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Abstract: Bacterial resistance to antibiotics has catalysed interest in alternative antimicrobial strategies.
Bacteriophages (phages) are viruses of bacteria with a long history of successful therapeutic use.
Phage therapy is a promising antibacterial strategy for infections with a biofilm component, including
recalcitrant bone and joint infections, which have significant social, financial and human impacts.
Here, we report a systematic review of the safety and efficacy of phage therapy for the treatment
of bone and joint infections. Three electronic databases were systematically searched for articles
that reported primary data about human phage therapy for bone and joint infections. Two authors
independently assessed study eligibility and performed data extraction. Seventeen reports were
eligible for inclusion in this review, representing the treatment of 277 patients. A cautionary, crude,
efficacy estimate revealed that 93.1% (n = 258/277) achieved clinical resolution, 3.3% (n = 9/277) had
improvement and 3.6% (n = 10/277) showed no improvement. Seven of the nine reports that directly
commented on the safety of phage therapy did not express safety concerns. The adverse effects
reported in the remaining two were not severe and were linked to the presence of contaminating
endotoxins and pre-existing liver pathology in a patient treated with high-titre intravenous phage
therapy. Three other reports, from 1940–1987, offered general comments on the safety of phage therapy
and documented adverse effects consistent with endotoxin co-administration concomitant with the
use of raw phage lysates. Together, the reports identified by this review suggest that appropriately
purified phages represent a safe and highly efficacious treatment option for complex and intractable
bone and joint infections.
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1. Introduction

In his Nobel Lecture, 17 years after his serendipitous discovery of penicillin in 1928, Alexander
Fleming warned that the misuse of penicillin could select for resistant bacteria [1]. Today, almost 100
years on, modern medicine is confronted with the ‘antimicrobial resistance crisis’. This crisis threatens,
at great economic and human cost, to undermine substantial progress across medicine and surgery.

Bacteriophages (phages) are viruses of bacteria whose discovery in 1915 and 1917 predates that
of antibiotics [2]. The potential use of phages for the treatment of bacterial infections was quickly
realised and throughout the early part of the 20th century phage therapy was ‘en vogue’ across
Europe, the Americas and Russia [3–5]. However, the discovery of antibiotics catalysed the decline
of phage therapy in the geopolitical West, where injudicious use, uncertainty about the nature of

Antibiotics 2020, 9, 795; doi:10.3390/antibiotics9110795 www.mdpi.com/journal/antibiotics

http://www.mdpi.com/journal/antibiotics
http://www.mdpi.com
http://dx.doi.org/10.3390/antibiotics9110795
http://www.mdpi.com/journal/antibiotics
https://www.mdpi.com/2079-6382/9/11/795?type=check_update&version=2


Antibiotics 2020, 9, 795 2 of 11

phages and manufacturing challenges conspired to dispel enthusiasm in phage therapy [6]. Meanwhile,
phage therapy remained a frontline antimicrobial strategy across the former Soviet Union, largely in
Russia, the Eliava Institute in Georgia and the Hirszfeld Institute in Poland, where thousands of
patients have been successfully treated [7,8].

The antimicrobial resistance crisis has driven a renewed global interest in phage therapy as an
adjunctive or alternative antimicrobial strategy. Bacterial resistance to antibiotics is often considered to
reflect the presence of antibiotic resistance genes, however the ability to survive (tolerate) antibiotics can
also be imparted by the formation of biofilms [9]. A biofilm is a bacterial population, often associated
with a surface, encapsulated in a heterogenous extracellular matrix [10]. Biofilms impart a variety of
tolerance mechanisms to bacteria, often reducing antibiotic efficacy [9]. The population of bacterial cells
in a biofilm is physiologically and genotypically diverse, with <0.1% of bacteria becoming persister
cells, which are inherently resistant to antibiotics that target replicating bacteria [11].

Biofilms underlie a wide range of infections, including dental, oral, pulmonary and gastrointestinal
infections [12]. Biofilms are particularly important in chronic bone and (prosthetic) joint infections [13,14].
Patients with such infections who are candidates for surgery may receive debridement, antibiotics
and implant retention (DAIR) or various degrees of surgical revision. Those who are not candidates
for surgery receive suppressive long-term antibiotic therapy. The surgical success rate is variable.
For example, it has been estimated that the average ability of DAIR to control periprosthetic joint
infection is 61.4%, with efficacy ranging from 11.1% to 100% [15]. These infections carry a significant
social, human and financial cost. In 2015 in the UK, it was estimated that the average cost to the
National Health Service of a patient undergoing revision of an infected knee was £30,011 [16], while it
was previously projected that in the United States the annual cost of treatment of prosthetic joint
infections would exceed $1.62 billion by 2020 [17].

Arguably, phage therapy has the potential to transform the treatment of these infections. There have
been several cases of the compassionate use of phage therapy for the treatment of bone and joint
infections over the last few years. Therefore, to support future developments in the field, this systematic
review will, without limitation on study design, collate reports of phage therapy for the treatment of
bone and joint infections in humans and evaluate the evidence for safety and efficacy.

2. Methods

2.1. Search Strategy

Three electronic databases were searched, without limits, for articles published up to July 2020:
EMBASE (1980–2020), Ovid MEDLINE® Epub Ahead of Print, In-Process & Other Non-Indexed
Citations, Ovid MEDLINE® Daily, Ovid MEDLINE and Versions® (1946–2020) and Web of Science.
The Web of Science Core Collection Citation Indexes searched were as follows: Science Citation Index
Expanded (1900–2020), Book Citation Index–Science (2005–2020) and the Emerging Sources Citation
Index (2015–2020). The search was performed using the following terms: (“bacteriophage*” OR
“phage*”) AND (“bone” OR “joint” OR “musculoskeletal” OR “MSK” OR “ortho*” OR “osteo*” OR
“peri?prosthetic” OR “prosthe*”) AND (“case*” OR “clinic*” OR “patient*” OR “treat*” OR “trial”).
In Ovid, these terms were followed by the suffix ‘.mp.’ and they were searched as topics on the Web
of Science platform. This systematic strategy was supplemented using reports known to the authors
that described the use of phage therapy for a wide variety of conditions but the titles and abstracts of
which would not be detected by the specific search terms used [18–22], sources not widely available or
indexed online [23–25] and relevant papers that became available after the systematic search date [26,27].
A protocol was not published prior to this study.

