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Abstract: Phage therapy is experiencing renewed interest, particularly for antibiotic-
resistant infections, and may also be useful for difficult-to-treat cases where surgery to
remove foreign infected material is deemed too risky. We report a case of recurrent Pseu-
domonas aeruginosa endocarditis with Bentall infection treated successfully with a combina-
tion of antibiotics and phages.
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1. Introduction
A century after its conceptualization by d’Hérelle and 50 years after it was forgotten in

France, phage therapy is back in the spotlight [1]. Phage therapy is most often considered
in cases of multi-drug resistant infections, where it provides a therapeutic alternative.
Beside the spread of antibiotic resistance, difficult-to-treat bacterial infection (DTI) is an-
other area of interest for phage therapy [2]. These DTIs are caused by antibiotic-sensitive
bacteria but associated with foreign material or responsible for infections that require a
surgical procedure that is too risky for vulnerable patients. Phages are known for their
ability to disrupt biofilms and enhance the efficacy of antibiotics through synergistic and
complementary actions [3,4]. Vascular device infections are complex infections that often
require medical and surgical management. Infection following the Bentall procedure, in
which the aortic valve, aortic root and ascending aorta are replaced with a composite graft,
is particularly challenging and associated with high mortality [5,6]. Here, we report an
emblematic case of recurrent Pseudomonas aeruginosa endocarditis with Bentall infection
treated with a combination of antibiotics and phages.

2. Case Presentation
A 58-year-old man with a history of aortic regurgitation and dilatation underwent

aortic valve repair, aortic root replacement, and ascending aortic replacement with coro-
nary artery reimplantation in May 2022. In late October 2022, the patient presented with
neurological deterioration in a septic context. Investigations revealed bacterial prostatitis
caused by multi-susceptible P. aeruginosa. Transesophageal echocardiography showed a
perivalvular abscess, and computed tomography scan showed a 25 × 17 mm long axis col-
lection on the anterior surface of the aortic valve prosthesis, along with a latero-ventricular
pericardial effusion. Cerebral magnetic resonance imaging showed multiple emboli with
disseminated small ischemic strokes. The patient was treated with a Bentall bioprosthetic
valve replacement and high-dose ceftazidime for 6 weeks.
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In March 2023, he presented to the hospital with fever and oxygen dependency. Mul-
tiple blood cultures were, once again, positive for P. aeruginosa with the same resistance
profile. Transesophageal echocardiography revealed two aortic vegetations, and a car-
diac scan identified an 8 mm circumferential hypodense collection, which enhanced after
injection, around the prosthetic ascending aorta.

In a multidisciplinary meeting, due to the high risk of surgery, it was decided to
use a medical-only strategy. A combination of ceftazidime and ciprofloxacin for three
months, followed by suppressive treatment with ciprofloxacin was decided. Evaluation
after six weeks of combination therapy showed persistent apyrexia and normalization of
C-reactive protein (CRP) levels on the one hand, but a sternotomy fistula from the previous
scar on the other hand. A computed tomography scan confirmed the fistula following a
scar to retrosternal collection trajectory with a 25 × 10 × 6 cm collection surrounding the
prosthetic aorta. This was drained surgically on 28 April 2023, with a simple wash and no
equipment change. Cultures were sterile, as the surgery was performed under antibiotic
therapy. Follow-up transesophageal echocardiography showed persistent vegetation at the
antero-left cusp with no change in size (10 mm × 10 mm), and a computed tomography
scan showed stability of the collection around the ascending aorta and sternal disunion
with a retrosternal collection of 13 mm.

