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Local injection of a bacteriophages mix during debridement, 
antibiotics and implant retention (“DAIR”) was performed to 
treat a relapsing Staphylococcus aureus chronic prosthetic joint 
infection (PJI). This salvage treatment was safe and associated 
with a clinical success. Scientific evaluation of the potential clin-
ical benefit of bacteriophages as antibiofilm treatment in PJI is 
now feasible and required.

Keywords. bacteriophage; DAIR; prosthetic-joint infection; 
S. aureus; suppressive therapy.
 

An 80-year-old obese (100  kg) woman with type 2 diabetes 
mellitus and mild chronic kidney injury (creatinine clearance 
60 mL/minute) had history of relapsing prosthetic joint infec-
tion (PJI) of the right hip. In brief, the patient has had acute 
methicillin-susceptible Staphylococcus aureus (MSSA) postop-
erative infection in 2012 treated with debridement, antibiotics 
and implant retention (DAIR), followed by 1-stage exchange in 
2012, then by a 2-stage exchange in 2015 with reimplantation of 
a large resection prosthetic joint (Figure 1A). A new DAIR was 

performed for fluoroquinolone-resistant Escherichia coli hema-
togenous PJI in 2016, and a subsequent DAIR 3 weeks later was 
required, due to a clinical relapse with persistence of E coli in 
peroperative samples. Suppressive antimicrobial therapy with 
ceftriaxone (2  g/day) was started. Under therapy, facing sus-
picion of clinical signs of relapse, the antibiotic was stopped. 
A purulent discharge appeared (Figure 1B) with a painful hip, 
elevation of C-reactive protein (156 mg/L), without prosthesis 
loosening on x-ray. Multidrug-resistant Pseudomonas aerugi-
nosa and MSSA (fully susceptible except for penicillin) grew in 
culture from the swab of the pus. Pherecydes Pharma prepared 
3 bacteriophages active against the retrieved P aeruginosa strain 
(based on the results of the phagogram described below). The 
strain of MSSA was unfortunately not retained, but 3 bacteri-
ophages against S aureus were selected from the Pherecydes 
library according to their broad and complementary spectrum. 
These bacteriophages, which are still in a development process, 
are not approved drugs at this time. Although the manufac-
turers followed the same processes as those established by the 
Good Manufacturing Practice (GMP) guidelines, they were 
produced in a research and development (R&D) laboratory (not 
GMP). The French National Agency for Medicines and Health 
Products Safety (ANSM) carefully reviewed the quality control 
tests applied to these batches, in collaboration with the hospital 
pharmacist and before salvage therapy. Six vials containing 1 mL 
of 1010 plaque-forming units (PFU)/mL suspension of each bac-
teriophage in Dulbecco’s phosphate-buffered saline were sent 
to our hospital pharmacist, who mixed the P aeruginosa and 
the S aureus phages in 2 different saline solutions of 10 mL as 
“compounded” drug products (also called “magistral” prepa-
rations in Europe). The DAIR procedure (Figure 1C) revealed 
pus in contact with the prosthesis. Changing the mobile parts 
of the prosthesis (material not available) was unfortunately not 
possible. Just before joint closure, both bacteriophage mixes 
were successively injected into the joint (Figure  1D; video in 
Supplementary Files). Operative samples confirmed MSSA in 
culture but not P aeruginosa. Enterococcus faecalis (susceptible 
to amoxicillin) and Staphylococcus lugdunensis (susceptible to 
all antibiotics, including penicillin) were also detected (numer-
ous colonies). In addition, the patient was treated with 850 mg/
day daptomycin until month 3 and then exclusive oral treat-
ment (6 g/day amoxicillin and 1800 mg/day clindamycin) until 
month 6. Thereafter, only amoxicillin was continued as suppres-
sive antimicrobial therapy targeting E faecalis and S lugdunensis. 
During the follow-up, a new DAIR procedure was performed 
for a hematogenous Citrobacter koseri acute hip infection  
(S aureus did not grow from operative cultures). Ciprofloxacin 
was added and stopped 2 months later. Eighteen months after the 
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bacteriophage injection (10 months after the C koseri infection), 
still under amoxicillin, the outcome was favorable without any 
clinical signs of persistent infection (Figure 1E). “Phagogram”, 
ie, activity of the selected bacteriophages on the S aureus strain 
that grew preoperatively, was done retrospectively. Efficiency of 
each bacteriophage was tested using efficiency of plating (EOP) 
and killing assays (Figure 1F). The EOP assay is based on the 
visualization of bacterial lysis when the strain is spotted on a 
solid medium (spot test). In case of bacterial lysis with PFU, 
an EOP score defined by the patient-strain/reference-strain 
bacteriophage titer is indicated. The closer the score is to 1, the 
more effective the bacteriophage is. For the killing assay, the 
patient’s strains were cultured in a 96-well plate at a starting 
concentration of 1 × 106 colony-forming units/mL with or with-
out bacteriophage. Each bacteriophage was added individually 
at 3 different concentrations, leading to different multiplicities 
of infection ([MOIs] ratio of phage/bacteria). The volume of 
phages added to bacterial cells were calculated to deliver 1, 10, 
and 100 phages per bacteria. However, under real experimen-
tal conditions, the MOIs were different and determined after 
each phagogram. As a consequence, we refer to them as low, 
medium, and high MOI. The bacterial concentrations were 

