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ABSTRACT

Background Chronic Staphylococcus aureus prosthetic joint infection (PJI) remains
difficult to manage when surgical revision and long-term antibiotics are not feasi-
ble. Bacteriophage therapy is emerging as a potential adjunct, though experience in
orthopedic infections, particularly in the United Kingdom, is limited.

Case Summary We report the first UK case of intra-articular bacteriophage therapy
administered alongside debridement, antibiotics, and implant retention (DAIR) for
chronic methicillin-sensitive Staphylococcus aureus knee PJI. An 81-year-old man with
multiple comorbidities developed persistent infection following revision knee arthro-
plasty, with recurrent sinus formation despite multiple surgical washouts and prolonged
suppressive antibiotics. Major revision surgery and amputation were not viable options.
Following a multidisciplinary review through the UK Clinical Phage Network, targeted
phage therapy was pursued as salvage treatment. Phage susceptibility testing identified
an active lytic phage (ISP). The patient underwent open DAIR with intra-articular phage
administration, adjunctive local antibiotics, short-course intravenous antimicrobials, and
subsequent oral suppressive therapy. Two further intra-articular phage doses were
administered postoperatively. Initial sinus closure occurred, but recurrence developed
within 4 weeks. At 18 months, symptoms were partially improved with better mobility
and reduced inflammation, though one sinus tract persisted. No significant adverse
effects were observed. Whole-genome sequencing of pretreatment isolates demonstra-
ted a predominantly ST5 S. aureus genotype with conserved biofilm-associated virulence
genes and limited antimicrobial resistance in addition to clonal diversification consistent
with chronic biofilm infection.

Conclusion This case demonstrates the feasibility and safety of intra-articular phage
therapy during DAIR in a UK setting but highlights biological, logistical, and pharmaco-
logical factors that may limit efficacy in advanced chronic PJI.

Editor Ritu Banerjee, Vanderbilt University Medical
Center, Nashville, Tennessee, USA

KEYWORDS bacteriophage or phage therapy, prosthetic joint infection, Staphylococcus

aureus, salvage therapy, antimicrobial resistance
Address correspondence to A. Scobie,

L . X antonia.scobie@nhs.net.
rosthetic joint infections (PJIs) caused by Staphylococcus aureus remain among the

most challenging complications in orthopedic surgery. Definitive treatment requires
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first UK case of intra-articular PT administration alongside debridement, antibiotics, and
implant retention (DAIR) for chronic Staphylococcus aureus PJI and evaluate the factors
contributing to a partial response.

CASE PRESENTATION

An 81-year-old male with a background of ischemic heart disease with chronic left
ventricular thrombus, chronic kidney disease stage 3, asthma, abdominal hernia repair,
and bilateral knee replacements underwent a left total knee replacement (TKR) in 1989
and a further revision to a Mega-C distal femoral endoprosthesis in 2019 due to femoral
loosening. Twelve months later, he developed chronic methicillin-sensitive Staphylococcus
aureus (MSSA) PJI.

Despite multiple surgical interventions—including DAIR in June 2021, arthroscopic
washout in 2022, and posterior abscess drainage in 2023—the infection persisted, with
recurrent sinus formation and repeated isolation of MSSA. The organism remained
susceptible to several agents, including doxycycline and flucloxacillin, but management
was complicated by multiple severe antibiotic allergies and intolerances (penicillin,
clindamycin, dalbavancin, and rifampicin). Long-term suppressive antibiotic therapy
failed to control symptoms. Due to his comorbidities, major revision surgery was deemed
unsuitable, and he declined amputation.

By September 2023, he had two actively discharging sinuses (Fig. 1) with a raised
C-reactive protein (CRP) of 100 mg/L. Imaging (Fig. 2) demonstrated a stable prosthesis
without radiographic loosening.

The case was reviewed by the UK Clinical Phage Network, an external multidiscipli-
nary group including infectious diseases, microbiology, orthopedics, and international
phage experts (Fig. 3). Phage therapy was recommended alongside DAIR with the aim of
symptom control and avoiding amputation.

