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Background. Prosthetic joint infection (PJI) caused by Pseudomonas aeruginosa represents a severe complication in orthopedic 
surgery. We report the case of a patient with chronic PJI from P. aeruginosa successfully treated with personalized phage therapy 
(PT) in combination with meropenem.

Methods. A 62-year-old woman was affected by a chronic right hip prosthesis infection caused by P. aeruginosa since 2016 . The 
patient was treated with phage Pa53 (I day 10 mL q8h, then 5 mL q8h via joint drainage for 2 weeks) in association with meropenem 
(2gr q12h iv) after a surgical procedure. A 2-year clinical follow up was performed. An in vitro bactericidal assay of the phage alone 
and in combination with meropenem against a 24-hour-old biofilm of bacterial isolate was also carried out.

Results. No severe adverse events were observed during PT. Two years after suspension, there were no clinical signs of infection 
relapse, and a marked leukocyte scan showed no pathological uptake areas. In vitro studies showed that the minimum biofilm 
eradicating concentration of meropenem was 8 µg/mL. No biofilm eradication was observed at 24 hours incubation with phages 
alone (108 plaque-forming units [PFU]/mL). However, the addition of meropenem at suberadicating concentration (1 µg/mL) to 
phages at lower titer (103 PFU/mL) resulted in a synergistic eradication after 24 hours of incubation.

Conclusions. Personalized PT, in combination with meropenem, was found to be safe and effective in eradicating P. aeruginosa 
infection. These data encourage the development of personalized clinical studies aimed at evaluating the efficacy of PT as an adjunct 
to antibiotic therapy for chronic persistent infections.
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Prosthetic joint infection (PJI) is a highly undesirable complica
tion after a total arthroplasty because of its significant impact on 
the patient’s quality of life and on health system costs [1]. The 
incidence of PJI ranges between 1% and 3% depending on the 
arthroplasty site, and it is estimated that patients with PJI 
require 7 times longer hospital stays than patients without 
PJI [2]. Although Gram-negative bacteria are less common 
in PJI, Pseudomonas aeruginosa is considered the most 
difficult-to-treat pathogen, mainly because of its ability to 

adhere and colonize both osteoarticular structures and prosthe
ses [3]. Moreover, few antibiotic molecules are available against 
P. aeruginosa biofilm-associated infections. In general, the man
agement of PJI often requires surgical intervention [4]. In de
layed and late-stage bacterial infections associated with 
biofilm formation, the best surgical approach is the 1- or 2-stage 
exchange, with the removal of the old prosthesis, followed by a 
new implant and a prolonged antibiotic therapy [5]. 
Unfortunately, many patients with PJI caused by P. aeruginosa 
experience a failure of multiple surgeries and recalcitrance of in
fection [3]. In the last 10 years, phage therapy (PT), mainly 
based on the use of strictly lytic phages to kill the bacteria, has 
re-emerged as a potentially effective solution to fight the 
difficult-to-treat infections [6–10]. Moreover, phage in vitro 
ability to kill clinical-relevant bacteria embedded in biofilm 
has been also reported [11, 12]. It is interesting to note that bac
teriophages have shown a wider effect on eradication of infec
tions when administered in combination with antibiotic 
therapy [13, 14]. Thus, PT is considered in many cases a prom
ising complementary strategy to treat bone and joint infections 
[15]. Different case reports on osteoarticular and prosthetic 
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infections by P. aeruginosa treated with PT are described 
[10, 16]. In most cases, the PT is applied as compassionate use 
and its application occurs during hospitalization, where patients 
receive continuous clinical monitoring of their conditions. 
Unfortunately, the regulatory framework for the application 
of experimental therapy is even more stringent in Italy, where 
only good manufacturing practice (GMP)-produced drugs, al
ready in clinical trial, can be administered in the hospital [17]. 
Therefore, currently, PT cannot be prescribed in Italy, leaving 
phage self-administration as the only option available to pa
tients. In this study, we describe the clinical case of a female pa
tient affected by a chronic hip-PJI due to P. aeruginosa, which 
was successfully treated with a combination of a self- 
administered customized phage preparation and meropenem 
after a debridement, antibiotics, and implant retention 
(DAIR) procedure. Moreover, a microbiological analysis of in 
vitro phage activity alone and in combination with antibiotic 
against P. aeruginosa biofilm is also reported.

