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Abstract—The increasing prevalence of bacterial pathogens with multiple antibiotic resistance requires development of new
approaches to control infections. Phage therapy is one of the most promising approaches. In recent years, research organizations and a number of pharmaceutical companies have intensified investigations aimed at developing bacteriophage-based
therapeutics. In the United States and European countries, special centers have been established that experimentally apply
phage therapy to treat patients who do not respond to antibiotic therapy. This review describes the features of bacteriophages
as therapeutic tools, critically discusses the results of clinical trials of bacteriophage preparations, and assesses the prospects
for using phage therapy to treat certain types of infectious diseases.
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INTRODUCTION
Multiple antibiotic resistance of pathogenic bacteria
is seen today as a global concern. Mortality rate of the
infections caused by these bacteria grows every year, and
WHO experts believe that it may reach 10 million deaths
per year by 2050 and exceed cancer mortality
(https://www.who.int/news-room/detail/29-04-2019new-report). The most dangerous multidrug-resistant
bacteria are those of the ESKAPE group: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species. This situation calls for a vigorous
search for new products and approaches to combat pathogenic bacteria. Phage therapy is now considered as one
of much promising approaches. This therapy was first
applied a century ago for treatment of acute intestinal
diseases and skin infections [1, 2].
Bacteriophages were used most extensively and successfully in the Soviet Union, mainly for the treatment of
wound infections, including postoperative complications
[3-5], and intestinal diseases, including cholera outbreaks [6-8].
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After the advent of antibiotics, which provided a successful solution to the problem of bacterial infections in
the first years of application, the interest in phage therapy
subsided. One of the reasons for this was that science and
technology was not ready for manufacturing of complex
biopharmaceutical products with bacteriophages. In
1960-2000, phage therapy existed in a few centers – in
Poland and Georgia, and the only country to manufacture bacteriophage products industrially was the Soviet
Union (later the Russian Federation). Bacteriophage
therapeutics were used as a single-agent therapy [9-11] or
in combination therapy with antibiotics [10, 12, 13].
Everything has changed in recent years. Armed with
modern methods, we can now characterize bacteriophages in detail; we can make changes in their genomes
and even design synthetic bacteriophages; we can also
make preparations of individual bacteriophages under
GMP conditions. Interest in phage therapy has recently
been fueled by a series of reports on successful use of bacteriophages for the treatment of critically ill patients
infected with multidrug-resistant microorganisms [1417]. For the second year in a row, the United States and
Europe are organizing large congresses on phage therapy
focusing on the practical use of bacteriophages (https://
www.kisacoresearch.com/events/phage-futures-europe;
https://phage-futures.com/events/phage-futures-2019).
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Several companies have emerged that develop bacteriophage-based products; organizations in many countries
are conducting clinical trials of these products. However,
the authors of this review believe that analysis of the properties of bacteriophages and critical consideration of the
results of bacteriophage research in experimental models
of infections and the results of clinical trials give no cause
for euphoria and reveal considerable problems that need
to be addressed in order to create truly effective phage
therapy methods.

