Gram-negative specific phages.  Holins are transmembrane proteins 

and work in synergy with endolysins, that are able to hydrolyze peptidoglycan cell envelope. First, 

holins create holes in the bacterial lipid bilayer membrane, modulating the accessibility of 

peptidoglycan wall for endolysins to destruct murein. Under this paradigm, holins mark the molecular 

time for lytic cycle to conclude. This is controlled by the ratio of holin and its antagonist, antiholin, 

regulated by their expression through translation (Shi et al., 2012). When reduction of bacterial 

membrane integrity is sensed, endolysins are ready to reach the peptidoglycan layer and start its 

degradation. 

This system is currently under the spotlight from a medical-application point of view (Roach & 

Donovan, 2015). Between these two protein classes, endolysins alone are able to induce bacterial cell 

lysis, unlike holins, and their efficacy as potential antimicrobial agents in mice experiments has been 

proven. Endolysins inactivity towards eukaryotic cells has welcomed scientific attention in successful 

trials against Methicillin-Resistant Staphylococcus aureus (MRSA) in mice (Schmelcher et al., 2014) 

and against other MDR strains. They have been proved to be more effective against bacteria in 

combination with antibiotics than antibiotics alone and they can be mass developed with simple 

recombinant techniques. And not only that, but quimeric lysins have been produced to optimize their 

activity using bioengineering mechanisms with encouraging results (Yang et al., 2014). They also 

entailed a possible solution for infections caused by Gram-negative bacteria. Due to the presence of 

their lipopolysaccharide outer membrane, natural lysins appear to not be sufficiently effective when 

used as therapeutic molecules, while the construction of synthetic lysins united with lipopolysaccharide 

stabilizing peptides could provide the needed mechanisms to disrupt and finally degrade this layer 

(Briers et al., 2014). 

The first phage-derived endolysin that was available in the market is Staphekeft, developed by Dutch 

biotechnology company Micreos Human Health and prescribed for the treatment of Staphylococcus 

aureus human skin infections (StaphefektTM by Micreos). 

Not all endolysins have shown to be as competent, that is why further characterization of their 

therapeutical potential is needed and experiments must be conducted along with more investigation 
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about novel chimeric lysins. However, endolysins appear to be a promising antimicrobial product, since 

evolution of bacteria to develop defense mechanisms is unlikely, as the target of these proteins are sites 

in the peptidoglycan layer that are essential for bacterial survival. 

Other phage-derived enzymes that have received attention from the scientific community are enzymes 

that participate in the primary steps of viral cycle, extracellular polysaccharide (EPS) depolymerases. 

As we mentioned before, in the “Mechanism of Action” section, these proteins take part in the cycle 

between the stages of attachment to the cell surface and the injection of the nucleic acid and they are in 

charge of depolymerization of polysaccharides in the bacterial membrane. Potential therapeutic activity 

has been found in at least five groups of these enzymes (Drulis-Kawa et al., 2015).  

 

2.3. Phage therapy in combination with antibiotics: selection. 

New approaches in bacteriophage therapy have found certain benefit in bacterial resistance against 

phages. To understand this, we must pay attention to biological trade-offs that occur in nature. Scientists 

have been able to make use of this mechanism when fighting infectious diseases with bacteriophages 

and antibiotics simultaneously (Chan et al., 2016). The idea is to select bacteriophages that obligate 

targeted bacterium to implement a particular trade-off that benefits degradation by antibiotics, that is to 

say, that restores the sensitivity of bacteria to the antimicrobial. For instance, by finding any bacterial 

structure involved in phage infection cycle that, at the same time, takes part in the development of 

virulence factors or resistance mechanisms, it is possible to force bacteria to mutate these last 

characteristics. On one side, we would have killed bacteria directly with those bacteriophages that 

successfully complete their lytic cycle and, on the other side, phages that are not able to infect those 

bacteria that have mutated to enhance phage resistance will be of use by establishing strong selection 

towards virulence factors or antimicrobial resistance.  

When selection tackles virulence factors, this mechanism can prevent the spread of bacterial infection 

by blocking their attachment during the invasion of epithelial cells or facilitate phagocytosis of bacteria 

by macrophages (Foster, 2005). If selection is focused on antibiotic sensitivity, there is a possibility for, 

for instance, avoiding efflux of antibiotic through the efflux pump (Chan et al., 2016). 