Given the stability of the lesion and the lack of clinical improvement, phage therapy
targeting P. aeruginosa was initiated under compassionate use on 22 May 2023 for seven days.
The phage susceptibility of the clinical isolate was determined in the Phaxiam-Pharma
laboratory. Four phages, two myoviruses (PP 1450 and PP 1777) and two podoviruses (PP
1792, PP 1797) were tested against P. aeruginosa, as previously described [7]. Susceptibility
was determined by the combined result of two assays. The first one was the plaque assay,
which determined the ability of the test phage to induce bacterial lysis in a solid medium
compared to a susceptible reference phage, thus determining the efficiency of plating (EOP).
An EOP of 0 indicates that no lysis zone is observed. An EOP greater than 0.1 represents
a highly effective phage, while an EOP between 0.005 and 0.1 indicates a moderately
effective phage and between 0 and 0.005 a low efficiency phage [8]. The second test was
the broth microdilution assay, which identified the minimum inhibitory concentration
(MIC) expressed in plaque-forming units (PFU) per milliliter of phage to inhibit 80 +/− 8%
of bacterial growth. The EOP values of PP 1450, PP 1777, PP1792 and 1797 were 0.606,
0.932, 0.053 and 0.206, respectively. The MIC of PP 1450, PP 1777, PP1792 and 1797
were 1.3 × 103 PFU/mL, 2.0 × 103 PFU/mL, >1 × 109 PFU/mL and >1 × 109 PFU/mL,
respectively. Based on this result, myoviruses (PP 1450 and PP 1777) were selected for
patient treatment, while podoviruses (PP 1792 and PP 1797) were not considered. The
treatment consisted of a phage solution containing 1 mL of 1010 PFU of each phage diluted
in 8 mL of 0.9% NaCl sterile solution and administered intravenously every 12 h for seven
days. When the phages were administered, a new curative antibiotic regimen of ceftazidime
and ciprofloxacin was initiated for three months, followed by maintenance therapy with
ciprofloxacin monotherapy for three months.

A positive emission tomography (PET) scan performed after 3 days of phage and
antibiotic treatment showed circumferential hypermetabolism around the infected aortic
tube (Figure 1B,C). Subsequent PET scans at the end of bi-antibiotic therapy (September
2023) and at the end of ciprofloxacin maintenance therapy (February 2024) showed re-
gression of the hypermetabolism. The metabolism of the Bentall walls regressed almost
completely, with regression of the linear hypermetabolism resembling a fistula between the
Bentall and the lower part of the sternotomy scar. In addition, the hypermetabolic focus at
the lower part of the sternotomy disappeared. Clinically, the patient’s general condition
improved without a fever episode, and the sternal fistula disappeared. Transesophageal
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echocardiography revealed no vegetation. Biologically, subsequent blood cultures were all
negative, and CRP levels remained negative 12 months after phage therapy. The patient
was considered cured, and antibiotics were discontinued with no relapse to date.
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hypermetabolism compatible with an active infection. This anomaly gradually regressed on succes-
sive FDG-PET at 3 months (D,E) and 6 months (F,G) after phage-therapy introduction, indicating
good therapeutic response. FDG-PET 3D MIP—fluorodeoxyglucose positron emission tomography
three-dimensional maximum intensity projection.

3. Discussion
This case report describes the successful use of a combination phage therapy in treating

recurrent P. aeruginosa endocarditis following a Bentall procedure, where conventional
antibiotic treatments had failed, and surgical options were too risky.

Recurrent infections associated with valve and vascular prostheses pose a significant
problem due to antibiotic spread and biofilm formation, requiring, theoretically, a combi-
nation of surgical replacement and antibiotic treatment. Bentall surgical replacement is
a high-risk procedure associated with high mortality, so some teams prefer to leave the
implant in place with suppressive antibiotics in unsuitable patients, with encouraging
results [9]. However, conservative management is associated with recurrent sepsis, which
can occur in up to 50% of patients in this cohort for all vascular grafts [10], and high
mortality, with up to 40% mortality for thoracic grafts [11]. FDG-PET is a valuable tool
for diagnosing or excluding vascular graft infection with excellent negative and positive
predictive values [12]. FDG-PET has been incorporated into the Duke criteria for prosthetic
valve endocarditis [13]. Its role in monitoring infection and recovery is more controversial,
but is of interest when combined with clinical status and inflammatory markers such as
CRP to guide the discontinuation of antibiotic therapy [14,15].