Bacterial isolates were sent for phage susceptibility testing and phage-antibiotic
interaction testing at Queen Astrid Military Hospital, Belgium. Initial screening for
phage activity was performed using standard plaque assays to identify lytic phages
active against the patient isolate. Two active lytic phages (ISP and Phage 25) tar-
geting the S. aureus strain were identified. Phage-antibiotic interaction testing was
subsequently performed using the OmniLog system, a liquid-based phenotypic assay
that measures bacterial growth kinetics in the presence of phage and antibiotics

A B)

FIG 1 (A and B) Photographs illustrating anterior and posterior sinuses with associated calf abscess (June 2024). (C) Photograph demonstrating development of
a third sinus (October 2024).
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FIG 2 Preoperative radiographs. (A) Anteroposterior view demonstrating a well-aligned cemented hinged distal femoral endoprosthesis with no evidence of

loosening, subsidence, or periprosthetic fracture. (B) Lateral view confirming stable positioning of the femoral and tibial components, intact cement mantle, and

absence of implant migration or mechanical failure.

across multiple multiplicities of infection (MOI) and antimicrobial concentrations. Strong
synergistic activity was observed between ISP and doxycycline, linezolid, daptomycin,
and meropenem across several MOI ranges. Representative OmniLog growth curves
demonstrating synergy between ISP and daptomycin and meropenem are shown in
Fig. 4. Neutral or additive effects were observed with ciprofloxacin, gentamicin, and
cefotaxime, while antagonistic or neutral effects were seen with co-trimoxazole and
amikacin. Due to regulatory delays, Phage 25 expired prior to treatment, and only ISP
was available for clinical use (1).

In October 2024, following approvals, phage therapy was administered intra-articu-
larly following the published “PhagoDAIR” procedure (2) (Fig. 5). Surgery revealed frank
pus and extensive synovitis. Following aggressive debridement and sinus excision, local
antibiotics (daptomycin and meropenem) were delivered via a degradable hydrogel
(Defensive Antibacterial Coating, DAC) around the implant. After wound closure, ISP
phage (10° PFU/mL diluted in 30 mL 0.9% NaCl) was administered via intra-articular
injection. The patient received 5 days of meropenem 1 g t.d.s and daptomycin (10
mg/kg) o.d. before conversion to long-term oral suppression with cefalexin 1 g t.d.s
and azithromycin 500 mg o.d. This regimen was selected due to multiple antibiotic
allergies and intolerances that limited alternative options, alongside phage-antibiotic
interaction testing that demonstrated favorable interactions and supported the use of
a tolerable long-term oral regimen. Two additional intra-articular phage injections were
administered under ultrasound guidance on days 8 and 15 with the aim of maintain-
ing local phage exposure during the early postoperative period. Staphylococcus aureus
was isolated in 5/7 intraoperative culture samples. Colonial variation was noted with
differing antibiotic susceptibility profiles. All isolates were susceptible to vancomycin,
flucloxacillin, clarithromycin, and daptomycin and resistant to rifampicin. Monitoring was
performed in accordance with international published protocols (3-5). Apart from a
transient febrile episode 48 h postoperatively, no adverse effects were observed.

All sinuses closed within 2 weeks of therapy; however, by week 4, two sinuses
reopened with intermittent discharge. Joint aspiration was performed at 3 months while
the patient remained on suppressive antibiotics. This was undertaken in part to attempt
re-isolation of the organism to assess for the potential development of phage resistance;
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FIG 3 Chronological timeline of clinical events, antimicrobial treatment, and phage therapy. This figure illustrates the full clinical course from the patient’s

original knee replacement in 1989 through to the 18-month follow-up after phage therapy in 2025. Key surgical interventions and infectious complications

(including sinus formation and recurrence) are shown along the baseline. Phage therapy-related time points are marked with vertical purple arrows, including

the three intra-articular ISP phage injections administered on Days 1, 8, and 15 following DAIR. The prolonged regulatory and import approval process is

annotated above the timeline. Antimicrobial therapy is summarized in the green box. Breaks in the timeline denote periods without major intervention.