PROPERTIES OF BACTERIOPHAGES
AS POTENTIAL ANTIBACTERIAL
THERAPEUTICS
Bacteriophages, or bacterial viruses, are one of the
most abaundant forms of life on our planet. They live
everywhere, in water and on land, and specific bacteriophage can be likely found for each bacterial strain.
Bacteriophages are extremely effective as bactericidal
agents. As potential therapeutic agents, they can offer
several benefits. Bacteriophages are natural objects, so
their therapeutic applications cause no harm to environment. They do not damage the cells of higher organisms;
they are nontoxic and highly specific; and when they kill
the target pathogenic bacteria, they do not harm normal
microflora of the macroorganism (host). Bacteriophages
regulate composition of the microbiota; healthy people
carry more than 1000 species of phages in their intestines.
The most common phages found in human intestines are
of the order Caudovirales (of the families Myoviridae,
Siphoviridae, and Podoviridae), which are the same order
as those used in phage therapy [18, 19].
Bacteriophages are capable of penetrating layers of
epithelial cells in the gastrointestinal tract (GIT) by the
mechanism termed transcytosis; i. e., phages can pass
through the mucous membranes into the blood and then
into the respiratory system, into the excretory organs, or
to that place in the body where bacteria are proliferating.
They enter bladder directly from the intestines. It is
believed that every day, about 109 phage particles penetrate by means of transcytosis from the intestines into
other tissues and organs, forming a phage community,
which influences human health and immune status
[20, 21]. Bacteriophages are able to overcome some of the
physiological barriers, e.g., the blood–brain barrier, and
get inside bones affected by osteomyelitis [22]. In the
presence of target bacteria, phages multiply in the affected areas of the body, such as in an infected wound, and
once phages have devoured the pathogen, they themselves
fall prey to tissue macrophages, with liver and kidneys
participating in the elimination of phages from the
body [23].
High specificity of bacteriophages is not only their
advantage, but their drawback too. In order to reliably
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suppress an infectious agent, one would require a range of
phages specific to all the strains of the infectious agent. To
treat a patient successfully, one needs to select a phage
product specific to the strain that caused the infection.
Moreover, a possibility exists that during therapy, the target bacterium may develop resistance to the phage; in this
case, one will need to search for a new one [13, 14]. This
is one of the challenges of phage therapy, and this is why
bacteriophages cannot be regarded as the first-line drugs.
Most bacterial infections can be successfully treated with
one or two antibiotics, which are economical to manufacture, have long shelf-life, and provide wide specificity.
Bacteriophages become a necessity only if antibiotic therapy fails, hence, the market for them is smaller. It is
important that bacteriophages can be used in combination with antibiotics [24, 25].
Bacteria have many defense mechanisms against
bacteriophages, which block each of the stages in the
infection of the bacterial cell by the phage. The most wellknown defense mechanisms include: changes in the
receptor (a bacterial surface protein recognized by a
phage particle) to prevent adsorption of the phage on the
bacterium; changes in proteins whose functions are needed for the phage nucleic acid to penetrate into the cell;
restriction–modification systems that protect bacterial
DNA from restriction enzymes and allow these enzymes
to selectively cleave phage DNA; and the CRISPR-Cas
type systems, which ensure recognition and selective
destruction of the phage nucleic acids that were previously encountered by the bacteria [26]. Bacteria can protect
themselves against bacteriophages in the same way as
against antibiotics and immune system cells, i.e., by
forming a physical barrier – biofilm. Some bacteriophages are able to destroy biofilms with special enzymes
and to lyse bacteria they contain [27, 28]. One of the ways
to combat bacterial resistance is to use bacteriophage
cocktails [29-31]. If phages kill bacteria faster than they
replicate, the risk of resistance formation decreases.
Administering bacteriophages into the body induces
an immune response, whose strength depends on the
nature of the phage, method of administration, and characteristics of the organism [32, 33]. It was shown that
dendritic cells react to bacteriophages similarly to other
infectious agents; contact with them stimulates the innate
and adaptive immune responses [34-36]. It was suggested
that the immune response of the organism could reduce
efficacy of the repeated use of the same bacteriophage
product in a patient. Bacteriophages are part of the
microbiota in healthy people; huge quantities of phages
inhabit human body, and their interaction with the host
immune system appears to be very complex and, as of
today, not well understood [37, 38]. Experiments showed
that in order to achieve a clinically significant immune
response, it is necessary to administer large quantity of
bacteriophages, much greater than is needed for phage
therapy. Several studies found no connection between the
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production of neutralizing antibodies against bacteriophages and clinical outcome of the therapy [32, 39-41].
However, other studies showed that such connection
existed [39, 42]. It is likely that phages lyse bacteria before
the immune system produces antibodies against the
phages. It was reported that administering bacteriophages
could have a beneficial effect on the functions of immune
system; i.e., administering bacteriophages reduced the
level of proinflammatory cytokines and infiltration of
leukocytes into the tissue [36, 38, 43]. However, there are
observations to the contrary [44, 45].
Studies revealed the possibility of a synergistic effect,
which was observed in several cases of combined use of
antibiotics and bacteriophages [46]. The developed resistance to bacteriophage due to the changes in the structure
of bacterial receptor or other proteins could adversely
affect viability of the bacterium because these changes
increase its sensitivity to antibiotics [47].