monitored over time by optical density at 600 nm. Five clones 
of the patient’s strain were tested with the anti-S aureus bac-
teriophages. Among the bacteriophages used, the 1493 and 
1815 showed a clear lytic activity (with visualization of PFU) 
with high EOP scores (4.4 × 10−1 and 7.4 × 10−1, respectively). 
Bacteriophage 1957 was also active, with PFU visualization, but 
it was less effective (low EOP score: 4.9 × 10−3) and displayed no 
activity on S aureus in the killing assay, in comparison with the 
2 other bacteriophages. We concluded that bacteriophages 1493 
and 1815 were active and effective against this S aureus strain, 
but not phage 1957. In addition, these bacteriophages had no 
activity against S lugdunensis (data not shown).

DISCUSSION

Prosthetic joint infection is the most dramatic complication of 
arthroplasty, leading to iterative surgeries, loss of function, con-
siderable direct and indirect cost, and death. The treatment of 
staphylococcal chronic PJI requires prosthesis explantation to 
eradicate the biofilm, antibiotics, and then reimplantation in 
a 1- or a 2-stage strategy [1]. In elderly patients, explantation 
is sometimes not reasonable, especially in patients with large 
prostheses and with few motor disabilities. In such a population, 
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Figure 1. Massive resection prosthetic joint without prosthesis loosening (A) in a patient with purulent discharge (B) and relapsing Staphylococcus aureus right hip pros-
thetic joint infection. A debridement, antibiotics and implant retention (DAIR) procedure was performed (C), and a selected cocktail of Pseudomonas aeruginosa and S aureus 
bacteriophages was locally injected in the joint cavity at the end of the procedure (D). The outcome was favorable at 18 months (E). In the killing assay (F), the bacterial con-
centration over time of the strain without bacteriophages is indicated in black. The bacterial concentration over time of the patient’s strain in the presence of bacteriophages 
1493, 1815, and 1957 at the highest multiplicity of infection is indicated in green, red, and blue, respectively.
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suppressive antibiotic therapy is sometimes used after perform-
ing a “DAIR” procedure, but the rate of success at 2 years is only 
approximately 60% [2].

Bacteriophages are specific viruses that target bacteria [3]. 
They were first described in 1917 and remained a popular treat-
ment throughout the 20th century in Eastern Europe, especially 
for patients with osteomyelitis [4]. By their nature, lytic bacterio-
phages are good candidates for antibacterial therapy. In compari-
son with antibiotics, they specifically target a bacterium, as long 
as it is present, and used it to amplify themselves. Indeed, the con-
centration of an antibiotic introduced into the human organism 
decreases rapidly with time (natural drug clearance from body), 
whereas phages continue to multiply, and then decreases after 
elimination of bacterial cells [3, 4]. This phenomenon, although 
observed in vitro and in nature, is unique and suggests that it 
could occur in humans. As a result, a single administration or a 
few administrations may theoretically be sufficient to treat a bac-
terial infection in humans. Bacteriophages remained a popular 
treatment in Eastern Europe (Georgia and Poland), especially for 
patients with osteomyelitis for whom traditional and preformed 
cocktails of bacteriophages are locally applied through the fistula 
[4]. Because their production in such countries currently does 
not follow the European GMP, bacteriophages are never used 
in patients with PJI, especially due to the risk of pyrogenicity. In 
Western Europe and the United States, medical health authorities 
consider that it is crucially important to respect GMP standards 
when producing bacteriophages for conducting clinical trials and 
targeting marketing authorizations and authorizing salvage ther-
apy to guarantee the quality of the product.

