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Highlights of the Study

titer and dosages.

« Phage therapy has gained increasing interest over the years.

o Identified indications included bacterial diarrhea, urinary tract infections, infected burn wounds,
chronic otitis, chronic venous leg ulcers, and chronic rhinosinusitis.

« Randomized-controlled trials (RCTs) on different indications suggest the safety of phage therapy.

o Future trials should consider issues such as the quality of phage preparation, sensitivity testing,
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Abstract

Objective: This study aimed to provide a comprehensive
overview of the current state of the literature on the ther-
apeutical application of bacteriophages. Methods: First, a
bibliometric analysis was performed using the database
Web of Science to determine annual number of publications
and citations. Second, a systematic literature review was
conducted on randomized-controlled trials (RCTs) of phage

therapy in PubMed. Results: Over the past decade, the
number of publications on bacteriophage therapy increased
more than fourfold with 212 articles in 2011 and 739 in 2022.
The systematic search in PubMed yielded 7 RCTs eligible for
inclusion, reporting on a total of 418 participants. Identified
indications in this study included bacterial diarrhea, urinary
tract infections, infected burn wounds, chronic otitis, chronic
venous leg ulcers, and chronic rhinosinusitis. In three
studies, mild to moderate adverse events were reported in
10/195 participants (5.1%). Three of the studies reported a
statistically significant difference in outcomes comparing
phage therapy with standard of care or placebo. Conclusion:
Phage therapy has gained increasing interest over the years.
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RCTs on different indications suggest the safety of phage
therapy; however, reasons why phage therapy is not yet well
accepted are limitations in the study designs. For a suc-
cessful translation into clinical practice researchers and
clinicians should learn from the earlier experiences and
consider issues such as the quality of phage preparation,
sensitivity testing, titer and dosages, as well as access to the
infection site and stability for standardized protocols and

future trials. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Bacteriophages, also known as phages, are abundant
biological entities found ubiquitously in the environ-
ment [1]. Phages are viruses with the ability to infect,
replicate in, and finally kill bacteria, exhibiting speci-
ficity in the lytic phase. Compared to antibiotics, phages
have narrower host ranges, making them a promising
supplement and, in certain cases, an alternative to
antibiotic therapy. This becomes especially crucial
when antibiotic effectiveness is severely compromised
due to the prevalence of multiple drug-resistant (MDR)
bacterial infections [2]. It is worth noting that bacte-
riophage therapy is not a recent discovery. Felix
d’Herelle recognized the possibility of bacterial lysis,
previously described by the British bacteriologist
Frederick W. Twort in 1915 [3]. The former Soviet
Union had continuously employed bacteriophages to
treat various infections, such as gastrointestinal in-
fections and gas gangrene in soldiers [4]. However, in
the Western world, especially after World War II, this
treatment approach has been increasingly forgotten
due to the discovery of penicillin [5]. As a consequence
of the excessive use of antibiotics in clinical settings,
agriculture, and animal husbandry during the “golden
era” of antibiotics, the rise of MDR bacteria has become
an urgent global issue [6]. Presently, MDR bacteria are
responsible for 1.27 million annual deaths worldwide
[7]. Estimates predict an increase to 10 million deaths
per year after 2050 [8]. A revival of phages, bacteria’s
natural predators can provide a solution to this major
global public health concern, while conventional an-
tibiotics are losing their effectiveness [9].

However, despite their wide application in the past, not
many papers have been published on bacteriophage
therapy. As a result, the existing evidence on the safety
and efficacy of phage therapy relies mainly on case re-
ports, preclinical studies, and initial randomized-
controlled trials (RCTs) with limitations [10].
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This bibliometric analysis aimed at providing a
comprehensive overview of the current state of the lit-
erature on the therapeutical application of bacterio-
phages. Additionally, this analysis sought to outline
ongoing efforts to establish a high level of evidence
through RCT, while also evaluating the potentials and
pitfalls of this new but old therapy approach.

Methods

Bibliometric Analysis

Data for this analysis were obtained from the Web of Science
(WoS) electronic database, specifically from the SCI-Expanded
sub-database. WoS encompasses an extensive collection of ap-
proximately 34,000 journals, comprising over 75 million records. It
includes sub-databases such as Science Citation Index, Social
Sciences Citation Index, Arts and Humanities Citation Index,
Conference Proceedings Citation Index, Book Citation Index, and
Emerging Sources Citation Index. Additionally, the Thomas
Scientific impact factor is based on data sourced from the WoS
database [11]. To conduct the search, we utilized the following
keywords: “bacteriophage” OR “phage” AND “therapy” OR
“application.” The search encompassed articles published between
January 1, 1965 and December 31, 2022, without any language
restrictions. To ensure accuracy and relevance, two authors in-
dependently screened titles and abstracts, confirming their
alignment with the topic.