Abbreviations: TKR, total knee replacement; DAIR, debridement, antibiotics, and implant retention; CRP, C-reactive protein; IA, intra-articular; QAMH, Queen Astrid

Military Hospital.

however, the aspirate was culture-negative, and therefore repeat susceptibility testing
could not be performed. A synovial fluid cell count had also been requested but could
not be performed as the sample clotted during laboratory processing.

A CT scan at 6 months demonstrated osteomyelitis and lucency around the tibial
component with a large effusion. Although preoperative CT imaging was unavailable
for comparison, these findings were consistent with ongoing chronic infection. At 6
months, the patient reported improved mobility, reduced swelling, and a subjective 70%
improvement in symptoms, though persistent sinus tracts remained. At the 18-month
follow-up, the patient remained clinically stable on suppressive antibiotic therapy with
cefalexin alone and only one persisting sinus. Symptoms remained improved compared
with baseline, with continued mobility and no progression of local disease. Importantly,
the patient avoided further hospital admissions, intravenous antibiotics, and amputation.

Genomic analysis

Post hoc whole-genome sequencing was performed on 19 S. aureus isolates to charac-
terize the bacterial population and identify intrinsic prophage elements that might
influence susceptibility to the administered phage. The analysis was not intended to
detect integration of the therapeutic phage itself but rather to assess the presence
of endogenous phage sequences within the bacterial genome. Isolates included the
original screening isolates (S1 and S2) and multiple colonial variants recovered from
intraoperative cultures.
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FIG 4 Phage-antibiotic interaction tested with the OmniLog system for daptomycin (A) and meropenem (B). Growth curves
show bacterial metabolic activity in liquid broth in the presence of phage alone, antibiotic alone, and the combination across
a range of concentrations. Each test was performed in technical triplicate, with curves generated using the median values of
these replicates; error bars represent the absolute median deviations. A downward shift of the combination curve relative to
either agent alone indicates synergistic killing. MOl = multiplicity of infection (the ratio of infectious virions to bacterial cells at
the start of the assay). These data informed antibiotic selection for both intraoperative and postoperative phases of treatment.

The majority were sequence type (ST) 5, a lineage commonly associated with
healthcare-associated infections and biofilm formation. Table 1 summarizes the
sequence type, efficiency of plating, and phage activity across isolates recovered before
and during surgery. One isolate was ST434-like and carried both [ukF-PV and lukS-PV,
consistent with PVL positivity, though it remained closely related to the dominant
population (Table 1).

All isolates carried a conserved set of biofilm-associated genes, including the icaADBC
operon and icaR, along with adhesins (cIfA, sdrC, and sdrE) and the cap8 capsule locus.
Type VIl secretion system genes were also universally present, supporting a phenotype
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FIG 5 Intra-articular administration of ISP phage following DAIR and wound closure.

associated with persistence and immune evasion. Antimicrobial resistance gene carriage
was concordant with phenotypic susceptibility testing. Genes associated with aminogly-
coside, tetracycline, fluoroquinolone, phenicol, and fosfomycin resistance were detected.

Prophage analysis identified two conserved phage regions across all ST5 isolates.
One region showed alignment with phages of the Peeveelvirus genus (Class Caudoviri-
cetes, Subfamily Bronfenbrennervirinae). The genomic organization of these prophage
regions is illustrated in Fig. 6. These findings confirm the presence of clonal diversity and
virulence determinants consistent with chronic biofilm-associated infection.