 

2.4. Phage therapy and biofilms. 

Biofilm formation is one of the primary problems concerning bacterial infection control. It represents 

the primary reason of recalcitrant biological accumulation in industrial surfaces, especially medical 

devices and prosthesis in humans, and the cause of most persistent infections in clinical environments. 

Bacteria in biofilms are extremely less susceptible to antibiotics. Besides, they count on an inherent 

tolerance against host defense and they often end up developing chronic wounds on  the infected 
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organism (Cooper et al., 2014). There is evidence that some bacteriophages are able to penetrate and 

disrupt these biofilms since they possess in their capsid the previously mentioned EPS depolymerases 

capable of degrading the EPS of bacterial membrane. 

Biofilms are based in a cooperative activity of bacteria to produce complex, structured, bacterial 

populations inside a self-formed extracellular matrix made out of polymeric materials. They 

communicate through quorum sensing, a mechanism that allows bacteria to have access to elements 

needed for survival according to population cell density. Construction of engineered bacteriophages to 

encode a specific protein, lactonase enzyme, has proved to prosperously block this quorum sensing and 

finally inhibit the biofilm formation in biofilms containing P. aeruginosa and E. coli (Pei & Lamas-

Samanamud, 2014). Cocktail of different bacteriophages have also prevailed in reducing biofilm 

formation of Clostridium difficile (Azeredo & Sutherland, 2008).  

 

2.5. Clinical use of bacteriophages in humans. 

There have been multiple experiments in vivo, in vitro, in murine and other animal models that are 

beyond the scope of this review as we decided to focus on phage therapy application in human models. 

Since first reported experience of phage therapy in humans in Belgium (Bruynoghe & Maisin, 1921), 

where S. aureus skin infections were treated with positive results, most European bacteriophage-related 

experiments have been performed in Poland and former USSR during the 20th century, treating 

superficial infections caused by S. aureus, E. coli, and P. aeruginosa, among others, with apparent 

promising results. However, in this section we will gather the available information of most recent 

placebo controlled clinical trials and case reports. The following sections -2.5.1. and 2.5.2.- are not 

exhaustive and more examples can be found in the literature. 

 

2.5.1. Randomized clinical trials. 

In 2005, a group of fifteen non-infected volunteers entered a trial to orally ingest a bacteriophage 

cocktail containing 9 T4 phages targeting E. coli (Bruttin & Brüssow, 2005). Each patient took three 

different samples: a higher phage dose -105 PFU-, a phage dose of 103 PFU and placebo. The order of 

the dose consumption was randomly established. Two days after phage ingestion, there was not a 

detectable phage in patient stools. There was a high preservation of existing microbiome in patients 

during the experiment as well as no immune response towards the virus in any volunteers. There were 

only five mild adverse effects: sore throat, and some non-severed symptoms related to the gastric 

system. A very similar experiment was performed by Sarker et al (Sarker et al., 2012) in Bangladesh, 

with a group of fifteen non-infected individuals. The treatment used was again a 9-phage cocktail 

targeting E. coli. There were three groups of individuals, taking doses of 3x107 FPU, 3x109 FPU and 

placebo and they detected bacteriophages in 64%, 30% and 28% of fecal samples, respectively. Again, 
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no significative adverse effects were shown in any patient and the microbiota appeared to not be 

affected. A new study carried out in 2019 in order to reach further knowledge about the effects of 

bacteriophage administration to human microbiota (Febvre et al., 2019) showed that consumption of 

phages did not globally disrupt the microbiota of patients. These studies turned out to be very valuable 

as they established safety for oral administration of phage solutions, especially in human microbiota. 

In 2008, safety and efficacy of phage therapy was tested on venous leg ulcers in the first clinical trial 

approved by FDA, where 42 infected patients participated (Rhoads et al., 2009). Targeted bacteria were 

P. aeruginosa, S. aureus, and E. coli and they used an 8-phage cocktail, administrating either doses of 

109 PFU or placebo -a saline control- to individuals. Results showed no meaningful difference for any 

recovery episode between control and test groups, but safety was guaranteed as no adverse effect was 

reported. 

In 2009, chronic otitis was treated with a solution cocktail of 6 bacteriophages with lytic activity towards 

MDR P. aeruginosa (Wright et al., 2009). Twelve patients in the UK were given a topical application 

of the 109 PFU solution over their ear wounds and twelve different individuals received placebo. Three 

patients from both treatment and placebo groups reported undetectable levels of bacteria when the trial 

finalized. There were no serious side effects, thus high safety profile was demonstrated for topic 

application of bacteriophages targeting P. aeruginosa. 