2.2. Study Selection Criteria

All articles were title and abstract screened. Articles were included if they contained primary
clinical data about the use of phage therapy in humans to treat any type of bone or joint infection,
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including cases of skin and soft tissue infection complicated by osteomyelitis and were available in
the English language. Secondary literature was excluded unless it reported primary clinical data
unavailable from the primary source. There were no restrictions on study date, type or location.
There was no limitation on the purity of phage preparation used and studies using raw bacterial lysate
were included. Articles reporting the use of phage-derived products (e.g., endolysins) were excluded.
Study selection was carried out independently by two authors (ALC, JDJ), with discrepancies resolved
by agreement. Deduplication was performed using Endnote (version X8.0.1). Title and abstract
screening and subsequent full-text eligibility screening were performed independently by two authors
(ALC, JDJ), with discrepancies resolved by agreement. This review was conducted in accordance with
the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines [28]
and a PRISMA checklist was completed (Supplementary File S1).

2.3. Data Extraction and Critical Appraisal

The following information was extracted from each eligible study: author(s); date of publication;
study location; study type; number of relevant reports; condition microbiology; clinical condition and,
where possible, patient age(s) and/or previous treatment(s); details of the phage treatment; treatment
schedule and route(s), including details of other ongoing therapies (e.g., antibiotics), where reported;
treatment efficacy; where possible, the numbers of patients ‘cured’, ‘improved’ or for which there
was ‘no response’; comments or data regarding safety and adverse effects. The term ‘cured’ is used
in Supplementary File S2 and is defined here as synonymous with clinical resolution of infection.
One article recorded six patients as having ‘transient improvement’ [19]. These were defined as
treatment failure for the purposes of this review, as ‘transient improvement’ is a nebulous term that
does not imply a period of clinical resolution. The extraction of data from each eligible article was
performed independently by at least two of the three authors (ALC, JDJ or SDS), with discrepancies
resolved by agreement. All eligible studies were independently assessed by two authors (ALC, JDJ)
using the appropriate Joanna Briggs Institute critical appraisal checklist [29], with discrepancies
resolved by agreement. The influence of publication bias and selective reporting on the cumulative
evidence are considered in the discussion. A Fisher’s exact test was performed using an online
GraphPad® tool (GraphPad®, San Diego, CA, USA) [30].

3. Results

Systematic searching yielded 1783 records. After duplicates were removed, 1102 records remained,
published between 1933 and 2020. Ten additional records were identified from other sources. Five were
reports that described the use of phage therapy for a wide variety of conditions and therefore the titles
and abstracts of these records did not contain the specific search terms used [18–22]; three were from
grey literature sources known to the authors not to be indexed or available online [23–25,31]; and the
authors became aware of two further relevant records published after the systematic search date but
that were included for completeness [26,27].

Title and abstract screening revealed a further 32 duplicate records and led to the exclusion of
1052 records that did not meet the inclusion criteria (Figure 1). Of the remaining 28 articles eligible for
full-text screening, 11 were excluded because they could not be accessed in full (n = 4), contained data
reported by a paper already included (n = 4), contained no relevant data (n = 2) or were not available
in English (n = 1).

A total of 17 eligible studies were identified for inclusion in this review [19,20,23–27,32–41].
The data extracted from these studies is shown in Supplementary File S2. These studies were from
the Unites States (n = 8), France (n = 3), Poland (n = 1), Belarus (n = 1), Belgium (n = 1), Germany
(n = 1), Israel (n = 1) and Russia (n = 1). There were seven case reports and 10 case series. Critical
appraisal highlighted various shortcomings in the quality of reporting but did not provide evidence of
bias warranting exclusion (Supplementary File S3).
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Together, the 17 records reported data regarding 277 patients treated for osteomyelitis (n = 229;
82.7%), post-traumatic bone infections (n = 41; 14.8%), prosthetic joint infections (n = 5; 1.8%) and
septic arthritis/synovitis (n = 2; 0.7%). The bacteria most commonly targeted by phage therapy
were Staphylococcus aureus or other Staphylococcal species (n = 9/17) and bacteria from the genera
Streptococcus (n = 3/17) and Pseudomonas (n = 3/17). Other bacterial genera targeted included Klebsiella,
Proteus, Acinetobacter, Enterococcus and Escherichia. Bacterial resistance to antibiotics was reported in 12
of 17 articles.

Five of seventeen articles reported the use of more than one type of phage to treat patients,
reflecting the use of either preformulated or customised cocktails. A further seven articles reported the
use of only one type of phage and in five articles details of the phage(s) used were not clear. Screening of
bacterial susceptibility to phage therapy was reported by 9 of 17 articles. An additional article reported
sensitivity testing for some phages but not others [25], and sensitivity testing by Slopek and colleagues
was implied by an earlier, related, publication [42]. Phage therapy was most commonly administered
directly into the site of infection during or post surgery (n = 6/17), supplemented by intravenous phage
in one case. Six of the seventeen reports documented the topical application of phage, supplemented
in four cases by oral (n = 1) or subcutaneous (n = 2) or intramuscular (n = 1) injection. Two reports
documented subcutaneous phage injection, supplemented by intravenous administration in one case.
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In two reports, the phage was only administered intravenously. Three reports documented the use
of pre-administration neutralization of the gastric mucosa when the phage was administered orally
(n = 1) or of the wound site when the phage was directly applied (n = 2). In the latter cases, 1.4–3.0%
sodium bicarbonate was used as a pre-administration wound rinse. One report contained no details
about phage administration. The use of antibiotics in combination with phage therapy was reported
by 10 of the 17 articles.