METHODS

Bacteriophage Supply and Genome Sequencing

In January 2020, P. aeruginosa isolate (referred to here as 
Pa_AR1 and identified by standard microbiology procedure 
[see Supplementary Material]) was sent to the Eliava 
Institute, which provided the patient with a final clinical phage 
preparation custom-made, named Pa53 (titer: 108 plaque- 
forming units (PFU)/mL) in the end of July 2020, for self- 
administration. An informed consent was signed to the 
Eliava Institute.

Phages were shipped in July 2020 and they were stopped at 
the Italian border for routine controls. When phage formula
tions arrived in Italy, in vitro tests of Pa53 versus the patient’s 
strain Pa_AR1 by plaque assay showed a titer of 103 PFU/mL. 
Although the phage titer seemed rather low, phage therapy 
was still administered.

Then phages were amplified by using Pa_AR1 as host and 
used for genome extraction and antibiofilm activity tests. The 
phage genome was sequenced as reported in Supplementary 
Material. The deoxyribonucleic acid (DNA) data were depos
ited to National Center for Biotechnology Information and 
are available under BioProject PRJNA870273.

Surgical Treatment Protocol

At the beginning of August 2020, the patient (1) underwent de
bridement of all the tissues adherent to the total hip arthro
plasty components that showed signs of infection and (2) 
replacement with new components of both the polyethylene 
acetabular liner and the ceramic head of the femoral stem. A 
hemovac wound suction drain of 15 Fr. Diameter (Zimmer, 
Warsaw, IN) was positioned around the neck of the femoral 
stem, and the wound was closed. The suction drain container 

was removed 24 hours later, and only the surgical drain cable 
was left. After 48 hours of medical observation, the patient was 
discharged. During surgery, tissue samples and swabs were col
lected from the periarticular space.

Lytic Activity of Pa53 Alone and in Combination With Meropenem Versus 
Pa_AR1 Biofilm

The lytic activity of Pa53 was assessed against preformed 
Pa_AR1 biofilm as previously reported [18]. Phage titer was de
termined by collecting medium of phage-infected biofilm sam
ples at different time points and centrifugation to collect 
supernatant. Then, samples were filtered (0.22 µm) and used 
for phage titration by a plaque assay. Twenty-four-hour-old 
biofilms of Pa_AR1 were incubated at 37°C with both Pa53 
(ranging from 103 to 105 PFU/mL) and meropenem (ranging 
from 0 to 2 µg/mL). Samples treated with either phages or anti
biotic alone and an untreated control were also included. After 
24-hour incubation, beads were washed 3 times with 
phosphate-buffered saline and sonicated for plating and colony 
counting [18].

The minimum biofilm-eradication concentration (MBEC) 
and the synergistic effect (fractional bactericidal concentration 
index [FBCIphages]) of meropenem and Pa53 was evaluated as 
previously reported [11, 19]. If the FBCIphages is ≤0.26, the con
centrations of antibiotic and phage used in the combination 
had a synergistic effect that resulted in the complete eradication 
of the biofilm [11].

Patient Consent Statement

The patient’s written consent was obtained and any informa
tion, including illustrations, have been anonymized as much 
as possible. The work is conforming to standards currently ap
plied in Georgia, where the patient’s consent was obtained, for 
phage therapy and in Italy for orthopedic surgery and antibiotic 
treatment.