Four years later, Sarker et al (Sarker et al., 2016), again in Bangladesh, run a new study with 120 

children affected from diarrhea caused by E. coli. The individuals who did not receive placebo were 

administrated one of the two different phage cocktails they had prepared: a 11-phage cocktail 1,4 x 109 

PFU and a commonly used commercial 17-phage cocktail 3,6 x 108 PFU from Russia, both applicated 

via oral. No severe adverse effects were reported. Unfortunately, no reported difference was shown 

between treatment and placebo group. Conclusions under these results declared that, probably, not 

sufficient phage coverage was achieved in order to assure improvement of diarrhea symptoms, although 

it resulted to be a safe experiment. 

In 2017, patients suffering from transurethral resection of the prostate participated in a clinical trial with 

both antibiotic and bacteriophage based treatments to assess the efficacy and safety of intravesical 

bacteriophage treatment (Leitner et al., 2017). Individuals randomly received either a solution with a 

commercial phage-cocktail called Pyo-bacteriophage, that contains lytic phages against S. aureus, 

different species of Streptococcus, E. coli, P, aeruginosa, Proteus mirabilis and Proteus vulgaris; a 

placebo solution; or antibiotic treatment. Individuals from all three groups showed normalization of 

urine bacterial culture after seven days of treatment, so, no meaningful differences were found between 

different treatments. Lack of notorious side effects indicated safety of intravesical phage application. 
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Phagoburn was the first large-scale clinical trial developed in Europe according to both Good 

Manufacturing (GMP) and Good Clinical Practices (GCP) with EU financing (Final Report Summary 

- PHAGOBURN). It was carried out to test the efficacy of a 12-phage cocktail with lytic activity against 

P. aeruginosa in burn wounds (Jault et al., 2019). A solution containing the phage cocktail along with 

an alginate template was spread topically in twelve patients burn wounds for seven days, while thirteen 

different individuals received placebo, a dose of standard of care, consisting of a 1% sulfadiazine silver 

emulsion cream. Results were considered inconclusive, revealing some technical problems of phage 

therapy. Concentration in the phage cocktail was supposed to be 2 x 107 PFU; however, during the 

experiment, the concentration dropped to 200 - 2.000 PFU, which could possibly explain the poor 

results. 

2.5.2. Case reports. 

In Wroclaw, three individuals affected with chronic prostatitis entered an experimental phage treatment 

in which Enterococcus faecalis was targeted, after they had been treated with antibiotics, laser bio-

stimulation and autovaccines with no promising results in the past (Letkiewicz et al., 2009). They 

entered the study after a period of one month of free antibiotic treatment. The preparation consisted of 

different lytic phages isolated from 134 samples and doses contained about 107 to 109 PFU/ml and the 

application was intrarectal, twice daily, for 28 days. Microbiological analysis of the prostatic fluid 

showed negative results for E. faecalis after the phage treatment in all three patients. Thus, they 

concluded that treatment with bacteriophages successfully eradicated bacterial population as they 

observed lessening of symptoms and lack of disease recurrence. 

Utilization of a single dose of 108 PFU phage OMKO1, which had demonstrated synergy when 

administrated with ceftazidime (Chan et al., 2016), in a patient suffering from an infection of the aortic 

graft with P. aeruginosa resulted in very promising outcomes (Chan et al., 2018). This patient had been 

unsuccessfully treated with antibiotics in the past and surgical procedure to replace the graft was not 

possible. Phage application was topical in the fistula area, while antibiotic was being administrated 

intravenously. Examination of the patient two years after this treatment showed no recurrence of the 

previous infection. 

A 17-year-old patient affected with cystic fibrosis by MDR Achromobacter xylosoxidans was accepted 

in an experimental study with bacteriophages (Hoyle et al., 2018). She received a therapeutic 2-phage 

cocktail with concentration 3x108 PFU, provided by the Eliava Institute, that was given to her via 

inhalation once, and orally twice daily, for 20 days, four times during a year. After the treatment, 

subjective symptoms of the patient became better and the lung function recovered from an initial 54% 

to 84% 6 months after phage therapy. 