A precise efficacy estimate cannot be derived, as co-administered therapies, phages and reporting
timepoints and methodology differed between all articles. Notwithstanding these caveats and given
that most infections reported were refractory to antibiotics, a crude and cautionary estimate of efficacy
can be derived. Together, the 17 articles represented the treatment of 277 bone and joint infection
patients of which 93.1% (n = 258/277) achieved clinical resolution, 3.3% (n = 9/277) had improvement
and 3.6% (n = 10/277) showed no improvement.

Six of the treatment failures, all classified as ‘transient improvement’ by Slopek and colleagues
but classified here as failures (see Methods), were reported among the 11 of 17 articles that reported or
implied screening a patient’s bacteria for susceptibility to phage therapy. Together, these 11 reports
represented 92.8% (n = 257/277) of study patients. Conversely, the six articles that did not report phage
sensitivity testing represented 7.2% (n = 20/277) of study patients, among which four treatment failures
were identified. A Fisher’s exact test comparing the proportions of treatment failure between articles
that did or did not report phage susceptibility screening (2.3% vs. 20%) suggested that sensitivity
screening reduced the proportion of treatment failures (p < 0.05).

Twelve of the seventeen articles commented on safety or adverse effects. Of these, three articles
did not comment on aspects of safety specific to the cases included here but commented on the use of
the same phage in other groups [19,20,24]. These were classified as indirect safety comments. In 1940,
Bernstein reported that 15 of 141 patients showed adverse effects to the subcutaneous injection of phage.
Most (n = 12/15) had local reactions, such as redness and swelling, and three had generalised reactions
(e.g., fever, rigors). In 1963, Baker reported that after the ‘administration of over 35,000 doses’ of raw
phage lysate he had observed no allergic reactions and ‘encountered only mild local erythema and
swelling and very occasionally a vaccine-type reaction of mild to moderate degree due to overdosage’.
Later, in 1987, Slopek and colleagues reported that adverse effects of phage therapy were ‘very rare’,
reporting that out of 138 patients two had ‘oral intolerance’ and one displayed ‘allergic symptoms at
local application on the wound’. Slopek and colleagues elaborated further, describing the effects of
systemic endotoxin release secondary to phage therapy, but reassuringly concluded that phage therapy
was ‘safe’, adverse effects were ‘rather rare’, ‘presented no danger for a patient’ and were ‘transient’.

Of the nine articles that directly commented on safety of the cases included in this review,
six reported no adverse effects. One article reported that a patient suffered a myocardial infarction
and associated complications, but that these were not considered to be related to phage therapy [26].
Of the two remaining articles, Onsea and colleagues (2019) reported that phages were ‘generally well
tolerated’ but that one patient experienced local redness and pain. The authors attributed the redness
and pain to stowing (extravasation) of the injected phage preparation and an immune reaction to
endotoxins present in the phage. Doub and colleagues (2020) reported the treatment of a patient with
intravenous and intraarticular anti-Staphylococcal phage therapy. The patient developed non-life
threatening transaminitis after the third dose of intravenous phage, which resolved upon cessation of
phage therapy. The authors posited that this was secondary to a pre-existing liver condition, which
caused a local cytokine response by liver macrophages when exposed to high levels of phage, leading
to a local inflammatory response among the patient’s hepatocytes.

4. Discussion

This systematic review has collated available English-language publications reporting the use
of phage therapy for bone and (prosthetic) joint infections. Although a total of 17 manuscripts were
identified, ranging in date from 1933 to 2020 and representing 277 patients, it is likely that this
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significantly underrepresents the extent to which phage therapy has been used to treat such infections
over the last 100 years. Many reports of phage therapy originate from Russia or Eastern Europe,
where phage therapy has been used for almost a century [2]. Consequently, there will be manuscripts
describing the use of phage therapy for the treatment of bone and joint infections that are unavailable
in English and/or not indexed in electronic databases; one such example was identified during this
systematic review [43]. As phage therapy is widely accepted in these regions, it is also likely that
many routine instances of phage therapy are not deemed to be of publishable value. While these
caveats do not detract from the value of collating this evidence, any English-language, predominantly
online-based, systematic review is unlikely to offer more than a narrow window on the true extent of
evidence regarding the safety and efficacy of phage therapy for any given clinical indication.