RESULTS

Case Presentation

The patient is a 62-years-old woman affected by a right congen
ital hip subluxation treated at the age of 6 by proximal femoral 
osteotomy. In 2005, she underwent a total right hip arthro
plasty (THA) complicated by a greater trochanter nonunion 
that was surgically fixed in in 2007. In 2010, she began to devel
op a strong pain on her right quadriceps. Several cycles of ste
roids and anti-inflammatory therapy were undertaken with 
partial benefits on symptoms. In 2013, a magnetic resonance 
scan showed the presence of a periprosthetic fluid collection 
suspected for infection. Therefore, she underwent debridement 
of the periprosthetic space and methicillin-susceptible 
Staphylococcus hominis was isolated from tissue biopsies. 
Since then, she developed recurrent swelling and pain in her 
right hip with evidence of a fluid collection (by ultrasound 
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exam) for which periodical surgical debridement procedures 
and washouts of the prosthesis were required. All the surgical 
procedures were complicated by the isolation of methicillin- 
susceptible Staphylococcus epidermidis and methicillin- 
susceptible Staphylococcus capitis, followed by antibiotic thera
py. Finally, in 2015, she underwent a 1-stage THA exchange 
(Figure 1). After an initial period without symptoms, in 
January 2016 the patient complained of pain and swelling to 
the right hip, where a new periprosthetic fluid collection was 
detected. The microbiological analysis of this periprosthetic 
fluid revealed the presence of P. aeruginosa, and the patient be
gan oral therapy with ciprofloxacin 500 mg q8h (Figure 1). 
Then, she underwent acetabular line exchange and drainage 
of a large haematoma, debridement, and fistulectomy (2016). 
On collected samples, P. aeruginosa was always detected, and 
from 2018 on, several cycles of antibiotics were started via iv 
(ceftolozane/tazobactam 2.5 gr q8h for 2 weeks, cefepime 2 gr 
q8h for 2 weeks, meropenem 2 gr q12h for 1 month) and a 
chronic oral suppressive therapy with ciprofloxacin 750 mg 
q12h, without any resolution (Figure 1).

Successful Treatment of Right Total Right Hip Arthroplasty Infected by 
Pseudomonas aeruginosa Using Custom Phages

During the DAIR procedure performed on August 1, 2020 
(Surgical Treatment Protocol), P. aeruginosa was isolated 
from all samples collected. The patient began phage therapy 
on August 5th together with meropenem 2 gr q12h iv (chosen 
based on the antibiotic susceptibility profile of the Pa_AR1 iso
late; minimum inhibitory concentration, 2 µg/mL), after the de
bridement surgery. Through the surgical drain catheter, 10 mL 
phage Pa53 preparation was injected 3 times a day on the first 
day [10]. Before each phage’s application, 5 mL sodium bicar
bonate (1.4%) was administered as previously described 
[10, 20, 21]. After the first PT administration, an onset of high- 
grade fever (39°C) and chills was observed, and thus we suggest
ed to the patient to reduce the dosage of phage formulation to 

5 mL 3 times per day from the 2nd to the 15th day of phage treat
ment. No further adverse reactions in the next administrations 
were reported. Blood examinations did not reveal any modifica
tion in creatinine and transaminase values. On the 14th day of 
phage application and antibiotic therapy, a scarce production 
of serous liquid was observed from a little edge of the surgery 
wound, in absence of redness, swelling, or pain. A deep swab 
was made into the wound and methicillin-resistant S. hominis 
was detected. Being aware of the previous microbiological re
sults of the patient, and on suspicion of the emergence of under
lying pathogens during the targeted therapy against P. 
aeruginosa, on August 28th the antibiotic therapy was complet
ed with intravenous daptomycin 500 mg every 24 hours for a pe
riod of 4 weeks. After the end of PT on August 20th, the drain 
cable was surgically removed. From September 2020 a clinical 
and laboratory data follow up was started. The value of 
C-reactive protein (CRP) gradually reduced until persistent 
negative results (last control on October 13, 2021, CRP 
3.15 mg/L). During medical examinations the patient did not 
complain of any pain or symptoms of infection to the right 
hip and showed no signs of local inflammation. On March 24, 
2021, a whole body 99m-Tc-labeled white blood cell scintigra
phy was performed, and the result was confirmed the absence 
of enhancement at the right hip (Figure 2). By September 
2022, the patient was still in clinical good conditions and no lo
cal signs of infection relapse were present.