DISCUSSION

This report describes the first documented UK case of bacteriophage therapy admin-
istered in conjunction with DAIR for chronic Staphylococcus aureus knee PJI. While
several international case series describe favorable outcomes with phage therapy, its
use in PJI remains uncommon and has often been reported without simultaneous
surgical intervention (2, 6, 7). Recent reviews have also summarized the growing
clinical experience with phage therapy in prosthetic joint infection and other orthope-
dic infections, highlighting both promising early outcomes and the need for further
controlled studies (8, 9). Equally important to reporting successful cases is the descrip-
tion of partial or suboptimal responses as these provide critical insights into patient
selection, disease stage, and treatment parameters that may influence outcomes (10,
11). This case adds novel clinical experience from a UK setting and highlights both the
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TABLE 1 Phenotypic and phage susceptibility characteristics of Staphylococcus aureus isolates obtained
before and during debridement, antibiotics, and implant retention (DAIR) for chronic prosthetic joint
infection®

Sampling time point Sequence type Isolate ID Efficiency of plating (EOP)”
Preoperative ST5 S1 0.1
Preoperative ST5 S2 0.1
Intraoperative ST5 A1-CV1 0.1
Intraoperative ST5 A1-CV2 0.01-0.1
Intraoperative ST5 B1-CV1 0.2
Intraoperative ST5 B1-CV2 0.07
Intraoperative ST5 C2-CVv1 0.01-0.1
Intraoperative ST5 C2-CVvV2 0.01-0.1
Intraoperative ST5 C3-CVv1 0.01-0.1
Intraoperative ST434 C3-CVv2 0.03
Intraoperative ST5 D1-CVv2 0.03
Intraoperative ST5 E1-CV1 0.03
Intraoperative ST5 E2-CV1 0.5
Intraoperative ST5 E3-CV1 0.08
Intraoperative ST5 E3-CV2 0.07
Intraoperative ST5 E3-CV3 0.01
Intraoperative ST5 F1-CV1 0.04
Intraoperative ST5 F2-CV1 0.2
Intraoperative ST5 F3-CV1 0.01-0.1

“Efficiency of plating (EOP) expressed relative to the propagating host strain.
bSequence types are shown alongside EOP results for all isolates recovered preoperatively and intraoperatively.

practical feasibility of phage therapy delivery and the biological and logistical limitations
encountered in advanced chronic infection.

This case demonstrates that targeted phage therapy can be safely integrated into
surgical management for PJI when conventional options are exhausted. Intraarticular
phage administration was well tolerated, with no serious adverse events, and resulted
in early sinus closure and sustained symptomatic improvement. However, infection
eradication was not achieved, underscoring the challenges of treating long-standing
biofilm-associated infection.

The precise reason for the limited clinical response in this case remains uncertain.
Neither phenotypic nor genomic evidence of resistance to the administered phage was
identified in the isolates available for testing. However, repeat susceptibility testing
following therapy was not possible because the organism could not be re-isolated from
the follow-up joint aspirate, and therefore the development of phage resistance during
treatment could not be formally assessed. The partial response likely reflects a combina-
tion of biological, pharmacological, and logistical factors, which are discussed below.

Several factors likely contributed to the partial response in this case. Most notably,
significant delays occurred between identification of phage susceptibility and treatment
delivery due to regulatory approvals, logistical constraints, and the absence of domestic
phage manufacturing or testing capacity. Although the phage was produced under a
Belgian magistral framework with quality safeguards, uncertainty regarding equivalence
to UK “GMP-like” standards contributed to prolonged approval timelines. These delays
had practical consequences. During this period, local disease progression likely increased
bacterial burden and biofilm maturity, reducing the likelihood of eradication. Delays also
resulted in the loss of one phage (Phage 25) from the intended cocktail, necessitating
monophage therapy. Increasing evidence supports the use of phage cocktails in chronic
PJI to reduce resistance development and mitigate the effects of phage-neutralizing
antibodies (12-16), which may have further limited treatment efficacy.

Additional procedural factors may also have played a role. To preserve phage viability,
standard intraoperative measures such as antiseptic irrigation with chlorhexidine and
negative pressure wound therapy were avoided. While necessary for phage delivery
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FIG 6 Annotated prophage regions in S. aureus ST5 (Isolate 1). Circular genome map showing two prophage regions identified via post hoc whole-genome

sequencing. Genes are color-coded by predicted function, including integrases (teal), tail proteins (green), terminases (purple), coat proteins (red), and

hypothetical proteins (orange). Region 1 aligned with Siphoviridae phages of the Peeveelvirus genus. Region 2 did not yield a definitive match on BLAST analysis.