The evidence collated by this review suggests that, when used appropriately, phage therapy is
highly efficacious for the treatment of bone and joint infections. Approximately 96.4% of the 277 patients
included in this review achieved clinical resolution or improvement. Only 10 patients showed no
improvement, six of which showed ‘transient improvement’ and four of which were included in a
manuscript that did not report phage sensitivity testing or details of the phage therapy used [19,24].
The efficacy of phage therapy is highly dependent upon close matching of the therapeutic phage
with the patient’s pathogen. The high proportion of infections that achieved clinical resolution or
improvement with phage therapy likely reflects that most studies included in this review (n = 11/17)
reported the use of phage sensitivity testing, representing 92.8% of patients (n = 257/277). However,
it is noteworthy that, despite a strong correlation between in vitro and in vivo efficacy [44,45], negative
in vitro susceptibility does not always preclude in vivo efficacy [46]. As demonstrated by Nir Paz and
colleagues [36], phage therapy has significant potential in the treatment of polymicrobial infections,
where a cocktail of phages targeting the various bacteria responsible can be used [47]. Although bacterial
resistance to antibiotics was reported in 12 of 17 articles, patients in 10 of 17 articles were treated with
phage therapy alongside antibiotics, in some cases despite antibiotic resistance. The use of phage
therapy alongside antibiotics reflects the urgent clinical need of many of these patients but, without
in vitro efficacy data, may hamper interpretation of the relative in vivo efficacy of each antimicrobial.
Notably, there is evidence that antibiotics and phage therapy can be synergistic in some cases, including
when antibiotics are used at sub-inhibitory concentrations, which may have broader implications for
antibiotic resistance in general [48–50]. Importantly, phage therapy acts independent of antibiotic
resistance and some phages also possess limited enzymatic anti-biofilm activity, degrading the biofilm
extracellular matrix; although complete biofilm clearance may be unlikely [51,52]. Resistance to phage
therapy can occur, however this is mitigated by the use of phage cocktails [47]. Combining phage
therapy with other anti-biofilm strategies, such as antibiotics or debridement surgery, can enhance
biofilm clearance [51,53]. The anti-biofilm activity of some phages makes them particularly suited to
the treatment of biofilm-containing chronic bone and joint infections [40,54,55].

The articles included in this review suggest that the use of phages to treat bone and joint infections is
safe and without risk of significant adverse effects. Twelve of the seventeen articles commented on safety
or adverse effects, with nine commenting directly on the patients in question and three commenting
more broadly on safety. Six of the nine articles that directly commented on safety or adverse effects
reported no side-effects, with a seventh article highlighting that a patient’s later myocardial infarction
was not considered to be related to phage therapy [26]. Of the remaining two articles, Doub and
colleagues suggested that their patient’s pre-existing liver pathology explained their observation of
non-life threatening reversible transaminitis in response to intravenous phage used at a titre of 2.7 × 109

plaque forming units (PFU)/mL [32]. This would be consistent with the absence of transaminitis among
other patients treated with intravenous phage of a similar titre [27,36,56,57]. This suggests that liver
function should be closely monitored in patients with pre-existing liver pathology receiving intravenous
phage, but that the risk of adverse effects from intravenous phage remains low. Onsea and colleagues’
2019 report of localised pain and swelling was considered to represent the extravasation of phage and
the effect of endotoxins present in the phage preparation [37]. It is known that the administration of
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endotoxin can cause localised and/or inflammatory responses [58]. Many early reports of phage therapy
used raw phage lysates (i.e., a mixture of dead bacteria, phage particles and bacterial culture broth).
Such phage lysates often contained high levels of contaminating endotoxin and consequently adverse
effects consistent with co-administered endotoxin were observed. When considering comments on safety
and adverse effects, it is therefore important to evaluate any available information about the endotoxin
content of the phage preparation. For example, the co-administration of endotoxin with raw, impure,
phage lysates readily explains the comments of Bernstein, Baker and Slopek, which offered indirect
appraisals of safety and documented localised and systemic reactions [19,20,24]. Broadly, the safety of
phage therapy identified by the studies included in this review illustrates how advantageous phage
therapy is relative to antibiotic therapy, which often causes adverse effects. However, the safety of
every different phage used for therapy must be assessed. Extensive literature about the characterisation
of phages for therapy is available elsewhere [59–61], with primary concerns being the exclusion of
phages with lysogenic, toxin or antimicrobial resistance genes. Lastly, five articles did not comment
on safety or efficacy, potentially reflecting the inherent tendency of scientific literature to only report
‘significant’ findings. It is important that all future clinical applications of phage therapy comment on
safety and adverse effects, even if none were present, and that information about the purity of the phage
preparation used is included to inform analysis of any adverse effects.

As mentioned above, this review was limited by being restricted to the English language and
predominantly online sources. The systematic review approach is also inherently limited by whether
relevant studies are available, accessible or appropriately indexed in the databases searched. Moreover,
there is a risk that relevant papers may not be retrieved by systematic searching if they lack the search
terms in the fields searched. The reproducible and methodological nature of this systematic review
also limited the inclusion of sources of which only an abstract was available. There were three such
sources; one was available in full but not in English. From Russia in 2014, Shusharin and colleagues
reported the use of intraarticular ‘polyvalent bacteriophage’ to treat 15 patients with gout (n = 5) or
rheumatoid arthritis (n = 10) and associated synovitis of the knee or hip [62]. For 7 of 15 patients,
‘the process was completely arrested’ after two injections. For the remaining 8 of 15 patients, a total of
3–4 injections was required. It was observed that phage ‘has a strong analgesic and anti-inflammatory
effect’, ‘pain in the joint passes after 3–24 h after injection’ and that there was no ‘exacerbation of primary
disease’. From Romania in 2016, Negut and colleagues reported the use of oral and/or topical phage
preparations from the Eliava Institute (Tbilisi, Georgia) in two patients with chronic osteomyelitis [63].
These osteomyelitis patients were treated alongside four other patients with recalcitrant soft tissue
infections. The available abstract did not clearly report the outcomes but did state that ‘for all six cases
the combined therapy proved to be safe, with no adverse reactions and no adverse changes in laboratory
parameters’. From Russia in 2018, a case report by Efremov and colleagues detailed a two-stage
reosteosynthesis procedure in which cement containing vancomycin and polyvalent bacteriophage was
successfully used to treat a patient with chronic osteomyelitis [43]. Although conference abstracts were
not included in the systematic review strategy, an additional conference abstract was identified during
this review. From France in 2018, Dublanchet and Patey reported the results of a cohort of 10 patients
treated since 2008 [64]. The ‘initial bacteria were eradicated’ but replaced by a different bacterial species
in two cases. Although not available in full, these abstracts further underscore the potential of phage
therapy as a safe and efficacious treatment option for complicated orthopaedic infections.

