International Orthopaedics
https://doi.org/10.1007/500264-024-06295-1

REVIEW ——

®

Check for
updates

Bacteriophage therapy as an innovative strategy for the treatment of
Periprosthetic Joint Infection: a systematic review

Shengdong Yang'2 - Assala Abu Mukh'? - Elsayed Abdelatif'* - Axel Schmidt'~ - Cécile Batailler' - Tristan Ferry>* .
Sébastien Lustig'?®

Received: 21 July 2024 / Accepted: 24 August 2024
© The Author(s) 2024

Abstract

Background Periprosthetic Joint Infection (PJI) following hip and knee arthroplasty is a catastrophic complication in ortho-
paedic surgery. It has long been a key focus for orthopaedic surgeons in terms of prevention and management. With the
increasing incidence of antibiotic resistance in recent years, finding more targeted treatment methods has become an increas-
ingly urgent issue. Bacteriophage Therapy (BT) has emerged as a promising adjunctive treatment for bone and joint infec-
tions in recent years. It not only effectively kills bacteria but also demonstrates significant anti-biofilm activity, garnering
substantial clinical interest due to its demonstrated efficacy and relatively low incidence of adverse effects.

Purpose This review aims to systematically evaluate the efficacy and safety of bacteriophage therapy in treating PJI follow-
ing hip and knee arthroplasty, providing additional reference for its future clinical application.

Methods Following predefined inclusion and exclusion criteria, our team conducted a systematic literature search across
seven databases (PubMed, Embase, Web of Science, Cochrane Library, ClinicalTrials.gov, CNKI, and WanFang Database).
The search was conducted up to May 2024 and included multiple clinical studies on the use of bacteriophage therapy for
treating PJI after hip and knee arthroplasty to assess its efficacy and safety.

Results This systematic review included 16 clinical studies after screening, consisting of 15 case reports and one prospective
controlled clinical trial, involving a total of 42 patients with PJI treated with bacteriophage therapy. The average patient age
was 62.86 years, and 43 joints were treated, with patients undergoing an average of 5.25 surgeries. The most common patho-
gen in these infections was Staphylococcus aureus, accounting for 18 cases. 33 patients received cocktail therapy, while nine
were treated with a single bacteriophage preparation. Additionally, all patients underwent suppressive antibiotic therapy
(SAT) postoperatively. All patients were followed up for an average of 13.55 months. There were two cases of recurrence,
one of which resulted in amputation one year postoperatively. The remaining patients showed good recovery outcomes.
Overall, the results from the included studies indicate that bacteriophage therapy effectively eradicates infectious strains in
various cases of PJI, with minimal side effects, demonstrating promising clinical efficacy.

Conclusion In the treatment of PJI following hip and knee arthroplasty, bacteriophages, whether used alone or in combi-
nation as cocktail therapy, have shown therapeutic potential. However, thorough preoperative evaluation is essential, and
appropriate bacteriophage types and treatment regimens must be selected based on bacteriological evidence. Future large-
scale, randomized controlled, and prospective trials are necessary to validate the efficacy and safety of this therapy.
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Introduction

Periprosthetic joint infection (PJI) is a catastrophic compli-
cation after joint replacement surgery and has consistently
posed a challenging problem for orthopaedic surgeons.
Despite advances in surgical techniques and innovative use
of antibiotics, the overall incidence of PJI remains at 0.97%
for total hip arthroplasty (THA) and 1.03% for total knee
arthroplasty (TKA). According to previous surveys, PJI is
the most common reason for revision surgery in TKA (25%)
and the third most common reason for revision in THA
(15.4%) [1, 2]. Further study have compared the impact of
different aetiologies on the incidence of PJI following pri-
mary joint replacement surgery, revealing that patients with
rheumatoid arthritis have a higher incidence compared to
those with osteoarthritis [3]. Additionally, PJI is associ-
ated with a relatively high mortality and complication rate,
which significantly affects patient prognosis. Literature
reports a 90-day mortality rate of 0.9% for PJI, with post-
operative complication rates of 31.3% for knee joints and
19.6% for hip joints [4], some studies also have reported
a five year mortality rate for PJI as high as 26%, compa-
rable to the mortality rates of several common malignancies
such as prostate and breast cancer [5]. In terms of healthcare
costs, PJI also imposes a substantial financial burden on
both patients and society. For example, in the United States,
the annual hospital costs related to hip and knee PJI are pro-
jected to reach $1.85 billion by 2030 [6].