Prophage regions were conserved across all ST5 isolates and may represent endogenous phage elements within the host genome.

and local exposure, these deviations may have compromised overall infection control.
Furthermore, limited data exist on intraarticular phage pharmacokinetics, particularly in
the presence of draining sinuses. Persistent sinus tracts, ongoing drainage and peri-pros-
thetic dead space may reduce the residence time of intra-articularly administered phage
and limit effective bacterial exposure within the joint space. These anatomical factors
may reduce local phage concentrations and represent a potential barrier to treatment
success. In such situations, alternative delivery strategies, including higher local titers,
repeated dosing, or combined systemic administration, may warrant consideration,
although clinical data remain limited. Potential interactions between phages and locally
applied antibiotic carriers remain poorly understood and represent an important area
for further investigation. The dosing strategy used in this case was informed by the
published PhagoDAIR procedure together with guidance from international centers
experienced in clinical phage therapy. Intraarticular administration was selected in order
to maximize local phage exposure at the site of infection following surgical debridement.
Intravenous phage therapy was not pursued due to regulatory uncertainty regarding
systemic administration of a non-GMP phage preparation within the United Kingdom
at the time of treatment. As regulatory frameworks evolve and manufacturing capacity
develops, combined systemic and local delivery strategies may become more feasible
and may offer pharmacokinetic advantages in complex infections.

The dosing strategy was also conservative. Three intraarticular phage injections were
administered without concurrent intravenous phage therapy or continuous local delivery
via a drain, as described in some successful reports (2, 6). This approach reflected
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pragmatic constraints within an NHS inpatient setting. Reconstitution in saline resulted
in lower phage titers (3.3 x 10® PFU/mL) than those reported in some effective PJI
cases (2, 8, 16, 17). Optimal dosing, frequency, and routes of administration for phage
therapy in orthopedic infection remain undefined, and higher phage titers or combined
systemic and local exposures may be required in advanced disease. Post hoc genomic
analysis provided further insights into biological barriers to treatment success. The
infection was dominated by S. aureus ST5, with minor genomic variation consistent with
within-host evolution in a chronic biofilm environment. All isolates harbored conserved
biofilm-associated genes and type VIl secretion systems, supporting persistence and
immune evasion. Limited antimicrobial resistance gene carriage was observed, aligning
with phenotypic susceptibility testing. Conserved prophage elements were present,
although no inducible phage elements likely to interfere with therapy were identified.
Despite marked colonial variation within the S. aureus isolates, phenotypic and genotypic
resistance to ISP phage was not detected. The role of phage-neutralizing antibodies also
remains uncertain as testing was not possible due to loss of samples in transit.

This case reinforces the value of phage-antibiotic interaction testing to optimize
therapy. In this case, synergy was demonstrated between ISP and several antibiotics,
which informed both systemic and local antimicrobial choices, while antagonism with
co-trimoxazole and amikacin constrained options despite conventional susceptibility
results. These findings support an individualized, precision-medicine approach to phage
therapy.

Local approval for phage therapy was strengthened by an external multidiscipli-
nary team (MDT) review coordinated through the UK Clinical Phage Network. Given
the limited national expertise in this emerging field, this external input was critical
in reassuring local governance structures and enabling access. As phage therapy
expands, dedicated national centers are required to streamline access, reduce delays,
and standardize delivery and data collection, as seen in other countries (4, 7, 10, 15).

Conclusion

In conclusion, this case demonstrates that intraarticular phage therapy during DAIR is
feasible and safe in a UK setting but may offer limited benefit in advanced chronic PJI.
While symptom improvement and limb preservation were achieved, earlier intervention,
phage cocktails, optimized dosing strategies, and improved infrastructure may be critical
for better outcomes. Reporting such cases is essential to define patient selection, identify
potential predictors of failure, and guide future clinical trials.
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