The existing literature on phage therapy for vascular infections is limited but demon-
strates considerable promise [16]. Despite in vitro studies showing synergistic effect be-
tween phages and antibiotics, real-life use remains scarce [17,18]. Five case reports have
documented clinical outcomes in vascular prosthesis infections caused by P. aeruginosa, with
inconclusive results [17–21]. In three of these reports, the authors reported a relative success
characterized by bacterial clearance without the recurrence of bacteremia. However, two
of the patients died within six months, and the third had to undergo partial replacement
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of the infected prosthesis [20,22,23]. The remaining two reports documented recurrences
of P. aeruginosa bacteremia. One of the cases documented a relapse to a clonally related
Pseudomonas infection that exhibited changes in genetic and phenotypic traits, resulting in
increased antibiotic sensitivity but enhanced biofilm formation and resistance to the phages
used [21]. Additionally, some teams have utilized phages to treat P. aeruginosa infections
in left ventricular assist devices with variable outcomes [24,25]. In these reports, phage
therapy was used as a last resort treatment with advanced local infection and deteriorated
general health, which can complicate the assessment of its effectiveness.

The cornerstone for phage therapy use is susceptibility testing, also called phagogram.
We need to test patient’s bacterial strain and use effective phages with standardized method-
ologies [26]. Uncertainties remain regarding the optimal phage dosage, treatment schedule,
and administration methods for phage therapy [27]. These gaps in knowledge can signifi-
cantly affect outcomes and explain the failures already published.

While it is conceivable that the described patient might have improved without phage
therapy, the worsening clinical condition under dual antibiotic therapy, highlighted by the
emergence of a new fluid collection and fistulization, strongly suggests a pivotal role for
phages in his recovery. Furthermore, the only modification in therapeutic management
between the second and third episodes of infection was the addition of phage therapy to
the antibiotic treatment.

While case reports of phage therapy are uncommon in conditions such as endocarditis
or vascular prosthesis infections, they can be a valuable resource when surgical interven-
tion is not feasible. The patient remains relapse-free for 12 months with no evidence of
recurrence to date. It is of the utmost importance to document both positive and negative
outcomes from such treatments to gain a deeper understanding in phage therapy. The
characterization and optimization of the pharmacokinetics of phages, as well as their com-
bination with each other and with antibiotics, require further investigation. As several case
reports and case series have shown promising results, often as a therapy of last resort, large
multicenter clinical trials with standardized methodologies should be initiated to prove the
efficacy of phage therapy.

Author Contributions: Conceptualization, V.E. and A.B.; writing—original draft preparation, V.E.;
writing—review and editing, A.B. and P.-A.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This case report was conducted according to the guidelines of
the Declaration of Helsinki. Written informed consent was obtained from the patient for publication
of this case report. Ethical review and approval were waived for this study in France, due to its
retrospective design with compassionate use of the phage and respect for patient anonymity.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: Data are unavailable due to privacy and ethical restrictions.

Acknowledgments: The authors want to thank all clinicians involved in the patient’s care. We thank
the ANSM team and the Phaxiam team for access to phages, and the UPCO Pitié Salpêtrière Team for
phage preparation. Many thanks to Brigitte Rached in the Bacteriological department for her support
and help with P. aeruginosa strain analysis. Most of all, we sincerely want to thank the patient and his
family for their trust, as well as their tireless zest for life and fight alongside us.

Conflicts of Interest: The authors declare no conflict of interest.