Currently, once PJI is suspected or diagnosed, various
treatment options are available. However, patients almost
invariably require additional surgery combined with pro-
longed antibiotic therapy. Traditional treatment methods
are often limited in effectiveness against multidrug-resistant
bacteria, and the presence of complex bacterial strains fur-
ther complicates treatment. Moreover, the side effects of
antibiotic therapy add to the patient’s risk. Therefore, there
is an urgent need to discover new therapeutic strategies to
address these challenges.

Bacteriophages (also known as Phage) are natural viruses
that are ubiquitous in the environment and specifically infect
and lyse bacteria. They exhibit high specificity and gener-
ally do not affect the body’s normal microbiota [7]. Lever-
aging this advantage, the use of bacteriophages as a method
to combat bacteria has gradually emerged as a novel clinical
option for bacterial diagnosis and treatment. Bacteriophage
therapy has been shown to be effective against infections
in various organs and systems, including the pulmonary,
urinary, skin wounds, intestinal, and musculoskeletal sys-
tems [8—14]. In the field of PJI after joint replacement,
from a diagnostic perspective, studies have compared the
use of bacteriophage-based detection methods with tra-
ditional microbial cultures in sonicate fluid (SF) samples
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from patients undergoing revision surgery for suspected
PJI. Results indicate that bacteriophage-based methods are
faster and more sensitive, demonstrating clear advantages
[15]. From a therapeutic perspective, a series of founda-
tional studies on bacteriophage treatment for device-related
infections have shown promising progress. In in vitro exper-
iments, studies analyzed the bacteriophage activity against
Staphylococcus aureus isolates from PJI cases, showing
that at least one bacteriophage inhibited planktonic bacte-
rial growth in 97% of the samples [16]. In animal studies,
research applied phage-coated implants to treat joint infec-
tion models in mice. The findings revealed that implants
containing bacteriophages were effective in both treating
and preventing infections caused by methicillin-resistant
Staphylococcus aureus (MRSA) strains [17]. Other studies
utilized bacteriophage-derived lysins in in vitro models and
mouse prosthetic joint infection models, finding that bacte-
riophage products effectively reduced bacterial presence on
peri-prosthetic tissues and implant surfaces [18]. Therefore,
bacteriophage therapy shows significant potential in the
clinical management of PJI, leveraging its high specificity
and low side effects to target specific bacteria effectively
and act rapidly against antibiotic-resistant strains.
Currently, a growing number of clinical studies are
focusing on the efficacy and mechanisms of bacteriophage
therapy in managing PJI. Thus, this review aims to system-
atically evaluate the efficacy and safety of bacteriophage
therapy in treating PJI following hip and knee arthroplasty,
providing further insights for its future clinical applications.

Materials and methods
Literature search strategy

In May 2024, we conducted a systematic search of the lit-
erature on the role of bacteriophages in managing PJI based
on the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [19]. Specifi-
cally, we formulated our search strategy based on the PICO
framework, which includes predefined parameters for Pop-
ulation, Intervention, Comparison, Outcome, and Study
Design. The study population consisted of patients with
PJIs following hip or knee arthroplasty. The intervention
involved the use of bacteriophages (or derived biological
agents like lysins) administered through various routes. The
comparison, where applicable, was against traditional stan-
dard treatment regimens such as antibiotic therapy alone.
The primary outcomes were infection clearance rates and
clinical recovery. The search was conducted by two authors
who screened seven databases (PubMed, Embase, Web
of Science, Cochrane Library, Clinical Trials, CNKI, and
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Fig. 1 Flowchart showing the results of the search and the methodology selected

WanFang Database). Various search terms were employed,
including “hip arthroplasty,” “knee arthroplasty,” “bacterio-
phage therapy,” and “postoperative infection” (for detailed
search strategies, see the appendix). Additionally, we manu-
ally searched the reference lists of relevant articles to ensure
all pertinent studies were included. The search covered the
period from the inception of the databases to the present.