BACTERIOPHAGE THERAPY PRODUCTS
Bacteriophages are isolated from a wide variety of
environmental sources. At present, research organizations in different countries possess a large number of bacteriophages, many of which were investigated using modern molecular biological methods: their genomes were
decoded and their specificity and antibacterial properties
were studied. Several countries have bacteriophage banks:
the Félix d’Hérelle Reference Center for Bacterial
Viruses at the University of Laval, the Leibniz-Institute
DSMZ–German Collection of Microorganisms, and the
Cell Cultures and Bacteriophage Bank of Korea, which
provide bacteriophages on a commercial basis.
Companies that develop phage therapy products have
their own collections, access to which is limited.
Practice showed that selecting bacteriophage for the
treatment of a given patient could require a wide search
across the different collections. For example, in the wellknown case of successful cure of a patient infected with
A. baumannii with multiple antibiotic resistance, nine different bacteriophages were applied, which were found in
three different collections [14].
If the treatment of a patient necessitates an urgent
search for bacteriophage, one could consult Phage
Directory (https://phage.directory), a special agency that
coordinates the efforts of phage therapy organization
from more than 20 countries. Phage Directory can quickly provide contacts for the exchange of phages required
for the patient treatment.
Two approaches are used when developing bacteriophage therapy products. The first one is to create a cocktail of bacteriophages acting against different strains of a
given pathogen or even several pathogens involved in the
development of a given type of infection. In Georgia, the
Biochimfarm Georgi company (AO Biokhimfarm) pro-

duces and upgrades twice a year the product Pyofag,
which contains phages against Streptococcus, Staphylococcus, Escherichia coli, P. aeruginosa, and Proteus, and
Intestifag, which contains phages against bacteria most
relevant in the etiology of intestinal diseases. These cocktails are used to treat infectious and intestinal diseases. In
Russia, NPO Mikrogen (http:// www.bacteriofag.ru) produces more than ten different complex bacteriophage
products for the treatment of bacterial infections in
humans. Another company, SPC Mikromir, produces
several veterinary products of bacteriophages and phagecontaining gels designed to normalize microbial composition of the skin and oral cavity (at present, the gels manufactured by SPC Mikromir are not considered medical
drugs).
The second type of phage therapy involves a personalized approach, i.e., selection of a phage or creation of a
phage cocktail against the specific pathogen, or several
pathogens, found in a patient. This approach has long
been used in Poland, at the Ludwik Hirszfeld Institute of
Immunology and Experimental Therapy, and in Georgia,
at the Phage Therapy Center (http://medigroup.ge),
which have been selecting bacteriophages from their collections for individual patients and even searching for
new phages, if they could not find the necessary one in
their collections.
Today, phage therapy uses lytic phages only [48, 49],
which are unable to integrate their genome into the
genome of bacteria in order to avoid horizontal transfer of
unwanted genes. The bacteriophage should be tested for
the absence of unwanted genes that determine its toxicity
and antibiotic resistance and absence of the genetic elements responsible for the transfer of phage genes into the
bacterial genome, which can be achieved using pyrosequencing techniques [50, 51].
Obvious requirements are established in modern
medicine for bacteriophage products: they must be produced under GMP conditions and the product itself must
be sterile and must not contain bacterial cell components,
e.g., pyrogenic substances, which may cause unwanted
side effects.
At present, an unresolved issue remains of designing
dosage forms of bacteriophages that ensure their stability
during storage and with different methods of administration into the body. Some phages are stable in solution;
others are storable as dry products obtained by lyophilization in the presence of stabilizing agents such as sugars
(trehalose, sorbitol) or milk proteins [52, 53]. For stabilization, phage particles could be incorporated into liposomes [54-57]; to protect phages from attacks of immune
system, it was proposed to modify their surface with polyethylene glycol [58].
Modern synthetic biology methods are capable of
combining bacteriophage genomes and even synthesizing
fully artificial genomes [59-61]. This opens up a fundamental possibility of obtaining bacteriophages with modBIOCHEMISTRY (Moscow) Vol. 85 No. 11 2020
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ified specificity and bacteriophages that carry genes
encoding products that are toxic to bacterial cells and
affect certain bacterial genes [60]. Designing of chimeric
bacteriophages was described; these phages showed
increased lytic activity and infected an expanded spectrum of host bacteria [62, 63]. Bacteriophages were
obtained that contained genes encoding enzymes that
destroyed bacterial biofilms [64]. Elements were added
into the phage genome, which ensured production of the
CRISPR-Cas genomic editing system in the bacterial cell
to selectively break the bacterial genes responsible for
drug resistance. Administering this phage triggered death
of the drug-resistant bacteria, without damaging the cells
of the same microorganism that did not contain the target
genetic elements [65, 66].