Viruses 2025, 17, 123 5 of 6

References
1. Chanishvili, N. Phage Therapy—History from Twort and d’Herelle Through Soviet Experience to Current Approaches. In

Advances in Virus Research; Elsevier: Amsterdam, The Netherlands, 2012; Volume 83, pp. 3–40, ISBN 978-0-12-394438-2.
2. Uyttebroek, S.; Chen, B.; Onsea, J.; Ruythooren, F.; Debaveye, Y.; Devolder, D.; Spriet, I.; Depypere, M.; Wagemans, J.; Lavigne,

R.; et al. Safety and Efficacy of Phage Therapy in Difficult-to-Treat Infections: A Systematic Review. Lancet Infect. Dis. 2022, 22,
e208–e220. [CrossRef] [PubMed]

3. Harper, D.; Parracho, H.; Walker, J.; Sharp, R.; Hughes, G.; Werthén, M.; Lehman, S.; Morales, S. Bacteriophages and Biofilms.
Antibiotics 2014, 3, 270–284. [CrossRef]

4. Holger, D.J.; El Ghali, A.; Bhutani, N.; Lev, K.L.; Stamper, K.; Kebriaei, R.; Kunz Coyne, A.J.; Morrisette, T.; Shah, R.; Alexander,
J.; et al. Phage-Antibiotic Combinations against Multidrug-Resistant Pseudomonas Aeruginosa in in Vitro Static and Dynamic
Biofilm Models. Antimicrob. Agents Chemother. 2023, 67, e0057823. [CrossRef]

5. Bentall, H.; De Bono, A. A Technique for Complete Replacement of the Ascending Aorta. Thorax 1968, 23, 338–339. [CrossRef]
6. Chong, J.H.; Zhang, Y.; Harky, A.; Field, M. Management and Outcomes of Proximal Aortic Graft Infection: A Systematic Review.

Heart Lung Circ. 2022, 31, 49–58. [CrossRef]
7. Teney, C.; Poupelin, J.-C.; Briot, T.; Le Bouar, M.; Fevre, C.; Brosset, S.; Martin, O.; Valour, F.; Roussel-Gaillard, T.; Leboucher, G.;

et al. Phage Therapy in a Burn Patient Colonized with Extensively Drug-Resistant Pseudomonas Aeruginosa Responsible for
Relapsing Ventilator-Associated Pneumonia and Bacteriemia. Viruses 2024, 16, 1080. [CrossRef]

8. 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]

9. Kouijzer, I.J.E.; Baranelli, C.T.; Maat, I.; van den Heuvel, F.M.A.; Aarntzen, E.H.J.G.; Smith, T.; de Mast, Q.; Geuzebroek, G.S.C.
Thoracic Aortic Vascular Graft Infection: Outcome after Conservative Treatment without Graft Removal. Eur. J. Cardiothorac. Surg.
2022, 63, ezac551. [CrossRef]

10. Caradu, C.; Puges, M.; Cazanave, C.; Martin, G.; Ducasse, E.; Bérard, X.; Bicknell, C. Imperial Vascular Unit and the University
Hospital of Bordeaux Vascular Unit Outcomes of Patients with Aortic Vascular Graft and Endograft Infections Initially Contra-
Indicated for Complete Graft Explantation. J. Vasc. Surg. 2022, 76, 1364–1373.e3. [CrossRef]

11. Ljungquist, O.; Haidl, S.; Dias, N.; Sonesson, B.; Sörelius, K.; Trägårdh, E.; Ahl, J. Conservative Management First Strategy in
Aortic Vascular Graft and Endograft Infections. Eur. J. Vasc. Endovasc. Surg. 2023, 65, 896–904. [CrossRef]

12. Husmann, L.; Huellner, M.W.; Ledergerber, B.; Anagnostopoulos, A.; Stolzmann, P.; Sah, B.-R.; Burger, I.A.; Rancic, Z.; Hasse, B.;
the Vasgra Cohort. Comparing Diagnostic Accuracy of 18F-FDG-PET/CT, Contrast Enhanced CT and Combined Imaging in
Patients with Suspected Vascular Graft Infections. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1359–1368. [CrossRef] [PubMed]