Inclusion and exclusion criteria

Inclusion criteria: Clinical studies involving bacteriophage
therapy for infections following hip or knee arthroplasty;
these include case reports, retrospective studies, and pro-
spective studies. The studies must provide detailed treat-
ment protocols and outcome evaluations. Exclusion criteria:
Studies of low relevance (e.g., those not involving the

treatment of infections following hip or knee arthroplasty);
animal experiments and laboratory studies; articles not
peer-reviewed; studies that are incomplete or lack critical
data; review articles and other types of publications.

Data extraction and quality assessment

Key information was extracted from the included studies,
including: study design (case reports, retrospective studies,
prospective studies); the number of patients and their demo-
graphic characteristics; the type of infection and information
on pathogens; treatment protocols (types of bacteriophages,
routes of administration, dosages, and treatment duration);
treatment outcomes (improvement in clinical symptoms,
eradication of bacterial infection, and follow-up dura-
tion); and safety and adverse effects (complications). The
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search results were downloaded into Zotero 6.0 for evalu-
ation. After removing duplicates, titles and abstracts were
screened for eligibility. Full texts of the studies that met the
eligibility criteria were reviewed and data were extracted.
This culminated in the formation of this systematic review

(Fig. 1).

Results
Studies characteristics (table 1)

A total of 16 studies were included, of which 15 were case
reports and one was a prospective controlled study, involv-
ing a total of 42 patients. Among the included studies, six
were from the USA, five from France, one from Germany,
one from the Netherlands, one from Latvia, and one from
Italy. The study participants were mostly patients over 60
years old, with an average age of 62.86 years. They had
undergone hip or knee arthroplasty, with an average of 5.25
surgeries (calculated from reports that included surgical
counts). The studies involved a total of 43 joints (29 hips
and 14 knees), including one report where the same patient
had infections in both the hip and knee on the same side.
Details are provided in Table 1.

Sample description (table 2)

In all case reports, patients had a history of multiple sur-
geries, including debridement, one-stage revision, and two-
stage revision arthroplasty. Among the infectious pathogens,
the most common was Staphylococcus aureus, with a total
of 18 cases, followed by Staphylococcus epidermidis with
16 cases, and Pseudomonas aeruginosa with five cases. Fur-
thermore, regarding the use of bacteriophages, all reports
specified the types of bacteriophages used for treatment.
However, the details on bacteriophage types, timing of use,
routes of administration, dosages, dosing frequencies, and
duration of use varied among the reports. Of the 42 patients,
33 received bacteriophage cocktail therapy, and nine were
treated with a single bacteriophage preparation. Addition-
ally, all patients received suppressive antibiotic therapy
postoperatively. Regarding routes of administration, some
reports mentioned the use of intravenous injection or com-
bined intra-articular administration. In some cases, bacterio-
phages were administered solely intra-articularly, either by
direct injection into the joint cavity before wound closure
during surgery or by continuous infusion through a drain-
age tube. Additionally, phage-loaded carrier the Defensive
Antibacterial Coating (DAC®™) hydrogel were applied to
the prosthesis surface, and in some studies, oral adminis-
tration was used. In the use of combination antibiotics, the
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types of antibiotics were adjusted in real-time based on the
patient’s disease progression. Most case reports mentioned
that patients received at least six weeks of suppressive anti-
biotic therapy postoperatively. The simplified treatment
flowchart and specific methods included in these studies in
Fig. 2; Table 2.

Effectiveness and safety of treatment (table 2)

Patients included in the 16 studies were followed up for
an average of 13.55 months (considering only reports with
recorded follow-up durations), with two cases of recurrence
observed. Among the 19 patients detailed in the case reports,
one underwent amputation due to poor infection control one
year post-surgery, while the others had favourable recov-
ery outcomes. Statistical results from prospective clinical
studies indicated that the overall response rate for patients
treated with a combination of bacteriophages and antibi-
otics was 95.5%, with one patient experiencing infection
recurrence during follow-up. Regarding adverse reactions,
case reports documented one patient experiencing fever and
chills; three patients developed liver function abnormali-
ties attributed to bacteriophage therapy, with one patient
recovering after discontinuation of treatment without life-
threatening consequences. Additionally, two patients exhib-
ited kidney function abnormalities, though these could not
be definitively attributed to bacteriophage therapy alone due
to concurrent antibiotic use. In the prospective controlled
study, one patient was transferred to the control group due
to evidence of other pathogens and a lack of bacteriophage
titer in mid-sampling tests, which was considered a failure
of bacteriophage therapy, while two patients experienced
fever reactions.