METHODS FOR ADMINISTERING
BACTERIOPHAGES INTO THE BODY
Bacteriophages can be administered into the body by
various methods: oral intake, inhalation, topical use, or
injection (intravenous, intramuscular, or subcutaneous at
the site of injury). When administered orally, phages are
exposed to an acidic environment in the stomach; to
reduce the damaging effect one should first neutralize the
acidic environment or place the bacteriophage product
into an appropriate capsule. When administered orally,
bacteriophages can be detected, although not always, in
bloodstream [23, 41, 67]. Inhalation delivery of phages is
usually achieved through the use of nebulizers [25, 6870]. When administered topically, e.g., as part of creams,
ointments, emulsions, or hydrogels, phages can be used
to treat burns, purulent wounds in diabetic feet, acne, and
other bacterial skin lesions. The easiest way is to irrigate
the wound and/or a napkin with a solution of the bacteriophage product. When injected intravenously, phages
enter almost all the organs and tissues. In this case,
phages are cleared from the bloodstream within 60 minutes.
Bacteriophages can also be used as an antibacterial
coating for implants to prevent infections that occur during implantation of prostheses in orthopedics [71-73].

TESTING BACTERIOPHAGE PRODUCTS
IN ANIMAL EXPERIMENTS
Applicability of phage therapy for a wide range of
infectious diseases was studied using various animal models [55, 74-77]. Unfortunately, almost all these models
happened to be inconsistent with the actual models of
human diseases. Bacteremia often develops in humans as
a secondary infection that accompanies injuries, viral
lesions, or a weakened immune system. As the infection
develops, bacteria leave the initial site and form metastaBIOCHEMISTRY (Moscow) Vol. 85 No. 11 2020
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tic lesions in various parts of the body. Therapy begins, as
a rule, when a developed infectious process is underway.
In almost all the experiments described, healthy animals
were infected with large doses of bacteria and, simultaneously or after a short time, were injected with bacteriophage products. In this experiment scheme the infection
has not enough time to spread beyond the injection site,
the animals, in fact, play the role of a test tube. The results
of the experiments showed that administration of bacteriophages achieved therapeutic effect if applied immediately or shortly after infection of the animal. When phage
products were administered few hours after the infection,
the observed effect was in some cases noticeably weaker.
An important unexpected result of the study was strong
dependence of the efficacy of bacteriophage products on
the dose. One could have expected that once administered into the infected animal, phages would be multiplying rapidly in the host bacteria, and a minimum dose of
phages would suffice to achieve therapeutic effect. This
was the possibility that was always mentioned when
describing theoretical benefits of phages as therapeutics.
However, in the animal experiments, good therapeutic
result was observed only after administering high doses of
bacteriophages, such that have not been used in known
clinical studies [55, 74, 78-89].
The main results of the animal experiments are as
follows: bacteriophages are harmless to mammals and
effectively destroy bacteria under conditions whereby
bacteria are easily reachable (table).

CLINICAL STUDIES OF BACTERIOPHAGE
PRODUCTS AND PHAGE APPLICATIONS
IN PRACTICAL MEDICINE
Effectiveness of bacteriophage treatment has been
evidenced by positive results described in the literature in
the middle of the last century, when there was no practice
of using placebo and control groups in clinical trials and
negative results typically escaped publication [74, 90-93].
In the case of infections, however, the placebo effect can
be profound.
In recent years, interest in phage therapy has intensified, partly because of the several broadly publicized
cases of curing critically ill patients with bacteriophage
products. However, significance of these events was exaggerated by the media; dozens of publications appeared
about each patient who was saved by phages, and none
about the unsuccessful cases, since the latter were of no
use to journalists. Analysis of the cases of curing seriously
ill patients with bacteriophage products revealed intricacies of the treatment and challenges that arose.
Thus, a case was described of successful use of the
phage therapy in a 68-year-old patient suffering from diabetes and necrotizing pancreatitis complicated by a drugresistant A. baumannii strain. Antibiotic therapy proved
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Experiments on using bacteriophages in animal models