In the European multicenter clinical trial, which was recently 
conducted by Pherecydes Pharma to evaluate phage therapy 
on burn wound infections, phages were produced according 
to GMP, but they are no longer available [5]. New GMP pro-
ductions were not initiated yet. Therefore, GMP bacteriophages 
were not available. For this case, anti-P aeruginosa and anti-S 
aureus phages selected among the library of Pherecydes Pharma 
were produced in the R&D laboratory of the company. The 
major difference in the production process was not technical 
but related to the quality assurance level of the laboratory, which 
did not reach that of a GMP unit. This uncommon situation was 
accepted in this case of unmet medical need, but it implied a 
thorough evaluation of the quality control certificates of ana-
lysis of each bacteriophage by both ANSM and medical staff. 
They specifically evaluated the elimination of bacterial compo-
nents (toxins etc) generated during the production process.

Pseudomonas aeruginosa was not retrieved in surgical sam-
ples, and the effect of the corresponding bacteriophages was 
difficult to evaluate. One of the 3 S aureus bacteriophages 
lacked efficacy on the patient’s strain, but the other 2 proved 
to be active. These findings show that it is desirable to isolate 
the strain infecting a patient before surgery (ie, by performing 
preoperative joint fluid culture) to perform a phagogram for 

selecting the active bacteriophage(s) before local injection. The 
use of bacteriophage is particularly promising in patients with 
PJI because bacteriophages and antibiotics are synergistic [6, 7], 
because some in vitro and animal models demonstrated that 
bacteriophages could have an anti-biofilm activity [6, 7], and 
because the rate of success, regardless of the clinical presenta-
tion (ie, acute or chronic), is unacceptably low [2, 8–12]. Finally, 
this salvage treatment was safe. The treatment success may have 
been due to the action of bacteriophages on the S aureus bio-
film, because the patient had not received further antibiotics 
active against that organism for 12 months.

There is a considerable opportunity to develop the use of bac-
teriophages in patients with PJI in France because of the follow-
ing: (1) it is now possible to select a bacteriophage mix through 
a susceptibility test (phagogram); (2) their production with a 
high level of purity according to European GMP is achievable; 
(3) ANSM agrees for the use of bacteriophages as salvage ther-
apy; (4) our infectiologists and orthopedic surgeons from a ref-
erence center are motivated to recruit a large cohort of patients, 
including more complex cases that require salvage therapy; (5) 
our pharmacists agree to take responsibility to assemble a mag-
istral preparation (mix of bacteriophages) just before the perop-
erative administration.

As a first step, it seems reasonable to limit this treatment in 
specialized units to patients (1) with PJI at high risk of compli-
cation in case of explantation and (2) for whom suppressive oral 
antimicrobial therapy is discussed. In addition to conventional 
therapies such as DAIR and antibiotics, the use of bacterio-
phages that may have an anti-biofilm activity, as suspected in the 
case reported here, may contribute to improvement of patients 
at particularly high risk for complication, long-term antibiotic 
toxicity, and mortality. It would be of great interest to assess the 
value of this treatment for patients with acute PJI. Finally, bacte-
riophages active on Enterobacteriaceae and coagulase-negative 
staphylococci (such as Staphylococcus epidermidis) produced 
according to GMP has to be considered, because these patho-
gens are frequently involved in patients with PJI and are more 
and more resistant to conventional antibiotics.

CONCLUSIONS

The salvage use of a bacteriophage mix was safe and associated 
with a clinical success and a potential anti-biofilm activity in 
a patient with relapsing S aureus PJI. Selecting the best bac-
teriophage mix based on a phagogram of the infecting strain 
should be performed before bacteriophage therapy. Production 
of bacteriophages with a high purity level along GMP guidelines 
is currently possible, making the scientific evaluation of their 
potential clinical benefit in BJI feasible.

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 
online. Consisting of data provided by the authors to benefit the reader, 
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the posted materials are not copyedited and are the sole responsibility of 
the authors, so questions or comments should be addressed to the corre-
sponding author.
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