Synthesized analysis

Overall, the aggregated results from the included studies
suggest that bacteriophage therapy is effective in eradicating
infectious strains in various cases of prosthetic joint infec-
tions. Notably, it shows significant clinical efficacy against
complex multi-drug-resistant bacteria. Compared to con-
ventional antibiotic-only treatments, bacteriophage therapy
is better tolerated, has fewer side effects, and lacks reports
of severe adverse reactions on a large scale. This highlights
its specific bactericidal mechanisms as a prominent advan-
tage in combating multi-drug-resistant strains.
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Patient’s Information

Number
of PJI

Country

Year

Table 1 (continued)

No. Author

@ Springer

Co-morbidities

Prosthetic Date Bacteria

joint

Age Numbers

Gender

patients

of the

of the

surgery

Right Hip 2021
and Knee

surgery
4 and 4

NR

Methicillin-resistant Staphylococcus aureus, MRSA

64

Female

2022 USA

Schoeffel

12

etal. [31]

Racenis et
al. [32]

Multi-drug resistant Pseudomonas aeruginosa, None

Right Hip 2017

21

Male

2022 Latvia

13

Vancomycin-resistant enterococci, and Staphylococcus

epidermidis

NR

Pseudomonas aeruginosa

Right Hip 2020

62

Female

2023 TItaly

14  Cestaetal.

[33]

NR

2012-2018 Staphylococcus epidermidis, MSSE: 8

Hip

Avg: NR
56.0

Fedorov et 2023 Russia 23 Female/Male

al. [34]

15

Staphylococcus epidermidis, MRSE: 6

Staphylococcus aureus, MSSA: 8

Staphylococcus aureus, MRSA: 1

atrial fibrilla-

Enterococcus faecalis

Left Knee NR

>3

69

Male

2023 USA

16  Doub et al.

tion, diabetes and
hypertension

[35]

Discussion

Our systematic review indicates that personalized bacte-
riophage therapy, grounded in modern biotechnological
advances, serves as an effective adjunctive treatment for PJI.
It not only demonstrates substantial clinical efficacy but also
offers the advantage of a low-risk profile. Integrating obser-
vational analyses from various existing clinical studies on
this treatment, we find that bacteriophage therapy is emerg-
ing as a critical adjunctive treatment, particularly in cases
involving resistant complex bacteria or recurrent infections.
It is increasingly indispensable in managing prosthetic joint
infections. The following sections will provide a detailed
discussion on these aspects:

In the treatment of PJI, one of the primary challenges is
biofilm formation. Biofilms are highly organized polymeric
structures composed of bacterial communities and extracel-
lular matrix (ECM), adhering to surfaces of human tissues
and implants. These structures are formed by the secretion
of polysaccharides, proteins, lipids, and extracellular DNA
(eDNA) [36]. Additionally, bacteria within the biofilm
matrix can exist in various metabolic states, making it dif-
ficult to obtain accurate bacteriological evidence [37]. The
physical separation of the biofilm and the varied states of the
bacteria within pose significant challenges to conventional
treatment [38]. Furthermore, bacteria can acquire antimicro-
bial resistance (AMR) through various mechanisms. Factors
influencing bacterial resistance include overuse and misuse
of antibiotics, which accelerate this process. Currently, the
rate of increasing bacterial resistance surpasses the develop-
ment of new antibiotics [39, 40]. According to the Global
Antimicrobial Surveillance System (GLASS), antimicro-
bial resistance has been reported among 500,000 individu-
als across 22 countries. The severity of AMR is particularly
pronounced in low- and middle-income countries due to
inadequate surveillance, limited access to antibiotics, and
insufficient laboratory capabilities [41]. These multiple fac-
tors collectively complicate the treatment of prosthetic joint
infections with conventional antibiotics alone, often neces-
sitating comprehensive, multidisciplinary interventions at
medical centres.