A 77-year-old man infected with Acinetobacter baumannii derived from a brain injury entered a 

developmental study with bacteriophages in USA (LaVergne et al., 2018). Bacteria was resistant to 
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most antibiotics, except colistin, which had proven to be insufficient for bacterial eradication. After 

screening of different Acinetobacter bacteriophages, a dose of 2.14 x 107 PFU of a 5-phage cocktail 

was intravenously administrated to the patient. After the treatment, he continued to have fever, but the 

craniotomy area healed correctly and there were no signs of infection in that site. A week after phage 

treatment was administrated, due to lack of substantial improvement, the patient’s relatives decided to 

end the hospital cares including extubation. There was no measurement for bacterial load during the 

experiment, therefore, inaccurate implication of bacteriophages in the infection was concluded. 

 

2.6. Interaction of bacteriophages with the human body. 

We need to consider the value of phage therapy, not only for the positive results this treatment might 

achieve, but also for the damage it does not cause in contrast to different medical cares, such as 

antibiotics. Broad-spectrum antibiotics are known to disrupt microbial communities in human 

microbiota, altering the natural balance of microorganisms within the human body with negative 

outcomes -for instance, allowing biological niches to be occupied by other organisms-. Regarding the 

immune reactions towards phage therapy, there appears to be two major factors implicated in 

consequences of this interaction: the localization of the bacterial infection and the mode of 

administration of bacteriophages, that is, the site of application. Experiments in mice (Chibani-

Chennoufi et al., 2004) as well as randomized clinical trials in humans, such as the examples we have 

mentioned before (Bruttin & Brüssow, 2005; Febvre et al., 2019; Sarker et al., 2012), have demonstrated 

the little impact that oral administration of phage therapy has on gut microbiota, as much of the existing 

microbiome was confirmed to be preserved after the treatments. However, other studies suggest that 

oral injection of therapeutic phages derives in other phenomena, such as production of anti-phage 

antibodies, reported in patients serum (Dabrowska et al., 2005).  

Dabrowska et al also described what happens when bacteriophages are found in an environment that is 

no natural for them, that is, when they are injected intravenously. They reported high levels of 

components of innate and adaptative immunity to be found. However, this does not appear to pose a 

problem, since phages are eventually removed from circulation by phagocytic cells if there is absence 

of the bacteria they are specifically targeted to infect. Plus, stimulation of immunological system can 

be helpful in removing microbes causing the infection for which phages are being administrated. The 

dilemma is whether the antibodies and other immune cells activity would limit efficacy of phage 

treatment during the initial stages. It has been studied that kinetics of phage activity are much faster 

than the production of antibodies, therefore, there is no apparent reason to confirm that initial hypothesis 

(Sulakvelidze et al., 2001). In case the application of more phage doses is required and there is the need 

to navigate the obstacle that antibodies presence would mean, the suggested mode of action is, either to 

increase the phage concentration of next doses or to utilize different phages that prove to be effective 

towards the bacteria in question after proper screening. There are contradictory results about the role of 
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cellular immune response and a possible hypersensitivity reaction, thus no conclusions can be made in 

this area. 

Analysis of interaction between human virome and microbiome and how introduction of bacteriophages 

would affect this balance needs to be in the spotlight in order to move forward with possible treatment 

of MDR bacteria in the future. 

 

2.7. Applications of phage therapy beyond clinical use. 

Limitations of therapeutic bacteriophage and phage-derived products usage are broad and their 

application in human treatment is very restrictive as we have seen during this review. However, 

employment of phages in different fields, such as food control, veterinary purposes or plague control in 

agriculture is much more extended and counts on adequate regulation that assures safety and effectivity 

in practice. 

2.7.1. Food industry. 

Microbial contamination has always been the major threat regarding commercial food production and 

distribution. Listeria and Salmonella are the two groups of bacteria that cause the major number of 

deaths derived from food-borne diseases (Mahony et al., 2011). The use of antibiotics is now on the 

edge on this matter, as AMR challenge is alerting of the overuse of these antimicrobials, and new 

approaches are needed. Bacteriophages and phage-derived products stand as a viable and safe response 

to this topic.  

Among phage related products that have been approved for prevention, treatment and or eradication of 

contaminants in the food industry we find ListShield, the LMP-102 phage preparation authorized as a 

food additive to eliminate Listeria monocytogenes. For the elimination of the same pathogen in cheese, 

the FDA approved the compound named LISTEX and, in 2007, LISTEX was given the approval by 

EFSA to be used in Listeria control of multiple products (Gutiérrez et al., 2017). These brands are not 

unique, there is a total spectrum of commercially available products in food control targeting this 

pathogen all over the world. 