13. Fowler, V.G.; Durack, D.T.; Selton-Suty, C.; Athan, E.; Bayer, A.S.; Chamis, A.L.; Dahl, A.; DiBernardo, L.; Durante-Mangoni, E.;
Duval, X.; et al. The 2023 Duke-International Society for Cardiovascular Infectious Diseases Criteria for Infective Endocarditis:
Updating the Modified Duke Criteria. Clin. Infect. Dis. 2023, 77, 518–526. [CrossRef]

14. The VASGRA Cohort Study; Husmann, L.; Ledergerber, B.; Anagnostopoulos, A.; Stolzmann, P.; Sah, B.-R.; Burger, I.A.; Pop, R.;
Weber, A.; Mayer, D.; et al. The Role of FDG PET/CT in Therapy Control of Aortic Graft Infection. Eur. J. Nucl. Med. Mol. Imaging
2018, 45, 1987–1997. [CrossRef]

15. Machelart, I.; Greib, C.; Wirth, G.; Camou, F.; Issa, N.; Viallard, J.F.; Pellegrin, J.L.; Lazaro, E. Graft Infection after a Bentall
Procedure: A Case Series and Systematic Review of the Literature. Diagn. Microbiol. Infect. Dis. 2017, 88, 158–162. [CrossRef]

16. Junghans, S.; Rojas, S.V.; Skusa, R.; Püschel, A.; Grambow, E.; Kohlen, J.; Warnke, P.; Gummert, J.; Gross, J. Bacteriophages for the
Treatment of Graft Infections in Cardiovascular Medicine. Antibiotics 2021, 10, 1446. [CrossRef]

17. Oechslin, F.; Piccardi, P.; Mancini, S.; Gabard, J.; Moreillon, P.; Entenza, J.M.; Resch, G.; Que, Y.-A. Synergistic Interaction Between
Phage Therapy and Antibiotics Clears Pseudomonas Aeruginosa Infection in Endocarditis and Reduces Virulence. J. Infect. Dis.
2017, 215, 703–712. [CrossRef]

18. El Ghali, A.; Stamper, K.; Kunz Coyne, A.J.; Holger, D.; Kebriaei, R.; Alexander, J.; Lehman, S.M.; Rybak, M.J. Ciprofloxacin
in Combination with Bacteriophage Cocktails against Multi-Drug Resistant Pseudomonas Aeruginosa in Ex Vivo Simulated
Endocardial Vegetation Models. Antimicrob. Agents Chemother. 2023, 67, e0072823. [CrossRef]

19. Rubalskii, E.; Ruemke, S.; Salmoukas, C.; Boyle, E.C.; Warnecke, G.; Tudorache, I.; Shrestha, M.; Schmitto, J.D.; Martens, A.; Rojas,
S.V.; et al. Bacteriophage Therapy for Critical Infections Related to Cardiothoracic Surgery. Antibiotics 2020, 9, 232. [CrossRef]

20. Ronit, A.; Porskrog, A.; Djebara, S.; Bergmann, S.; Pirnay, J.-P.; Merabishvili, M.; Barfod, T.S.; Thomsen, K.; Brandt, C.T.
Bacteriophages for the treatment of pseudomonas-infected vascular prosthesis. Ugeskr. Laeger 2024, 186, V09230617. [CrossRef]

21. Blasco, L.; López-Hernández, I.; Rodríguez-Fernández, M.; Pérez-Florido, J.; Casimiro-Soriguer, C.S.; Djebara, S.; Merabishvili,
M.; Pirnay, J.-P.; Rodríguez-Baño, J.; Tomás, M.; et al. Case Report: Analysis of Phage Therapy Failure in a Patient with a
Pseudomonas Aeruginosa Prosthetic Vascular Graft Infection. Front. Med. 2023, 10, 1199657. [CrossRef]