Currently, the treatment guidelines and expert consensus
for PJI emphasize a multidisciplinary approach involving
orthopaedic surgeons, infectious disease specialists, inter-
nists, microbiologists, pharmacists, and rehabilitation physi-
cians [42]. Treatment strategies are categorized based on the
duration of clinical symptoms into acute and chronic infec-
tions. Acute infections may be managed with the Debride-
ment, Antibiotics, and Implant Retention (DAIR) protocol,
while chronic infections often require revision surgery
(one/two stage revision) [43]. For refractory PJI or cases
where joint reconstruction is unfeasible, alternative salvage
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Fig. 2 A schematic representa-
tion of the application of phage
therapy techniques for PJI in

the knee, the specific steps as
follows: a: Isolate the patient’s
pathogenic bacteria and culti-
vate them in vitro; b: Perform
bacterial typing and screen for
susceptible lytic bacteriophages;
¢: Amplify and remove endotox-
ins from the bacteriophages, and
prepare qualified single or cock-
tail bacteriophage formulations
according to Good Manufactur-
ing Practice (GMP) standards; d:
Select an appropriate treatment
regimen based on the patient’s
tolerance. The included stud-

ies reported methods such as
intra-articular injection, drainage
tube irrigation, local application
with hydrogel and bone cement
carriers, as well as systemic
administration via oral or intra-
venous routes; e: Combine with :
antibiotic therapy H

Antibiotics

Bacteria

Biofilm formation

procedures such as amputation, resection arthroplasty, and
arthrodesis are considered [44]. Regardless of whether the
infection is acute or chronic following primary replace-
ment surgery, antibiotic therapy tailored to bacteriological
evidence and the patient’s individual condition is an essen-
tial component of PJI management. Currently, research has
compiled microbiological data on PJI, with Staphylococcus
species (including Staphylococcus aureus and coagulase-
negative Staphylococci) are the most common pathogens in
PJI, accounting for approximately 40-60% of cases. Other
Gram-positive pathogens (such as Streptococci and Entero-
cocci) account for 10-20%, and Gram-negative bacilli for
5-20%. Moreover, the microbiological profile of infections
varies between hip and knee prostheses due to differences
in location and surgical techniques [45—47]. Joint aspira-
tion and biopsy to obtain definitive bacteriological evidence
are crucial for antibiotic selection. Systemic administration
of antibiotics is indispensable for effective antibacterial
treatment. However, most antibiotics cannot achieve suf-
ficient local drug concentrations, necessitating their local
application when required, which may include local injec-
tion, intra-articular catheter delivery, or combining with
a carrier substance [48, 49]. In summary, a personalized
approach to the selection of antibiotics, their administra-
tion routes, and treatment duration is advocated [50, 51]. In

/z {I l’ Phages

the coming years, knee and hip revision surgeries are pro-
jected to increase by 43—182%. This suggests that without
improvements in current prevention and treatment strate-
gies, the number of infections will likely rise [5]. Addition-
ally, literature reports indicate that even with systematic
SAT, the success rate is not 100%. Most patients receiving
bacteriophage therapy are those for whom antibiotic treat-
ments have failed. For these patients, bacteriophage therapy
serves as an adjunct to both conservative and surgical treat-
ments, aiming to enhance the success rate of suppressive
antibiotic therapy [52, 53]. Therefore, it is essential and
urgent to continue research and innovation in this therapeu-
tic approach to address the ongoing challenges. This review,
in screening clinical cases of treating PJI, found that in deal-
ing with high treatment difficulty, the existence of multiple
drug-resistant and recurrent PJI, and other complex cases,
the trend of multiple medical institutions reusing bacterio-
phages has become increasingly apparent.