Bone and joint infections are often chronic, complex and may often be refractory to antibiotic
therapy because of antibiotic resistance and/or biofilm-based tolerance. This systematic review presents
English-language data which offers a reassuring evidence base supporting the safety and efficacy of
phage therapy for the treatment of these infections. Phage therapy has a long history in the treatment of
bone and joint infections and has been successfully used in both ‘cocktail’ and ‘personalised’ formulations.
Amid the growing antimicrobial resistance crisis, phage therapy is likely to offer a valuable adjunct or
alternative future therapeutic option, especially in clinical indications where biofilm-based antibiotic
tolerance occurs.
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Abbreviations

ALT alanine aminotransferase
AST aspartate aminotransferase
CRP C-reactive protein
DAIR debridement, antibiotics and implant retention
IV intravenous
MRSA methicillin-resistant Staphylococcus aureus
PFU plaque forming unit
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
SC subcutaneous
SPL Staphylococcus phage lysate
WBC white blood cell
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7. Żaczek, M.; Weber-Dąbrowska, B.; Międzybrodzki, R.; Łusiak-Szelachowska, M.; Górski, A. Phage Therapy in

Poland—A Centennial Journey to the First Ethically Approved Treatment Facility in Europe. Front. Microbiol.
2020, 11, 1056. [CrossRef]

8. Kutateladze, M.; Adamia, R. Phage therapy experience at the Eliava Institute. Méd. Mal. Infect. 2008, 38,
426–430. [CrossRef]

9. Hall, C.W.; Mah, T.-F. Molecular mechanisms of biofilm-based antibiotic resistance and tolerance in pathogenic
bacteria. FEMS Microbiol. Rev. 2017, 41, 276–301. [CrossRef]

10. Davies, D. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114–122.
[CrossRef]

11. Ciofu, O.; Rojo-Molinero, E.; Macià, M.D.; Oliver, A. Antibiotic treatment of biofilm infections. APMIS 2017,
125, 304–319. [CrossRef]

12. Pozo, J.L.D. Biofilm-related disease. Expert Rev. Anti Infect. Ther. 2018, 16, 51–65. [CrossRef] [PubMed]
13. Zimmerli, W.; Sendi, P. Orthopaedic biofilm infections. APMIS 2017, 125, 353–364. [CrossRef] [PubMed]
14. Zimmerli, W.; Trampuz, A.; Ochsner, P.E. Prosthetic-Joint Infections. N. Engl. J. Med. 2004, 351, 1645–1654.

[CrossRef]

http://www.mdpi.com/2079-6382/9/11/795/s1
https://www.nobelprize.org/uploads/2018/06/fleming-lecture.pdf
https://www.nobelprize.org/uploads/2018/06/fleming-lecture.pdf
http://dx.doi.org/10.4161/viru.25991
http://dx.doi.org/10.1016/S1473-3099(20)30060-8
http://dx.doi.org/10.1128/microbiolspec.BAD-0003-2016
http://dx.doi.org/10.1093/jhmas/jry024
http://www.ncbi.nlm.nih.gov/pubmed/30312428
http://dx.doi.org/10.4161/bact.20757
http://dx.doi.org/10.3389/fmicb.2020.01056
http://dx.doi.org/10.1016/j.medmal.2008.06.023
http://dx.doi.org/10.1093/femsre/fux010
http://dx.doi.org/10.1038/nrd1008
http://dx.doi.org/10.1111/apm.12673
http://dx.doi.org/10.1080/14787210.2018.1417036
http://www.ncbi.nlm.nih.gov/pubmed/29235402
http://dx.doi.org/10.1111/apm.12687
http://www.ncbi.nlm.nih.gov/pubmed/28407423
http://dx.doi.org/10.1056/NEJMra040181


Antibiotics 2020, 9, 795 9 of 11

15. Kunutsor, S.K.; Beswick, A.D.; Whitehouse, M.R.; Wylde, V.; Blom, A.W. Debridement, antibiotics and
implant retention for periprosthetic joint infections: A systematic review and meta-analysis of treatment
outcomes. J. Infect. 2018, 77, 479–488. [CrossRef] [PubMed]

16. Kallala, R.F.; Vanhegan, I.S.; Ibrahim, M.S.; Sarmah, S.; Haddad, F.S. Financial analysis of revision knee
surgery based on NHS tariffs and hospital costs. Bone Jt. J. 2015, 97-B, 197–201. [CrossRef]

17. Kurtz, S.M.; Lau, E.; Watson, H.; Schmier, J.K.; Parvizi, J. Economic Burden of Periprosthetic Joint Infection
in the United States. J. Arthroplast. 2012, 27, 61–65. [CrossRef]

18. Slopek, S.; Kucharewicz-Krukowska, A.; Weber-Dabrowska, B.; Dabrowski, M. Results of bacteriophage
treatment of suppurative bacterial infections. V. Evaluation of the results obtained in children. Arch. Immunol.
Ther. Exp. (Warsz.) 1985, 33, 241–259.

19. Slopek, S.; Weber-Dabrowska, B.; Dabrowski, M.; Kucharewicz-Krukowska, A. Results of bacteriophage
treatment of supparative bacterial infections in the years 1981–1986. Arch. Immunol. Ther. Exp. (Warsz.) 1987,
35, 569–583.

20. Baker, A. Staphylococcus bacteriophage lysate topical and parenteral use in allergic patients. Pa. Med. J.
1963, 66, 25–28.

21. Weber-Dabrowska, B.; Mulczyk, M.; Górski, A. Bacteriophage therapy of bacterial infections: An update of
our institute’s experience. Arch. Immunol. Ther. Exp. (Warsz.) 2000, 48, 547–551.