Data were extracted in January 2023; the retrieved information
was exported to plain text format and compiled in a tabulated
manner. The extracted data included various aspects such as the
year of publication, total number of citations, number of citations
per year, institutional affiliations of authors, journal publications,
subject areas, article types, and countries of origin.

Systematic Review

An additional search was conducted in PubMed, utilizing the
filter “randomized controlled trial.”| The same keywords, “bac-
teriophage” OR “phage” AND “therapy” OR “application,” were
used for the period spanning January 1, 1965-December 31, 2022.
Only RCTs with articles written in English or German were in-
cluded in this sub-analysis. For this specific sub-analysis, articles
were considered eligible if they reported on the application of
bacteriophages in humans regardless of the indication and in-
corporated either a placebo or standard of care control
group. Studies involving protocols, animal experiments, or articles
focusing on the therapeutic use of bacteriophage-derived products
(e.g., lysins) were excluded from the analysis. Moreover, studies in
which the same group of participants received both the phage
application and a placebo at different randomized time points were
also excluded. The extracted outcomes of interest comprised the
author’s details, publication year, origin of the study, indication for
treatment, sample size, targeted pathogen, type of phages used,
mode of application, efficacy results, and reported side effects. To
ensure accuracy and relevance, two authors independently
screened the full texts of the eligible articles, and discrepancies
were discussed and resolved with a third author. This systematic
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review of the literature was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines (Fig. 1) [12].

Results

Bibliometric Analysis

A total of 6,355 articles were included. Overall, these
were cited 215,209 times (157,789 without self-citations),
yielding 33.9 citations on average per item and an
H-index of 178. Over the past decade, the number of
publications on bacteriophage therapy increased more
than threefold with 212 articles in 2011 and 739 in 2022
(Fig. 2). Articles were mostly written in English (98.9%),
followed by French (0.3%), and German (0.2%). Most
articles were original (4,886, 76.8%), 1,187 (18.7%) were
reviews, and 131 (2.1%) editorials. The remaining ones
included meeting abstracts, proceeding papers, book
chapters, and letters to the editor. Articles were published
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in 923 different journals (Table 1). In total, 24,005 dif-
ferent authors were identified and were in the USA
(28.2%), followed by China (16.0%), the UK (7.8%),
Germany (7.5%), and Poland (5.1%) (Fig. 3). The most
cited articles are shown in Table 2.

Systematic Review

The systematic search in PubMed with the filter “ran-
domized controlled trial” yielded 44 articles sought for
retrieval. Only 7 articles were found eligible for inclusion
(Table 3). These reported on a total of 418 participants. In
three studies, mild to moderate adverse events were re-
ported as being associated with phage therapy in 10/195
participants (5.1%). Phages were tested in healthy partici-
pants in one study. Treatment indications included bacterial
diarrhea, urinary tract infections, infected burn wound,
chronic otitis, chronic venous leg ulcers, and chronic rhi-
nosinusitis. Three of the studies reported a statistically
significant difference in outcomes comparing a single-phage
therapy with standard of care or placebo (Table 3).
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Fig. 2. Annual number of publications and citations between 1965 and 2022 identified through a systematic
search in WoS with the keywords: “bacteriophage” OR “phage” AND “therapy” OR “application.”

Table 1. List of the top 10 journals of published articles on bacteriophage therapy

Journal Record counts Impact factor in 2022 (Clarivate),

open access (yes/no)

Frontiers in Microbiology 201 6.06, yes
Viruses Basel 174 5.82, yes
Antibiotics Basel 107 5.22, yes
Applied and Environmental Microbiology 73 4.79, yes
Antimicrobials Agents and Chemotherapy 69 5.94, yes
PLOS One 66 3.24, yes
Scientific Reports 50 4.99, yes
Microorganisms 40 4.93, yes
Journal of Applied Microbiology 37 4.06, yes
Journal of Virology 33 4.50, yes

Discussion

The aim of this bibliometric analysis was to
provide an overview of the current state of the lit-
erature on the therapeutic application of bacterio-
phages. Our analysis revealed an upward trend in
citations on this topic, indicating that phage therapy
has garnered significant attention within the re-
search community.
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The most highly cited paper in our analysis was
published in 2001; it reviewed studies conducted in
Poland and the former Soviet Union and compared
phages to antibiotics and proposed solutions to challenges
encountered in early therapeutic phage research, paving
the way for future advancements in therapeutic appli-
cation of phage therapy [13]. The potential of phages was
further explored in the second and third most cited
publications identified. In particular, the study by Lu and

Walter/Mirzaei/Deng/Willy/ Alt/Rupp

¥20Z Yo1eN | uo Jesn Bingsusbey Youjolqiasiensiaaun Aq jpd 2| Ly€G000/L€22L L /LI LIEEHPA-BloIe/dduw/woo 1obies//:dny wouy papeojumoq


https://doi.org/10.1159/000534717

Record count

l 1796

107

0

220

Fig. 3. Global distribution of articles from 1965 through 2022 identified with the keywords “bacteriophage” OR
“phage” AND “therapy” OR “application” in a WoS search.