Bacteriophages are abundantly present in natural environ-
ments and exhibit high specificity towards bacteria, making
them of significant research interest. Regarding their mech-
anism of action, traditionally, it is believed that the primary
mechanism of phages involves interacting with receptors on
the host cell surface and using endolysins (peptidoglycan
hydrolases) to inject their genome into the target bacteria.
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2 - The replication method then depends on whether the phage

8 283 s is virulent or temperate. Virulent phages replicate through

2 e tzs5Ss4 the lytic cycle, producing new phages while killing the bac-
S Wsol2EF g i y ycle, p g phag g

3 E_ 8 E E % 3 % teria, and temperate phages usually have two pathways: the

%_; B §E é g § g lytic cycle and the lysogenic cycle. In the lysogenic cycle,

- § E’ :a 232 § the phage genome, known as a prophage, integrates with the

_ . host genome, replicating as part of the bacterial chromo-

E E "é = % some or as an independent plasmid. Under favorable condi-

- & 2 g _5‘ tions, the prophage can switch to the lytic cycle, releasing

§ R § 53 new phages and killing the host bacteria [54, 55] (Fig. 3).

g g2 E 5 As research on phages has progressed, additional bacteri-

& |FEEaE cidal mechanisms have been discovered, such as reducing

z S; biofilm surface polymers via enzymatic action, lowering

EO =y 8 bacterial virulence, and assisting the host immune system

in bacterial clearance [56—58]. Bacteriophages can also

2 intervene in bacterial dissemination by expressing phage-

% carried sporulation genes during infection, affecting the for-

% . mation of bacterial spores to counteract bacterial defense

g g mechanisms mediated by dormancy, thereby intervening

© |~ in bacterial spread [59]. In the clinical studies included in

- this review, bacteriophage therapy demonstrated significant

= efficacy to control the disease, with 39 out of 42 patients

z o showing substantial symptom relief. Regarding treatment

%J § safety, three patients experienced adverse reactions such

as fever and chills. Overall, these adverse reactions were
relatively mild, and they alleviated after reducing or discon-
tinuing bacteriophage treatment. These reactions are likely
due to potential bacterial residual cell wall component into

14 =]
> Q= o Q
5} O 4T g
— > v & © > Q & .=
T2 5482880682889
E8cEErEa5e
=} 0 3z <}
ES T E2E S 98 8
E3EZE52E838=2¢ . . L
5 é’n; BEZZ b % s E2 the phage preparation, or could be due to bacterial lysis in
o) Qo & s g [ -} . . .
g < & = *;?n £ = § 57 vivo or to the host’s immune response. These mechanisms
s . ) > 0 . .
=S85 43¢ g El E8=23 require further readership to clearly understand the patho-
@ =5 3 g5 g 548k .
£ TZcic é 2E52% i physiology of such symptoms.
2l 2% : w8 S E ; g5 E Of course, bacteriophage therapy also has certain limi-
= Ex 5.5 o o = . . . . . . .
S|ISEEEZS S8 EES tations. Its highly specific mechanism of action is like a
° double-edged sword. Each type of phage has a host range
gl=-2 . B~ and is only effective against specific bacterial strains. This
al o =2 s o . . . .
S|z .7 é specificity means not all phages are suitable for treating
o< «@ U < .. . .
5 :-é GE=E PJI. Therefore, clinical phage preparations require accu-
o Gt . . . .
AlE o> o/ rate bacteriological evidence from the patient to ensure the
5 = &5 8. i selected phage can lyse the target bacteria. This require-
) > 0.9 o S . s .
S B, FE2F S 8528 2 ment restricts the scalability of standardized phage prepa-
=) =) oL o Ew ©.Q 0% . .. . .
£ g = "§ 2 5 g k= Qg SEE 2 i= rations [60]. Additionally, studies have shown that bacteria
22 .2 SCE0B3SETY ~ . . .
é °Xx 58S €og °z @2 2 &8g can develop resistance to phages by altering or suppressing
= ES ST FE Sl oE . .
5|5 = £ 83 TLigebas EE g the expression of their receptors [61]. From the results of
Elojlo 38 T3 LELE2ETSIT A . . .. R . .
Slelms5°2E822.288xS227 this review, several limitations are evident. First, there is a
ol gl.8 S = Loa=2 2 x2TS . . . ..
Elaln € cES eS8 EE 2B ER predominance of case studies, with few large-scale clinical
E trials. This raises questions about the ability to statistically
3 L 28% é o evaluate and describe the combined results. The differ-
gle cS & > E . . . .
E |5 Os8&egs ences in study types may also introduce biases in assess-
Elz |Es8Z58% L .
S|2 |[2exg%2 ing clinical efficacy and adverse events. Second, all patients
S|Z |2ErE5z received standardized antibiotic therapy alongside pha
~|2 B0 E5s% eceived s e otic therapy alongside phage
= treatment. Antibioti d ph h isti
3 2 . reatment. Antibiotics and phages may have synergistic
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Fig. 3 A schematic representation of the lytic cycle and lysogenic life
cycle and the general processes of bacteriophages. Although the lyso-
genic cycle of temperate bacteriophages does not immediately cause
bacterial lysis, it can induce genetic remodeling and, under suitable
conditions, may transition into the lytic cycle, leading to bacterial
destruction and replication of the bacteriophage. And the lytic cycle of
virulent bacteriophages produces lysins that degrade the bacterial cell
wall, rapidly leading to facilitates dissemination of themselves