Phages infecting Salmonella strains associated with food-borne illnesses have also been isolated. 

Another lytic phage, ZCSE2, has proved its efficacy against Salmonella (Mohamed et al., 2020), yet it 

is not commercially available. 

2.7.2. Agriculture and plague control. 

An important application of bacteriophages occurs in horticulture, where they are used as protection 

from bacterial plagues in plants, a phenomenon that causes multiple losses in the agriculture sector. 

Most alarming pathogens risking wellbeing of crops belong to genres of bacteria such as Xanthomonas, 

Agrobacterium, Dickeya and Ralstonia, among others (Buttimer et al., 2017). Nowadays, agriculture 
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faces limitations from different nature when developing mechanisms of plague control: on the one side 

there are the technical problems, which are the lack of chemical control options and the presence of 

AMR in plant pathogens; the other obstacle is the current and popular preference of consumers in favor 

of organic and antibiotic-free products. This has contributed to highlight the beneficial use of 

bacteriophages in agriculture, which have successfully treated infections such as soft rot, bacterial wilt 

and blight, citrus bacterial spot, fire blight in apples and pears and Pierce’s disease of grape (Svircev et 

al., 2018). 

2.7.3. Wastewater treatment. 

The elevate cost of using physical and chemical techniques in disinfection of water as well as the hazard 

that water-borne bacterial pathogens represent -especially Vibrio, Campylobacter, E. coli, Salmonella 

and Shigella- has led bacteriophage treatment to be heard as a possible solution in water plants (Jassim 

et al., 2016). Phages can be used as pathogen indicators or modulators, to prevent formation of 

filamentous foam in activated sludge processes or in processes of sludge dewaterability and 

digestibility. 

2.7.4. Other applications. 

Other uses for bacteriophages include their application as environmental sanitizers for surfaces in 

hospitals or industries (D’Accolti et al., 2018); they can also be used as vaccine delivers, for either 

antigen vaccines or DNA/RNA vaccines, expressing the antigen in their capsids or inserting the nucleic 

acid inside their genomes (González-Mora et al., 2020). 
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Chapter 3: CONCLUSIONS AND FUTURE PERSPECTIVE. 

3.1. Advantages and limitations of phage therapy. 

Some of the advantages that bacteriophages and phage-derived products may offer are listed as follows: 

➢ The extensive ecology of bacteriophages in Earth biomes, along with the possibility of creating 

engineered phages, make possible the treatment of mostly all type of bacteria, including most 

dangerous MDR strains. Plus, the isolation of novel active phages from the environment is a fast 

and easy process. 
 

➢ The strain and species specificity in phages mechanism of action may assure effectiveness and 

accuracy of the treatment, leaving untargeted bacteria unaffected, assuring preservation of existing 

microbiomes. 
 

➢ Bacteriophages are virus that exclusively infect bacteria; therefore, no eukaryotic cells are expected 

to be altered in phage therapy.  
 

➢ If we consider the virus pharmacokinetics, we may expect an amplification of the initial phage dose, 

which will exponentially grow when the infection site is reached. 
 

➢ We have mentioned the possibility that bacteria develop resistance mechanisms towards 

bacteriophages, as they have against antibiotics. The positive side of using bacteriophages resides 

in the capacity of viruses to mutate as a response to this resistance appearance. 
 

➢ Clinical trials as well as case reports to date have shown low to no level of significant side effects. 
 

➢ As we have previously mentioned, the triggering of the immune system when bacteriophages are 

inserted in the organism may help clearance of infective bacteria. 
 

➢ Combined use of bacteriophages or phage-derived products with antibiotics have demonstrated 

encouraging results. Bacteriophages can be employed in selection against virulence factors or 

antibiotic resistance genes to recover bacterial sensitivity to antibiotics. Phage-derived enzymes 

such as endolysins and depolymerases can be administrated together with antibiotics to enhance 

their activity. 
 

➢ Phage treatment has proved its efficacy in disruption of biofilms, structures that were not 

successfully fully tackled with antibiotics to the date. 
 

 

Concerning the limitations of these treatments, we find: 

➢ The main obstacle in phage therapy, paradoxically, stems from one of its advantages and that is the 

need to determine an etiological factor causing the infection, due to unique phage specificity. 