22. Slopek, S.; Kucharewicz-Krukowska, A.; Weber-Dabrowska, B.; Dabrowski, M. Results of bacteriophage
treatment of suppurative bacterial infections. VI. Analysis of treatment of suppurative staphylococcal
infections. Arch. Immunol. Ther. Exp. (Warsz.) 1985, 33, 261–273. [PubMed]

23. Southwest Regional Wound Care Centre Expanded Phage Case Histories. Available online: https://pdfs.
semanticscholar.org/b7f2/9b704ba13aafa35ff0809d67eac89807f456.pdf (accessed on 25 February 2020).

24. Bernstein, V.S.; Sokobenzon, E.E.; Yakhnina, N.A. On phage therapy of the festering processes. Surg. Khirurgia
1940, 56–58.

25. Matusis, E.E.; Shumilkina, E.I.; Boiarinova, L.V. Use of therapeutic bacteriophages in complex treatment of
faked joints of shin bones aggravated with osteomyelitis. In Selected Articles of the Jubilee Symposium Dedicated
to the 50th Anniversary of the Tbilisi Institute of Vaccine and Sera; TIVS: Tbilisi, Georgia, 1974; pp. 390–392.

26. Ferry, T.; Batailler, C.; Petitjean, C.; Chateau, J.; Fevre, C.; Forestier, E.; Brosset, S.; Leboucher, G.; Kolenda, C.;
Laurent, F. The Potential Innovative Use of Bacteriophages Within the DAC® Hydrogel to Treat Patients
With Knee Megaprosthesis Infection Requiring “Debridement Antibiotics and Implant Retention” and Soft
Tissue Coverage as Salvage Therapy. Front. Med. 2020, 7, 342. [CrossRef] [PubMed]

27. Cano, E.J.; Caflisch, K.M.; Bollyky, P.L.; Van Belleghem, J.D.; Patel, R.; Fackler, J.; Brownstein, M.J.; Horne, B.;
Biswas, B.; Henry, M. Phage Therapy for Limb-threatening Prosthetic Knee Klebsiella pneumoniae Infection:
Case Report and In Vitro Characterization of Anti-biofilm Activity. Clin. Infect. Dis. 2020. [CrossRef]

28. Stroup, D.F.; Berlin, J.A.; Morton, S.C.; Olkin, I.; Williamson, G.D.; Rennie, D.; Moher, D.; Becker, B.J.;
Sipe, T.A.; Thacker, S.B. Meta-analysis of Observational Studies in Epidemiology: A Proposal for Reporting.
JAMA 2000, 283, 2008–2012. [CrossRef]

29. The Joanna Briggs Institute Critical Appraisal Tools—JBI. Available online: http://joannabriggs.org/research/

critical-appraisal-tools.html (accessed on 31 March 2020).
30. GraphPad Analyze A 2 × 2 Contingency Table. Available online: https://www.graphpad.com/quickcalcs/

contingency1.cfm (accessed on 23 September 2020).
31. Chanishvili, N. A Literature Review of the Practical Applications of Bacteriophage Research; Eliava Institute of

Bacteriophage, Microbiology & Virology: Tbilisi, Georgia, 2009.
32. Doub, J.B.; Ng, V.Y.; Johnson, A.J.; Slomka, M.; Fackler, J.; Horne, B.; Brownstein, M.J.; Henry, M.; Malagon, F.;

Biswas, B. Salvage Bacteriophage Therapy for a Chronic MRSA Prosthetic Joint Infection. Antibiotics 2020,
9, 241. [CrossRef]

33. Fish, R.; Kutter, E.; Wheat, G.; Blasdel, B.; Kutateladze, M.; Kuhl, S. Bacteriophage treatment of intransigent
Diabetic toe ulcers: A case series. J. Wound Care 2016, 25, S27–S33. [CrossRef]

34. Fish, R.; Kutter, E.; Bryan, D.; Wheat, G.; Kuhl, S. Resolving Digital Staphylococcal Osteomyelitis Using
Bacteriophage—A Case Report. Antibiotics 2018, 7, 87. [CrossRef]

http://dx.doi.org/10.1016/j.jinf.2018.08.017
http://www.ncbi.nlm.nih.gov/pubmed/30205122
http://dx.doi.org/10.1302/0301-620X.97B2.33707
http://dx.doi.org/10.1016/j.arth.2012.02.022
http://www.ncbi.nlm.nih.gov/pubmed/2935117
https://pdfs.semanticscholar.org/b7f2/9b704ba13aafa35ff0809d67eac89807f456.pdf
https://pdfs.semanticscholar.org/b7f2/9b704ba13aafa35ff0809d67eac89807f456.pdf
http://dx.doi.org/10.3389/fmed.2020.00342
http://www.ncbi.nlm.nih.gov/pubmed/32850878
http://dx.doi.org/10.1093/cid/ciaa705
http://dx.doi.org/10.1001/jama.283.15.2008
http://joannabriggs.org/research/critical-appraisal-tools.html
http://joannabriggs.org/research/critical-appraisal-tools.html
https://www.graphpad.com/quickcalcs/contingency1.cfm
https://www.graphpad.com/quickcalcs/contingency1.cfm
http://dx.doi.org/10.3390/antibiotics9050241
http://dx.doi.org/10.12968/jowc.2016.25.Sup7.S27
http://dx.doi.org/10.3390/antibiotics7040087


Antibiotics 2020, 9, 795 10 of 11

35. Fish, R.; Kutter, E.; Wheat, G.; Blasdel, B.; Kutateladze, M.; Kuhl, S. Compassionate use of bacteriophage
therapy for foot ulcer treatment as an effective step for moving toward clinical trials. In Bacteriophage Therapy:
From Lab to Clinical Practice; Azeredo, J., Sillankorva, S., Eds.; Methods in Molecular Biology; Humana Press:
Totowa, NJ, USA, 2018; ISBN 978-1-4939-7394-1.