Collins (2007) demonstrated the efficacy of engineered
phages in biofilm removal, showcasing the practicality of
synthetic biology in manipulating these viruses [14].
Further, Schooley and colleagues described methods for
the design of therapeutic cocktails and the development
of personalized phage therapy for diabetic patients with
necrotizing pancreatitis complicated by an MDR Aci-
netobacter baumannii infection [35].

The implementation of phage therapy has been impeded
by the limited availability of clinical data on its safety and
efficacy. In this study, out of an initial pool of 6,355 articles,
only 7 RCTs were identified, involving a total of 418
participants. Consequently, the majority of the evidence
originates from case studies, with over 2,200 applications in
challenging-to-treat infections being published [35]. This
disparity can be attributed to the regulatory framework
surrounding phage therapy, which necessitates adherence to
Article 37 of the Declaration of Helsinki of the World
Medical Association as phage therapy remains categorized
as an unapproved medical product. Additionally, the per-
sonalized approach to phage adaptation and the difficulty in
accessing effective phages may have contributed to the
limited clinical data available [36]. Moreover, issues per-
taining to protection of intellectual property rights and the

Bacteriophage Therapy

lack of interest among pharmaceutical companies have
further hindered the advancement of phage therapy [37]. To
address these challenges, it is advisable for governmental
sectors to intervene and create a more enticing investment
environment for pharmaceutical companies or provide
more support to research sectors. By fostering collaboration
and incentivizing further exploration, such measures could
accelerate the progress of phage therapy and facilitate its
integration into mainstream medical practices.

While it appears that the safety of phage therapy can be
concluded with only a few adverse events being reported,
results on its efficacy have been mixed. Among the RCT
included in this study, 57.1% did not demonstrate a sta-
tistically significant improved outcome compared to stan-
dard of care or placebo [21-23, 25]. This might be attrib-
utable to specific clinical and microbiological challenges. For
instance, it is of uttermost importance to have in vitro or
in vivo efficacy demonstrated before starting phage therapy.
This was not the case in one study which found phage
resistant bacteria in three of the ten participants in the
experimental group [23]. Sarker and colleagues [21] tested a
phage cocktail against E.coli and suggested that persistence
of diarrhea was attributable to streptococci species they
identified in the stool microbiota. Further, the quantity of
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Table 2. List of the fifteen most cited articles on bacteriophage therapy