Characterization and phage typing of bacteria causing the infection is needed in order to select the 

appropriate bacteriophages, involving high economical and time costs and, more importantly, a 

longer time between diagnosis and treatment. A possible solution is the preparation of phage 
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cocktails, since the chances that at least one of the phages in the cocktail successfully works are 

higher, but still, bacteriophage typing is needed. Another approach to this matter is by employing 

engineered bacteriophages, but more research on this synthetic biology field is needed. 
 

➢ In order to guarantee safety of the treatment, it is needed the analysis and elimination of possible 

undesired genetic elements within bacterial genomes of strains used for propagation of therapeutic 

bacteriophages. Again, synthetic biology appears to be the answer, with construction of bacterial 

chassis, but this hypothesis is far from becoming a solid reality nowadays. 
 

➢ Concerning safety, intensive studies must be performed in order to evaluate potential capability of 

bacteriophages to transfer DNA from one bacterium to another, spreading the possible antibiotic 

resistance genes present in some strains. That is why the use of phages not capable of packaging 

extra host DNA is preferred. 
 

➢ There is the possibility of release of bacterial substances, such as endotoxins and other toxins during 

cell lysis after infection by the virus, which might cause an unwanted inflammatory response and 

other side effects in patients. 
 

➢ Immune response to the host organism to bacteriophages might pose a challenge. It may lead to 

clearance of bacteriophage from the circulation before they reach the infection site or their 

neutralization by the adaptive immune defense mechanisms. These events mean an especial 

problem when repeated applications of phage doses are needed. 
 

➢ Although we have previously mentioned that bacteriophages could co-evolve in order to avoid 

bacterial resistance against them, this still represents an important obstacle when treating bacterial 

infectious diseases. 
 

➢ A diverse combination of social, financial and political problems, especially in developing 

countries, would set the use of therapeutic bacteriophages back. 

 

3.2. Conclusions and future work of improvement. 

Phage treatment is yet far from being the magic bullet against bacterial infectious diseases, as rediscover 

and interest of bacteriophages application has just been reestablished after almost 100 years of inactivity 

in Western medicine. However, antimicrobial resistance challenge arises to be one of the major 

problems in 21st century and phage therapy represents an important possible alternative or auxiliary 

tool to antibiotics to act towards diseases caused by MDR bacteria. 

Phage therapy has benefits, costs and limitations, just like any other medical experimental treatment. It 

is currently only used, always together with antibiotics, in some complex cases for patients to whom 

antibiotic alone medical care has failed to assist.  
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One of the spotlights should point at minoring costs and time in preparation of optimal bacteriophages 

samples for a particular bacteria genre or species. The diversity of bacteriophages in all the explored 

biomes on Earth complicates the task of knowing and sequencing all their genomes, which makes the 

function of many of these viral genes still uncertain. Besides, there is the characterization of the 

pathogen behind the infection. There has been some advance in that matter, as we nowadays count on 

automated technology for measuring and screening thousands of samples simultaneously. 

Multiple questions remain to be answered concerning therapeutic use of phage therapy. There is clearly 

a void of information about the interaction between phage, microbiome and human host that can only 

be filled with the better understanding that experimental studies would provide. Also, it is still not clear 

whether the use of a phage cocktail is more beneficial than the individual design of phage strains that 

infect a broad spectrum of bacteria. Consequences of the release of recombinant bacteriophages into 

the environment represents as well a major concerning matter. Mass-production of bacteriophages is 

also a very conflicting topic. While manufacturing in antibiotic field is well elaborated, densification 

and purification of bacteriophages remains a difficult business. 

Questions regarding the direct use of phage-related proteins are also on the table; however, they have 

proved their efficacy as a promising alternative to antibiotics and other antimicrobial products and they 

represent a more practical approach as well as they are easier to product, purify and store. 

Further rigorous studies are required to analyze the role and guarantee safety of phage therapy as a 

treatment for bacterial infections. We need to consider other potential applications where 

bacteriophages can be used to control MDR bacteria, such as their role in biocontrol, animal health and 

the environment. Most importantly, national and international legal entities have to be open to regulate 

phage therapy if it shows to be safe and efficient. 

It is sure that time, determination and financial resources are going to be required, but pharmaceutical 

companies and International Health Organizations need to be willing to assimilate them, for 

antimicrobial resistance challenge is becoming a more threating reality every day and lives all over the 

world are at stake. 
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