Disease model

Model
animal

Infectious agent

Phage administration
method

Phage administration results

References

rabbit

injection in the affected acute osteomyelitis, complete cure; chronic
area
osteomyelitis, clinical improvement, confirmed histologically

[80]

Wound infection S. aureus,
P. aeruginosa

pig, rat

topical administration
of a cocktail 4 days
after, 108-109 PFU

reduced bacterial load, considerable
improvement

[83]

Wound infection MDR
A. baumannii

rat

spray, 3 × 109 PFU

reduced bacterial load and epithelialization
period; reduction of wound surface compared with control animals that received
antibiotic therapy

[84]

Diabetic foot

S. aureus

mouse

injection of a 3-phage
cocktail, 108-109 PFU
of each phage, in combination or without
antibiotic 30 min after
the infection

bacteriophage product was effective in the
diabetic wound model and in the nondiabetic wound model. Antibiotic was ineffective in the diabetic foot model

[89]

Burn

K. pneumoniae

mouse

topical use

phage therapy showed better results than
antibiotics or silver nitrate

[81]

Abscess

S. aureus

mouse

single subcutaneous
reduced size of the abscess, reduced bacterinjection or 4 injections ial load by 2 (single injection) or 4 orders of
per day, 109 PFU
magnitude (4 injections)

[78]

Abscess

S. aureus

rabbit

subcutaneous injection
after 0, 5, 12, or 24 h,
5 × 107 PFU

no result for injection of 5 × 107 PFU after
5, 12, or 24 h; reduced size of the abscess,
reduced bacterial load for injection of
5 × 109 DFU simultaneously with infection

[88]

Intestinal infec- Shigella sonnei
tion

mouse

oral intake of a phage
cocktail

more effective reduction of bacterial load,
compared with ampicillin administration

[82]

Lung infection

Burkholderia
cepacia

mouse

nasal inhalation

reduced bacterial load

[85]

Lung infection

P. aeruginosa

mouse

intranasal administration, 2.5 × 107 PFU

simultaneous administration of the bacteria
and phage, absence of the pathogen in
100% mice; phage administration 24 h after
the infection, absence of the pathogen in
86% mice

[84]

Chronic lung
infection

P. aeruginosa

mouse

intranasal administration at different times
after the infection

absence of the pathogen in 70% mice;
reduced bacterial load in 30% mice

[87]

Chronic otitis

P. aeruginosa

dog

intraaural administra- reduced bacterial load by 30-97% in differtion of a phage cocktail ent animals
(6 phages, 105 PFU
each)

Acute and
chronic
osteomyelitis

S. aureus

[79]

Note. PFU, plaque-forming units.

ineffective, and the patient received therapy with bacteriophages selected by testing bacteria isolated from the
patient. Bacteriophages were injected intravenously and
transdermally into the abscess. As a result of the treat-