https://doi.org/10.1016/S1473-3099(21)00612-5
https://www.ncbi.nlm.nih.gov/pubmed/35248167
https://doi.org/10.3390/antibiotics3030270
https://doi.org/10.1128/aac.00578-23
https://doi.org/10.1136/thx.23.4.338
https://doi.org/10.1016/j.hlc.2021.07.026
https://doi.org/10.3390/v16071080
https://doi.org/10.1038/srep46151
https://doi.org/10.1093/ejcts/ezac551
https://doi.org/10.1016/j.jvs.2022.05.007
https://doi.org/10.1016/j.ejvs.2023.03.003
https://doi.org/10.1007/s00259-018-4205-y
https://www.ncbi.nlm.nih.gov/pubmed/30426151
https://doi.org/10.1093/cid/ciad271
https://doi.org/10.1007/s00259-018-4069-1
https://doi.org/10.1016/j.diagmicrobio.2017.03.002
https://doi.org/10.3390/antibiotics10121446
https://doi.org/10.1093/infdis/jiw632
https://doi.org/10.1128/aac.00728-23
https://doi.org/10.3390/antibiotics9050232
https://doi.org/10.61409/V09230617
https://doi.org/10.3389/fmed.2023.1199657


Viruses 2025, 17, 123 6 of 6

22. Duplessis, C.; Biswas, B.; Hanisch, B.; Perkins, M.; Henry, M.; Quinones, J.; Wolfe, D.; Estrella, L.; Hamilton, T. Refractory
Pseudomonas Bacteremia in a 2-Year-Old Sterilized by Bacteriophage Therapy. J. Pediatr. Infect. Dis. Soc. 2018, 7, 253–256.
[CrossRef] [PubMed]

23. Chan, B.K.; Turner, P.E.; Kim, S.; Mojibian, H.R.; Elefteriades, J.A.; Narayan, D. Phage Treatment of an Aortic Graft Infected with
Pseudomonas Aeruginosa. Evol. Med. Public Health 2018, 2018, 60–66. [CrossRef]

24. Racenis, K.; Lacis, J.; Rezevska, D.; Mukane, L.; Vilde, A.; Putnins, I.; Djebara, S.; Merabishvili, M.; Pirnay, J.-P.; Kalnina, M.;
et al. Successful Bacteriophage-Antibiotic Combination Therapy against Multidrug-Resistant Pseudomonas Aeruginosa Left
Ventricular Assist Device Driveline Infection. Viruses 2023, 15, 1210. [CrossRef] [PubMed]

25. Aslam, S.; Lampley, E.; Wooten, D.; Karris, M.; Benson, C.; Strathdee, S.; Schooley, R.T. Lessons Learned From the First 10
Consecutive Cases of Intravenous Bacteriophage Therapy to Treat Multidrug-Resistant Bacterial Infections at a Single Center in
the United States. Open Forum Infect. Dis. 2020, 7, ofaa389. [CrossRef] [PubMed]

26. Yerushalmy, O.; Braunstein, R.; Alkalay-Oren, S.; Rimon, A.; Coppenhagn-Glazer, S.; Onallah, H.; Nir-Paz, R.; Hazan, R. Towards
Standardization of Phage Susceptibility Testing: The Israeli Phage Therapy Center “Clinical Phage Microbiology”—A Pipeline
Proposal. Clin. Infect. Dis. 2023, 77, S337–S351. [CrossRef]

27. Suh, G.A.; Lodise, T.P.; Tamma, P.D.; Knisely, J.M.; Alexander, J.; Aslam, S.; Barton, K.D.; Bizzell, E.; Totten, K.M.C.; Campbell,
J.L.; et al. Considerations for the Use of Phage Therapy in Clinical Practice. Antimicrob. Agents Chemother. 2022, 66, e0207121.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/jpids/pix056
https://www.ncbi.nlm.nih.gov/pubmed/28992111
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.3390/v15051210
https://www.ncbi.nlm.nih.gov/pubmed/37243293
https://doi.org/10.1093/ofid/ofaa389
https://www.ncbi.nlm.nih.gov/pubmed/33005701
https://doi.org/10.1093/cid/ciad514
https://doi.org/10.1128/aac.02071-21

	Introduction 
	Case Presentation 
	Discussion 
	References