36. Nir-Paz, R.; Gelman, D.; Khouri, A.; Sisson, B.M.; Fackler, J.; Alkalay-Oren, S.; Khalifa, L.; Rimon, A.;
Yerushalmy, O.; Bader, R. Successful Treatment of Antibiotic-resistant, Poly-microbial Bone Infection With
Bacteriophages and Antibiotics Combination. Clin. Infect. Dis. 2019, 69, 2015–2018. [CrossRef]

37. Onsea, J.; Soentjens, P.; Djebara, S.; Merabishvili, M.; Depypere, M.; Spriet, I.; De Munter, P.; Debaveye, Y.;
Nijs, S.; Vanderschot, P. Bacteriophage Application for Difficult-to-treat Musculoskeletal Infections:
Development of a Standardized Multidisciplinary Treatment Protocol. Viruses 2019, 11, 891. [CrossRef]

38. Tkhilaishvili, T.; Winkler, T.; Müller, M.; Perka, C.; Trampuz, A. Bacteriophages as Adjuvant to Antibiotics
for the Treatment of Periprosthetic Joint Infection Caused by Multidrug-Resistant Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 2019, 64, e00924-19. [CrossRef]

39. Ferry, T.; Boucher, F.; Fevre, C.; Perpoint, T.; Chateau, J.; Petitjean, C.; Josse, J.; Chidiac, C.; L’hostis, G.;
Leboucher, G. Innovations for the treatment of a complex bone and joint infection due to XDR Pseudomonas
aeruginosa including local application of a selected cocktail of bacteriophages. J. Antimicrob. Chemother. 2018,
73, 2901–2903. [CrossRef] [PubMed]

40. Ferry, T.; Leboucher, G.; Fevre, C.; Herry, Y.; Conrad, A.; Josse, J.; Batailler, C.; Chidiac, C.; Medina, M.;
Lustig, S. Salvage Debridement, Antibiotics and Implant Retention (“DAIR”) With Local Injection of a
Selected Cocktail of Bacteriophages: Is It an Option for an Elderly Patient With Relapsing Staphylococcus
aureus Prosthetic-Joint Infection? Open Forum Infect. Dis. 2018, 5, ofy269. [CrossRef]

41. Albee, F.H. The treatment of osteomyelitis by bacteriophage. JBJS 1933, 15, 58–66.
42. Slopek, S.; Durlakowa, I.; Weber-Dabrowska, B.; Kucharewicz-Krukowska, A.; Dabrowski, M.; Bisikiewicz, R.

Results of bacteriophage treatment of suppurative bacterial infections. I. General evaluation of the results.
Arch. Immunol. Ther. Exp. (Warsz.) 1983, 31, 267–291. [PubMed]

43. Efremov, I.M.; Sibaev, F.Y.; Shevalaev, G.A. Two-stage reosteosynthesis of tibia in the patient with fracture
non-union complicated by postoperative osteomyelitis. Traumatol. Orthop. Russ. 2018, 24, 108–114. [CrossRef]

44. Green, S.I.; Kaelber, J.T.; Ma, L.; Trautner, B.W.; Ramig, R.F.; Maresso, A.W. Bacteriophages from ExPEC
Reservoirs Kill Pandemic Multidrug-Resistant Strains of Clonal Group ST131 in Animal Models of Bacteremia.
Sci. Rep. 2017, 7, 46151. [CrossRef] [PubMed]

45. Henry, M.; Lavigne, R.; Debarbieux, L. Predicting In Vivo Efficacy of Therapeutic Bacteriophages Used To
Treat Pulmonary Infections. Antimicrob. Agents Chemother. 2013, 57, 5961–5968. [CrossRef]

46. Beridze, M.A. Role of Bacteriophage Therapy in Combating Purulent Skin Infections; Medgiz: Tbilisi, Georgia, 1938.
47. Chan, B.K.; Abedon, S.T.; Loc-Carrillo, C. Phage cocktails and the future of phage therapy. Future Microbiol.

2013, 8, 769–783. [CrossRef]
48. Segall, A.M.; Roach, D.R.; Strathdee, S.A. Stronger together? Perspectives on phage-antibiotic synergy in

clinical applications of phage therapy. Curr. Opin. Microbiol. 2019, 51, 46–50. [CrossRef]
49. Comeau, A.M.; Hatfull, G.F.; Krisch, H.M.; Lindell, D.; Mann, N.H.; Prangishvili, D. Exploring the prokaryotic

virosphere. Res. Microbiol. 2008, 159, 306–313. [CrossRef] [PubMed]
50. Tagliaferri, T.L.; Jansen, M.; Horz, H.-P. Fighting Pathogenic Bacteria on Two Fronts: Phages and Antibiotics

as Combined Strategy. Front. Cell. Infect. Microbiol. 2019, 9, 22. [CrossRef] [PubMed]
51. Pires, D.; Melo, L.; Vilas Boas, D.; Sillankorva, S.; Azeredo, J. Phage therapy as an alternative or complementary

strategy to prevent and control biofilm-related infections. Curr. Opin. Microbiol. 2017, 39, 48–56. [CrossRef]
[PubMed]

52. Ferriol-González, C.; Domingo-Calap, P. Phages for Biofilm Removal. Antibiotics 2020, 9, 268. [CrossRef]
53. Akturk, E.; Oliveira, H.; Santos, S.B.; Costa, S.; Kuyumcu, S.; Melo, L.D.R.; Azeredo, J. Synergistic Action of

Phage and Antibiotics: Parameters to Enhance the Killing Efficacy Against Mono and Dual-Species Biofilms.
Antibiotics 2019, 8, 103. [CrossRef]