effects. Additionally, in some studies, patients underwent
surgical treatment concurrent with bacteriophage therapy.
These factors could confound the assessment of bacterio-
phage therapy’s efficacy. Furthermore, in most case reports,
there is a lack of uniform standards regarding the source,
formulation, drug concentration and dosage, administration
route, administration frequency, and treatment duration of
bacteriophages, the lack of standardization makes it difficult
to draw definitive conclusions. Although the results of this
review do not differ significantly from previously published

@ Springer

systematic reviews, caution is still needed in evaluating and
confirming these data due to the lack of large-scale clinical
experiments and standardized experimental designs.

Recently, several new phage research clinical teams have
been established in Europe. In Belgium, PHAGEFORCE,
a multidisciplinary initiative, has been established by the
“Multidisciplinary Phage Task Force” to standardize bacte-
riophage therapy and prospectively collect data. In France,
the “PHAGEInLYON?” clinic program has also been estab-
lished to provide pharmaceutical-grade phages to patients
with severe infections and systematically collect treatment
metrics [13]. Additionally, new concepts for phage treat-
ment of PJI are being implemented. For example, the Cen-
ter of Reference for Infection of Osteoarticular Complexes
(CRIOAC) at the Croix-Rousse Hospital has innovatively
proposed the concept of “PhagoDAIR” which involves
injecting a cocktail of active bacteriophages during open
or arthroscopic DAIR surgery, with promising clinical out-
comes [21, 25]. Currently, various antibacterial methods
inspired by bacteriophages, including bacteriophages them-
selves, their enzymes and derivatives, effects mediating bio-
film destruction, and enhancing antibiotic sensitivity, may
lead to more commercialized products. Despite our limited
understanding of most bacteriophage functions, the poten-
tial of this vast field remains immense. Regarding clini-
cal research, given the potential efficacy of bacteriophage
therapy for refractory PJI, larger-scale clinical controlled
studies should be conducted according to current clinical
practice guidelines to support the safety and effectiveness
of bacteriophage therapy. In the future, as the limitations of
conventional treatments become more apparent and foun-
dational research and clinical applications of bacteriophage
therapy progress, new discoveries are likely to emerge,
facilitating the clinical translation of bacteriophage therapy
and ushering in a new era for the treatment of PJI.

Conclusions

Bacteriophage therapy has demonstrated good efficacy in
various complex infection cases, particularly those caused
by antibiotic-resistant strains. Given the growing issue of
antibiotic resistance, its specificity and low side effects
make bacteriophage therapy a promising alternative treat-
ment. However, factors such as the type of infection, the
patient’s underlying conditions, and the treatment regimen
can also affect the efficacy of bacteriophage therapy. Addi-
tionally, the small sample sizes of current studies, along
with inconsistencies in bacteriophage sources, preparation
methods, and administration routes, may also affect the out-
comes. Future research requires standardized phage formu-
lations and the inclusion of large sample sizes, randomized
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controlled trials, and prospective studies to further explore
their efficacy and mechanisms.
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