ment, the A. baumannii infection was suppressed, and the
patient recovered [14].
There was another well-known case of curing a
patient who was in a critical condition. A 15-year-old
BIOCHEMISTRY (Moscow) Vol. 85 No. 11 2020
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patient with cystic fibrosis and disseminated mycobacterial abscesses after lung transplantation was treated with a
three-component phage cocktail. Lytic phages that effectively killed the infectious strain of Micobacterium abscessus were developed using methods of synthetic biology.
Researchers noted that intravenous phage treatment was
well tolerated and was accompanied by an objective clinical improvement, including closure of the sternum
wound, improved liver function, and healing of inflamed
skin lymph nodes [17].
In the cases described, the patients continued to
receive antibiotics simultaneously with bacteriophages for
ethical reasons. Long-term treatment with high doses of
phages was needed. The product selection process was
complicated and involved many organizations; one even
had to construct phages using synthetic biology methods.
In recent years, a series of clinical trials were conducted on bacteriophage products, but not all of those
studies adhered to the modern standards [94-103]. Only a
few of them showed phage therapy to be clinically effective [96-98, 103]. Unfortunately, the results of most other
experiments cannot be considered noteworthy. To date,
the main result of the clinical trials remains that bacteriophages are indeed safe, no matter how they are administered, including by intravenous injection. One could
hardly call this news, since phages have proved to be safe
over many decades of their use in medicine.
In 2005, the Institute of Immunology and Experimental Therapy, Polish Academy of Sciences (Wroclaw,
Poland) began clinical studies of phage therapy for bacterial infections (clinical study no. NCT00945087). The
results of this study have not yet been published.
In 2009, BioContol Ltd. reported positive results of
the phage therapy for ear infections caused by P. aeruginosa [98]. Later, however, these results were not mentioned anywhere.
Nestlé sponsored trials in Bangladesh of the antiE. coli phage product for treatment of diarrhea in children
[100-102]. No evidence was obtained on efficacy of the
therapy. The failure was explained by the fact that only
60% of the patients had E. coli in their feces; for the rest
of them, the product was useless.
Much discussion occurred around the clinical trials
of a phage cocktail containing 12 bacteriophages applied
in the treatment of burn wounds infected with P. aeruginosa and E. coli, the so-called Phagoburn Trial
(http://www.phagoburn.eu, European Clinical Trials
database, no. 2014-000714-65, and Clinical Trials gov,
no. NCT02116010). The phage products were administered topically, daily for seven days. The results of the trials showed no effective therapeutic action of bacteriophages. The standard treatment with silver sulfadiazine
proved to be more effective than phage therapy. The failure of these trials was attributed to instability of the
phage product and insufficient concentration of phages
[99].
BIOCHEMISTRY (Moscow) Vol. 85 No. 11 2020
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In 2016-2017, a randomized, placebo-controlled,
double-blind clinical study was conducted of the prebiotic supplement PreforPro, consisting of four bacteriophages (clinical study no. NCT03269617, funded by the
University of Colorado, United States), to assess its safety and effects on gastrointestinal microbiome. During the
study, data were obtained on the safety of bacteriophages
and on some statistically significant changes in the gastrointestinal tract microbiome after administering the
product [104, 105].
In 2017-2018, a randomized, placebo-controlled,
double-blind clinical study was conducted to examine
safety and efficacy of treating urinary tract infections with
the adapted Pyofag product in patients undergoing
transurethral resection of the prostate. The study was
conducted at the National Center of Urology in Tbilisi,
Georgia, and funded by Balgrist University Hospital,
Switzerland (clinical study no. NCT03140085) [106].
The results confirmed safety of the product and showed
decrease in the titers of infectious bacteria (from 1 to 5
log) in six out of nine patients [107].
Recently, a study was conducted at Westmead
Hospital, Australia. Fourteen patients with Staphylococcusinduced infective endocarditis and sepsis were injected
intravenously with the AB-SA01 phage cocktail, which
included three different bacteriophages (AmpliPhi
BioSciences, United States). The cocktail was administered
twice a day for two weeks. As a result, researchers observed
decrease in the inflammatory responses and reduced bacterial load [103]. However, there was no control group in this
study. AmpliPhi Biosciences received FDA approval to
conduct trials of the intravenous phage product for treatment of purulent wounds and skin infections caused by the
methicillin-resistant S. aureus (MRSA) strains.
As of today, phage therapy is not licensed for largescale use in the United States and European countries.
Nevertheless, in 2018 the Center for Innovative Phage
Applications and Therapeutics (IPATH) was organized in
the United States to investigate and apply phage therapy
as an eIND (experimental investigational new drug) at
the University of California San Diego School of
Medicine. In Poland, the Ludwik Hirszfeld Institute of
Immunology and Experimental Therapy uses phage therapy as part of the experimental treatment in accordance
with the Declaration of Helsinki (Article 37, Unproven
Interventions in Clinical Practice of the Declaration of
Helsinki, www.wma.net), which permits the use of
unproven therapy methods in patients for which the officially approved drugs and treatments were shown to be
ineffective [108]. According to the Declaration of
Helsinki, bacteriophage therapy is permissible in other
European countries as well, but the bureaucratic process
of obtaining approval for experimental treatment is far
from easy. Therefore, patients are seeking opportunities
to receive phage therapy in Georgia, Poland, and more
recently in the United States.
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Phage therapy looks like an ideal personalized
approach to the treatment of infectious diseases: the action
principle of bacteriophages has been proven; their efficacy
has been shown by model systems; reliable cases of success
have been described where phage therapy saved lives or
considerably improved the patient’s health. Bacteriophages
are safe; they are classified by the FDA as “Generally
Recognized as Safe” and may therefore undergo clinical
trials in some countries. However, introduction of phages
into medical practice occurs very slowly.
One of the reasons is that molecular mechanisms
underlying the relations between phages and bacteria and
behavior of phages in the body remain poorly understood.
Phages are fundamentally different from the conventional chemotherapy drugs; they can multiply in the patient’s
body depending on the concentration of the host bacteria, and they can mutate, which is not the case with conventional drugs. That is why it is difficult to determine the
dosage of phage products, and unless the phage gets
inside the target pathogenic bacterium, its therapeutic
effect is zero. Also, we know little about pharmacokinetics and pharmacodynamics of bacteriophages. Optimal
dosage forms of phage products to treat various types of
infections have yet to be determined.
Practical questions remain: What should be the
approved phage-based product? Should it contain only
specific bacteriophages with a precisely calibrated composition, which have passed the entire set of trials, the
same way as chemical drugs? Or should the formulation
include bacteriophages or bacteriophage cocktails tailored to a specific patient? What should the standard procedure for selecting bacteriophage product for the treatment of specific patients affected by certain bacterial
strains involve? What should be the standardized techniques for bacteriophage purification to ensure their
sterility and safety?
A major task is to develop platforms for quick identification of the pathogenic bacteria and their sensitivity to
bacteriophage product. Currently, this process takes at
least three to five days, which in many cases is unacceptably long, making it easier for the attending physician to
immediately prescribe a broad-spectrum antibiotic,
which will be effective against the infectious agent in 50%
of the cases.
That is why great hopes are pinned on the use of synthetic biology methods to obtain bacteriophages with
desired properties such as expanded specificity, increased
lytic activity, and ability to infect only those bacteria that
contain target genetic elements, such as drug resistance
genes. Several works have been published that show
potential of synthetic biology to obtain phages with
altered individual functions and characteristics. However,
the problems that stand in the way of creating therapeutic
bacteriophages are profound and plentiful. Thus, some