54. Tkhilaishvili, T.; Lombardi, L.; Klatt, A.-B.; Trampuz, A.; Di Luca, M. Bacteriophage Sb-1 enhances antibiotic
activity against biofilm, degrades exopolysaccharide matrix and targets persisters of Staphylococcus aureus.
Int. J. Antimicrob. Agents 2018, 52, 842–853. [CrossRef]

http://dx.doi.org/10.1093/cid/ciz222
http://dx.doi.org/10.3390/v11100891
http://dx.doi.org/10.1128/AAC.00924-19
http://dx.doi.org/10.1093/jac/dky263
http://www.ncbi.nlm.nih.gov/pubmed/30060002
http://dx.doi.org/10.1093/ofid/ofy269
http://www.ncbi.nlm.nih.gov/pubmed/6651484
http://dx.doi.org/10.21823/2311-2905-2018-24-1-108-114
http://dx.doi.org/10.1038/srep46151
http://www.ncbi.nlm.nih.gov/pubmed/28401893
http://dx.doi.org/10.1128/AAC.01596-13
http://dx.doi.org/10.2217/fmb.13.47
http://dx.doi.org/10.1016/j.mib.2019.03.005
http://dx.doi.org/10.1016/j.resmic.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18639443
http://dx.doi.org/10.3389/fcimb.2019.00022
http://www.ncbi.nlm.nih.gov/pubmed/30834237
http://dx.doi.org/10.1016/j.mib.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/28964986
http://dx.doi.org/10.3390/antibiotics9050268
http://dx.doi.org/10.3390/antibiotics8030103
http://dx.doi.org/10.1016/j.ijantimicag.2018.09.006


Antibiotics 2020, 9, 795 11 of 11

55. Seth, A.K.; Geringer, M.R.; Nguyen, K.T.; Agnew, S.P.; Dumanian, Z.; Galiano, R.D.; Leung, K.P.; Mustoe, T.A.;
Hong, S.J. Bacteriophage therapy for Staphylococcus aureus biofilm-infected wounds: A new approach to
chronic wound care. Plast. Reconstr. Surg. 2013, 131, 225–234. [CrossRef]

56. Fabijan, A.P.; Lin, R.C.Y.; Ho, J.; Maddocks, S.; Ben Zakour, N.L.; Iredell, J.R. Safety of bacteriophage therapy
in severe Staphylococcus aureus infection. Nat. Microbiol. 2020, 5, 465–472. [CrossRef]

57. Schooley, R.T.; Biswas, B.; Gill, J.J.; Hernandez-Morales, A.; Lancaster, J.; Lessor, L.; Barr, J.J.; Reed, S.L.;
Rohwer, F.; Benler, S. Development and Use of Personalized Bacteriophage-Based Therapeutic Cocktails
To Treat a Patient with a Disseminated Resistant Acinetobacter baumannii Infection. Antimicrob. Agents
Chemother. 2017, 61, e00954-17. [CrossRef]

58. Suffredini, A.F.; Noveck, R.J. Human Endotoxin Administration as an Experimental Model in Drug
Development. Clin. Pharmacol. Ther. 2014, 96, 418–422. [CrossRef]

59. Pirnay, J.-P.; Blasdel, B.G.; Bretaudeau, L.; Buckling, A.; Chanishvili, N.; Clark, J.R.; Corte-Real, S.;
Debarbieux, L.; Dublanchet, A.; De Vos, D. Quality and Safety Requirements for Sustainable Phage
Therapy Products. Pharm. Res. 2015, 32, 2173–2179. [CrossRef]

60. Gibson, S.B.; Green, S.I.; Liu, C.G.; Salazar, K.C.; Clark, J.R.; Terwilliger, A.L.; Kaplan, H.B.; Maresso, A.W.;
Trautner, B.W.; Ramig, R.F. Constructing and Characterizing Bacteriophage Libraries for Phage Therapy of
Human Infections. Front. Microbiol. 2019, 10, 2537. [CrossRef] [PubMed]

61. Philipson, C.; Voegtly, L.; Lueder, M.; Long, K.; Rice, G.; Frey, K.; Biswas, B.; Cer, R.; Hamilton, T.; Bishop-Lilly, K.
Characterizing Phage Genomes for Therapeutic Applications. Viruses 2018, 10, 188. [CrossRef] [PubMed]

62. Shusharin, A.G.; Polovinka, M.P. Effective treatment of opportunistic infections in patients with rheumatoid
arthritis and gout using bacteriophages. Osteoporos. Int. 2014, 25, S403.

63. Negut, A.C.; Sandulescu, O.; Streinu-Cercel, A.; Magdalena Motoi, M.; Loan Popa, M.; Streinu-Cercel, A.
A novel apporach for managing hard-to-treat infections. BMC Infect. Dis. 2016, 16, A19.

64. Dublanchet, A.; Patey, O. Phage therapy for bone and joint infections: Report of french cases. Orthop. Proc.
2017, 99-B, 35. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/PRS.0b013e31827e47cd
http://dx.doi.org/10.1038/s41564-019-0634-z
http://dx.doi.org/10.1128/AAC.00954-17
http://dx.doi.org/10.1038/clpt.2014.146
http://dx.doi.org/10.1007/s11095-014-1617-7
http://dx.doi.org/10.3389/fmicb.2019.02537
http://www.ncbi.nlm.nih.gov/pubmed/31781060
http://dx.doi.org/10.3390/v10040188
http://www.ncbi.nlm.nih.gov/pubmed/29642590
http://dx.doi.org/10.1302/1358-992X.2017.22.035
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Search Strategy 
	Study Selection Criteria 
	Data Extraction and Critical Appraisal 

	Results 
	Discussion 
	References