Rank Title Author, year Journal Total Average OA  Type of
citations citation article
per year
1 Bacteriophage therapy Sulakvelidze, Antimicrob 999 45.41 Yes  Review
[13] Alavidze, Morris, Agents
2001 Chemother
2 Dispersing biofilms with engineered Lu, Collins,, 2007 Proc Natl Acad 524 32.75 Yes  Original,
[14] enzymatic bacteriophage SCiUSA in vitro
3 Development and Use of Personalized Schooley et al.,  Antimicrob 508 84.67 Yes  Original,
[15] Bacteriophage-Based Therapeutic 2017 Agents case report
Cocktails to Treat a Patient with a Chemother
Disseminated Resistant Acinetobacter
baumannii Infection
4 Phage cocktails and the future of Chan, Abedon, Future 459 459 Yes  Review
[16] phage therapy Loc-Crrillo, 2013 Microbiol
5 Phage Therapy in Clinical Practice: Kutter et al.,, 2010 Curr Pharm 410 31.54 Yes  Review
[17] Treatment of Human Infections Biotechnol
6 Human volunteers receiving Bruttin, Brissow, Antimicrob 378 21 Yes Original,
[18] Escherichia coli phage T4 orally: a 2005 Agents clinical trial
safety test of phage therapy Chemother
7 Bacteriophage therapy rescues mice Biswas et al,, 2002 Infect Immun 347 16.52 Yes  Original,
[19] bacteremic from a clinical isolate of in vivo
vancomycin-resistant Enterococcus
faecium
8 Bacteriophage therapy Summers, 2001 Annu Rev 326 14.82 Yes  Review
[20] Microbiol
9 Population and evolutionary Levin, Bull, 2004 Nat Rev 314 16.53 Yes Review
[21] dynamics of phage therapy Microbiol
10  Quality-Controlled Small-Scale Merabishvili et al., PLOS One 310 22.14 Yes  Original,
[22] Production of a Well-Defined 2009 in vitro
Bacteriophage Cocktail for Use in
Human Clinical Trials
11 Bacteriophages as potential new Kutateladze, Trends 293 22.54 Yes  Review
[23] therapeutics to replace or supplement Adamia, 2010 Biotechnol
antibiotics
12 Phage Therapy in the Gordillo Clin 274 68.5 Yes  Review
[24] Postantibiotic Era Altamirano, Barr, Microbiol Rev
2019
13 Phage selection restores antibiotic ~ Chan BK, et al,  Sci Rep 272 38.86 Yes  Original,
[25] sensitivity in MDR Pseudomonas 2016 in vitro
aeruginosa
14 Bacteriophage targeting of gut Duan et al,, 2019 Nature 267 66.75 Yes  Original,
[26] bacterium attenuates alcoholic liver in vivo
disease
15 A historical overview of Wittebole, De Virulence 263 29.22 Yes Review
[27] bacteriophage therapy as an Roock, Opal, 2014
alternative to antibiotics for the
treatment of bacterial pathogens
OA, open access.
6 Med Princ Pract 2024;33:1-9 Walter/Mirzaei/Deng/Willy/ Alt/Rupp
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phages administered has to be sufficient. In the identified
studies, titers of 10*-10° PFU/mL were used with variations
regarding application methods and frequency. For instance,
in the clinical trial performed by Leitner and coworkers [22]
with patients suffering from urinary tract infection, phage
therapy did not appear to be superior to the placebo group
receiving sterile bacteriology solution or to the antibiotic
treatment group. The patients in the study group received
20 mL of the Georgian Pyo phage cocktail intravesical with a
concentration of 10*-10°> PFU/mL. The authors postulated
that the concentration of the phages delivered to the in-
fection site may have been inadequate [22]. Jault and col-
leagues [30] observed that the concentration of the phage
cocktail has decreased during the time of trial due to in-
stability issues; initially, the designed cocktail comprising
12 anti-P. aeruginosa phages had a concentration of 10°
PFU/mL, which decreased to 10> PFU/mL at the time of
treatment [30]. To design successful clinical trials, various
factors such as the quality of phage preparation, sensitivity
testing, titers and dosages, access to the infection site, and
stability must be thoroughly evaluated [10]. Moreover, the
establishment of optimal treatment protocols is urgently
needed, given the high variety of the modes of application
used in the studies. Further, a better understanding of phage
pharmacology is imperative as it fundamentally differs from
the concepts developed for chemotherapeutics, contributing
to some instances of unsuccessful application [38]. In ad-
dition, while phages can be effective by themselves, re-
searchers have been exploring the potential synergistic ef-
fects of combining phages and antibiotics to enhance their
antibacterial capability. The combined approach shows
enhanced bacterial suppression, improved penetration into
biofilms, and reduced likelihood of emergence of phage
resistance, making it a promising strategy [39, 40]. Thus, for
successful translation of phage therapy, researchers and
clinicians should learn from earlier experiences as insuffi-
cient or questionable data of RCT may disarm this potential
weapon in combating the MDR challenge.

Limitations

Bibliometric analysis can serve as a valuable tool for
evaluating research impact, influence, and identifying trends.
However, it is essential to recognize its limitations, which
should be taken into consideration. First, this analysis relies
on published studies, potentially leading to an incomplete
representation of the entire research activity in the field of
phage therapy. Unpublished or gray literature, such as
conference proceedings, may not be accounted for in the
analysis. Additionally, the search process in WoS focuses on
citation, abstract, and keyword identifiers, potentially over-
looking articles that mention the keywords of interest solely
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in their methods sections, which could impact the com-
pleteness of the identified list of articles on phage therapy.
Moreover, the analysis solely relies on citation counts, ne-
glecting the consideration of research quality. Various factors,
such as the age of the study, the journal of publication, and
open-access availability, can influence citation counts, and
thus, the presented results might not fully reflect the actual
quality of the research. It is important to note that a study
with a smaller number of citations might possess higher
quality compared to one with a larger number of citations.

Conclusions

In conclusion, phage therapy has garnered increasing
interest as a potential complement to antibiotics over the
years. While RCTs on various indications suggest the safety
of phage therapy, its limited evidence of in vivo efficiency
remains a significant barrier to widespread acceptance.
These limitations are often attributed to issues with study
design. Additionally, a more comprehensive understanding
of phage pharmacology is necessary as it frequently ham-
pers their successful application in clinical settings. To
ensure successful translation into clinical practice, re-
searchers and clinicians should draw lessons from earlier
experiences and address crucial aspects, such as the quality
of phage preparation, sensitivity testing, titer and dosages, as
well as access to the infection site and stability, rigorously in
future trials. Establishing standardized treatment protocols
is also crucial in optimizing the efficacy of phage therapy.
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