In Vitro Synergistic Effect of Phages in Combination With Meropenem 
Against Pseudomonas aeruginosa Biofilm

The genome of phage Pa53 was sequenced (BioProject 
PRJNA870273). After visualization of the de novo assembly 
of the phage sequencing reads (Supplementary Figure 1), 12 
short regions between 235 base pairs (bp) and 1726 bp, show
ing genomic variation, could be observed. These regions en
code several proteins: 10 hypothetical proteins, a tail protein, 
an amidoligase, an aminotransferase, and the DNA 

Figure 1. The graphic shows the timeline. A summary of patient’s history from 2015 to 2022, reporting information on isolated pathogens ("Microbiology"), relapse of infection 
("New Fistula"), surgical procedures ("Surgery"), antibiotic ("Antibiotic") and phage therapy ("Phage Therapy"). CEP, cephalosporin (dosage unknown); CIP, ciprofloxacin (500 mg 
q8h); CLZ/TAZ, ceftolozane/tazobactam (1.5 gr q8h); CPM, cefepime (2 gr q8h); CRP, C-reactive protein; DAIR, debridement, antibiotics and implant retention; DAP, daptomycin 
(500 mg q24h); MRP, meropenem (2 gr q12h); MSSE, methicillin-susceptible Staphylococcus epidermidis; MS-S hominis, methicillin-susceptible Staphylococcus hominis; THA, 
total hip arthroplasty; W, weeks; WBC, white blood cell.
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metabolism-associated ligase, primase, and DNA polymerase. 
The applied phage preparation was therefore actually a mixture 
of very closely related phages of approximately 46.3 kb. A 
BLASTn analysis revealed this phage belongs to the 
Bruynoghevirus genus, which contains strictly lytic phages 
that are regularly used in therapeutic settings [22, 23]. No 
known toxins, virulence factors, or antibiotic resistance genes 
could be identified.

To test the antibiofilm activity of phage, the ability of 
patient’s clinical isolate to form biofilms was evaluated in 
vitro. Pseudomonas aeruginosa Pa_AR1 was a strong biofilm 
producer able to grow as a sessile microorganism on different 
materials, including porous glass beads used later on to 
test phage/antibiotic activity (Supplementary Figure 2A and B).

Then, a phenotypic characterization of phages was per
formed. Pa53 showed clear, small plaques (data not shown) 
and a latent period of 20 minutes with a burst size of 18 PFU 
released phage particles per infected-host versus Pa_AR1 
(Supplementary Figure 3).

As shown in Figure 3, when biofilms were treated with high
er phage titers (107–108 PFU/mL), a stronger reduction of over 
4 log10 colony-forming units (CFU)/mL was observed within 
3 hours of incubation, compared to the untreated control. 
Although the PFU/mL number of phages released by bacterial 
lysis remained high at different time points, the CFU/mL 
number of samples treated with phages increased up to 
≈ 5 × 107 CFU/mL after 24 hours of incubation (similar to 
the untreated control), suggesting that the development of 
phage resistance might have occurred.

To investigate the in vitro appearance of resistant clones of 
Pa_AR1 during phages-biofilm incubation, 16 and 8 bacterial 
colonies were collected from bacterial samples exposed for 24 
hours to Pa53 and from an untreated control, respectively, 
and rechallenged (in their planktonic form) with phages. 

Supplementary Figure 4 showed that all 8 of the clones from 
untreated control colonies were still susceptible to phages, indi
cating that no spontaneous resistant mutant appeared. By con
trast, 11 of 16 clones from phage preincubated samples 
developed resistance, whereas 5 of 16 clones were still 
susceptible.

Given the in vitro results of killing kinetics of Pa53 ver
sus Pa_AR1 and the risk of a likely resistance development 
in vivo, a potential synergistic effect phage-antibiotic was 
investigated. When meropenem was tested individually 
for 24 hours against biofilm embedded Pa_AR1 cells, its 
MBEC was 8 µg/mL (Figure 4A). As shown in Figure 4B
and previously observed in the killing kinetics, after 24 
hours of incubation, biofilm samples treated with different 
phage titers alone (up to 108 PFU/mL) were not able to 
eradicate the Pa_AR1 biofilm. However, biofilm eradication 
was observed when samples were coincubated with both 
antibiotic and phage (Figure 4C) at MBEC values of 2 µg/ 
mL and 103 PFU/mL, respectively. Here, the values were 
at least 4-fold lower compared with MBEC obtained with 
single treatments and the calculated FBCIphages was 0.25, 
suggesting that the eradicating effect of Pa53 and merope
nem versus Pa_AR1 biofilm was synergic.