see an outstanding example of designing highly specific
bacteriophages in works where the phages were equipped
with genes that encode the genomic editing systems that
disrupt specific bacterial genes only [109-111]. However,
equipping phages with these high-precision weapons does
not solve the problem of creating a therapeutic drug.
Targeting specific bacterial strains has never been an
issue. On the contrary, it is the narrow specificity of bacteriophages that is a problem.
On top of the problems associated with in-depth
research of bacteriophages, there is also a number of economic and bureaucratic barriers that hinder widespread
introduction of phage therapy.
Pharmaceutical industry shows little enthusiasm in
bacteriophages because of intellectual property concerns.
Moreover, narrow specificity of the phage products and
development of phage resistance in bacteria can often
render it impossible to use an unchanged standard phage
product for a long time. Most often, bacteriophages are
needed in critical cases only, for a relatively narrow circle
of patients for whom all the existing antibiotics shown
ineffective. According to the experts, only a few thousand
such cases occur in the United States annually. Therefore,
pharmaceutical companies see no economic benefit in
manufacturing phage products.
The development of phage therapy has stumbled
against another crucial roadblock, namely that regulatory
authorities in most countries impose same requirements
on the phage products as on chemical drugs. Since bacteriophages are not substances with a strictly fixed,
unchanging structure, they in principle cannot meet these
requirements. In addition, although bacteriophages do
not infect human cells, they still are viruses. This word
alone makes medical authorities nervous and general
public too. When discussing the possibility of using bacteriophages as therapeutic agents, they raise fringe concerns, refuted by the long-term clinical use of bacteriophages. They reiterate worries about the possibility of
bacteriophages transferring fragments of genetic material
between bacteria, although the human body contains a
huge variety of different bacteriophages, and administering another related phage cannot create any additional
problems. Especially since therapeutic phages are
deprived of systems for the transfer of genetic elements.
Insistence of the regulating authorities on the standard could be, to some extent, met by products with a
fixed composition, i.e., cocktails of certain thoroughly
studied bacteriophages. However, these products are not
flexible enough to achieve efficacy against constantly
mutating bacterial strains. In fact, composition of the
phage product could be altered in the course of production to adapt to newly emerging strains of infectious
agents. Recent advances in the treatment of terminal
patients with phage products showed that phage therapy
succeeded only when personalized phage cocktails or
even when specially constructed phages were used
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[14, 17]. This type of phage therapy, too, is not compatible with the existing regulations.
It should be noted that there is a case of successful
application of simplified drug approval procedures. By
that we mean production of the influenza vaccines, which
require regular modification.
In this situation, several countries are making efforts
to develop special rules for bacteriophage products.
Belgium is now taking steps to introduce a scheme whereby phages are used as magistral preparations [112], which
pharmacists can compose themselves from the standard
bacteriophages, following prescription of the attending
physician. Bacteriophages in these preparations must
meet the requirements of pharmacopoeia. However, these
magistral preparations may include, in addition to standard bacteriophages, unauthorized ones if the latter have
a certificate issued by a laboratory accredited with the
Belgian regulatory bodies. Magistral phage preparations
can also be used to treat patients, and responsibility for
their use lies with the attending physician and/or the
pharmacist. In Georgia, personalized phage products can
also be made as magistral preparations at pharmacies
licensed by the Georgian Ministry of Health.
In Russia, a country that used to be a leader in the
production and application of bacteriophages, today only
the phage products manufactured by NPO Mikrogen are
sold in the pharmacy network and used as pharmacotherapeutic medical immunobiological preparations according to the State Register of the Ministry of Health of the
Russian Federation. Products of other manufacturers are
not considered medicinal drugs. Phage therapy in Russia
is not developing because the authorities do not allow the
use of personalized phage therapy methods and the
Mikrogen bacteriophage products are not on the list of
vital and essential drugs for medical use. Furthermore,
the standard products manufactured by Russian companies cannot deliver the main benefit of phage therapy,
i.e., the personalized approach.
Obviously, the bureaucratic barriers must be lifted in
the interests of patients. Bacteriophages pose no danger to
humans, as proven by their century-long use in medicine.