DISCUSSION

The interest in utilizing bacteriophages to treat PJIs has increased 
in recent years due to their ability to selectively attack bacteria, 
including those that are either antibiotic-resistant or 
biofilm-embedded [24]. To the best of our knowledge, we report 
the first Italian case of a patient with hip implant-associated infec
tion due to P. aeruginosa treated with phages and meropenem af
ter surgery, demonstrating both in real-life and in vitro the efficacy 
of phage therapy as adjunct to antibiotic treatment.

Figure 2. Images from Tc-99m-labeled white blood cell scan performed 7 months after phage therapy. No leucocytic activity was detected in proximity of the right-hip 
prosthetic joint.
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Guidelines from the Infectious Diseases Society of America 
suggest managing recalcitrance PJIs with 2-stage surgery [4]. 
However, in our case, a total hip arthroplasty would have per
manently endangered the patient’s lower limb. The best option 
for the patient was debridement and removal of mobile parts, 
followed by self-administration of phages in combination 
with antibiotic therapy. A similar approach, called 
“PhagoDAIR”, was previously reported by Ferry et al [16, 25] 
in 2 cases to treat relapsing PJIs due to both Staphylococcus au
reus and P. aeruginosa. In both cases, the previous antibiotics 
treatments failed, and the general clinical conditions did not al
low the standard surgery approach; therefore, a personalized 
bacteriophage cocktail was applied.

In this study, we decided to rinse the site with sodium bicar
bonate to re-equilibrate the pH of the environment within 
biofilm-associated infection (acid) before phage application, 
as already reported in previously described cases [10, 20, 21]. 
The lysis of Gram-negative bacteria due to phages might release 
high level of endotoxins [26], which represent one of the most 
potent inducers of the inflammatory response [27]. We regis
tered the onset of high-grade fever after the first administration 
of phages to the patient, and this effect might be due the rapid 
accumulation of pyrogenic toxins. The onset of fever after the 
administration of phages in humans has previously been re
ported by Ujmajuridze et al [28] in one patient during the treat
ment of urinary tract infections caused by P. aeruginosa. In our 
case, the slight reduction of the phage dosage from 10 to 5 mL 
resulted in the absence of this adverse event. However, because 
no endotoxin evaluation was performed on phage preparation 
at this time, we cannot exclude that the inflammatory response 
has been due to some residual endotoxin present in the 
formulation.

The phage provided by the Eliava Institute and used by the 
patient for the therapy belonged to Bruynoghevirus, a genus 
containing several viruses for which in vitro tests and charac
terization within a phage therapy context have been reported 
previously [22]. As indicated by genome analysis, Pa53 is a 
strictly virulent phage that does not harbor known toxins, vir
ulence factors, or antibiotic resistance genes. Therefore, it was 
considered to be a safe therapeutic candidate from a molecular 
microbiology perspective.

Another critical point was the low titer of the applied phage 
product, because a reduction from 108 to 103 PFUs/mL was ob
served after being shipped and temporarily retained at the 
Italian border for routine controls. Although the titer was rath
er low, a decision to administer phage therapy was made. It is 
notable that the application of low-titer phages together with 
meropenem resulted in a successful outcome. This effect was 
consistent with the observed in vitro synergistic activity be
tween the phage Pa53 and the meropenem.

The in vitro analysis showed the development of P. aerugino
sa clones resistant to Pa53 (tested alone) within 24 hours of in
cubation. However, the combination of phages with 
meropenem prevented the selection of phage-resistant subpop
ulations versus P. aeruginosa biofilm. It is noteworthy that an in 
vitro synergistic activity between the phage Pa53 and the mer
openem was also observed.

The synergistic effect phage-antibiotic was reported by dif
ferent in vitro studies versus biofilm [11, 29, 30], and it might 
occur also in an in vivo context. This experience suggests that 
the potential role of bacteriophages is not to substitute the stan
dard of care for bacterial infections but to increase its efficacy.