infections, which do not respond to antibiotic therapy,
and they enable personalized therapy in patients that preserve their normal microflora. Phage therapy cannot
completely solve the problem of antibiotic-resistant
infectious agents. The most promising applications of
phage therapy are associated with the treatment of infectious lesions that do not respond to antibiotic therapy,
where phages are best administered topically. In addition,
phage therapy could be useful in cases where antibiotics
could damage microbiota of the patient due to the broad
spectrum of their action or negatively affect the already
weakened patient with a serious illness. Phages can be
used successfully in places where they could be easily
transported and from where they cannot be quickly eliminated.
Development of the effective bacteriophage products
and treatment strategies requires extensive fundamental
research. We need to investigate thoroughly the bacterium–phage coevolution mechanisms; study pharmacodynamics and pharmacokinetics of the phages in the body;
develop methods for constructing bacteriophages with
desired properties using synthetic biology methods; and
design technologies for obtaining stable bacteriophage
products and means of their delivery. Full-fledged clinical
trials need to be conducted to clarify issues related to
dosages, administration methods, and possible therapeutic applications of bacteriophage products.
Broad international cooperation is necessary to create enabling conditions for quick identification and delivery of bacteriophages required for treating individual
patients.
The existing approaches to certification of the therapeutic drugs cannot be applied to bacteriophage products.
They completely block the road for the development of
phage therapy, best implemented as personalized treatment, which involves selection of bacteriophages for the
treatment of a specific patient infected with the specific
bacteria. The task of successful development of phage
therapy, as well as other therapies based on viruses, cells,
and cellular products, necessitates creation of the new
principles for licensing such procedures.

CONCLUSIONS
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Phage therapy obviously offers much promise for
treating bacterial infections. Its capabilities manifested
themselves most conspicuously in personalized applications, when patients who were not responding to antibiotic therapy received phage cocktails tailored to their specific needs.
Bacteriophages cannot replace antibiotics, which are
inexpensive, have a wide specificity, and turn out to be
effective in a plenty of cases; therefore, antibiotics will
remain the first-choice drugs for treating infectious diseases. However, phages are capable of dealing with severe
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