In several reported cases, PT is the last resort treatment for 
infections due to multidrug-resistant pathogens, despite the 

Figure 3. Lytic activity at 3, 6, and 24 hours of Pa53 versus Pa_RA1 biofilm. Phage application conditions are shown as follow: filled circle (108 plaque-forming units [PFU]/ 
mL), empty circle (107 PFU/mL), filled square (106 PFU/mL), empty square (105 PFU/mL), filled triangle (104 PFU/mL), empty triangle (103 PFU/mL) and diamond (no phage, 
Growth control). Dashed line represents the phage titer over the time. The 2 higher phage titers showed the greater biofilm reduction after 3 hours, whereas from 106 

to 103 PFU/mL the peak of reduction occurred at 6 hours, then, both trends increased like the untreated control at 24 hours. Each point of the graph represents the mean  
± standard deviations (error bars) of 3 independent replicates (N = 3). Detection limit (y = 50) for the colony-forming units (CFU)/mL count corresponds to the dotted line.
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authorization of expanded access use [31–33]. As reported in 
our case, biofilm-associated infections are recalcitrant antibiot
ics and surgery, even when antibiotic-resistance pathogens do 
not sustain them. Thus, the phage-antibiotic combination ap
proach for persistent infections could avoid invasive surgery 
procedures in high-risk patients and still allow a resolution of 
the infection. Nevertheless, more clinical evidence from clinical 
trials is required to validate this hypothesis.

Finally, we described that the patient had to self-administer 
the bacteriophage preparation for legal reasons. The self- 
administration of bacteriophages in 10 outpatients to prevent 
a long hospitalization has been already reported by Aslam 
et al [34], who developed a dedicated protocol for phage admin
istration at home, after a first phage injection in the hospital, 
and providing the patients with all required instructions. 
Moreover, telemedicine video visits to monitor the patient 

were also used. In our case, we recognize several drawbacks as
sociated with self-administration of phages, where patients 
might not be completely assisted in managing their phage treat
ment, most notably a potential lack of a correct therapeutic pro
tocol and a medical follow up. In fact, PT has not yet been 
approved for clinical use in Italy, and it cannot be administered 
even for compassionate use (as it is used in Germany, France, 
United Kingdom, and United States, among others) if it is 
not produced in GMP and tested in clinical trials [17]. The 
GMP-based therapy would be incompatible with the personal
ized approach used in this case. At present, there is no standard 
regulatory framework to support the use of personalized phage- 
based medicine for human infections in the European Union. 
However, a recent publication reported that the EDQM 
(European Directorate for the Quality of Medicine and 
Healthcare) is aiming to draft an appropriate document for 

Figure 4. In vitro antimicrobial activity of meropenem (A), Pa53 (B), and combinations of both (C) versus biofilm-embedded Pa_AR1 after 24-hour incubation. Histogram rep
resents the mean of colony-forming units (CFU) number ± standard deviations of Pa_AR1 biofilm treated/untreated with meropenem (A), phage (B), and phage/meropenem (C), 
obtained in 3 independent experiments. The detection limit is 50 CFU/mL (horizontal dotted line). PFU, plaque-forming units.
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the definition of the indications to produce custom-made ther
apeutic formulations for human and veterinary use based on 
bacteriophages [35]. Hopefully, this might facilitate the approv
al of PT also in Italy.

CONCLUSIONS

In conclusion, we believe that to validate the use of bacteriophages 
as an efficient strategy to fight antimicrobial resistance and 
difficult-to-treat infections, it will be necessary to design specific 
clinical trials focused on a personalized approach. In the United 
States, 2 US Food and Drug Administration-approved Phase I/II 
clinical studies are already ongoing, in which each enrolled pa
tient receives a personalized phage formulation adapted for its 
bacterial strain [36, 37].

Supplementary Data
Supplementary materials are available at Open Forum Infectious Diseases 

online. Consisting of data provided by the authors to benefit the reader, the 
posted materials are not copyedited and are the sole responsibility of the 
authors, so questions or comments should be addressed to the correspond
ing author.
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