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[S I N N

Abstract: Background: Infections following shoulder surgery, particularly periprosthetic joint infec-
tion (PJI), are challenging to treat. Cutibacterium acnes is the causative pathogen in 39% to 76% of these
cases. This study explores the efficacy of bacteriophage therapy as an alternative to conventional
antibiotics for treating such infections. Methods: Nine phages with lytic activity were isolated from
the skin of humans using C. acnes ATCC 6919 as the indicator host. These phages were tested indi-
vidually or in combination to assess host range and antibiofilm activity against clinical strains of C.
acnes associated with PJIs. The phage cocktail was optimized for broad-spectrum activity and tested
in vitro against biofilms formed on titanium discs to mimic the prosthetic environment. Results: The
isolated phages displayed lytic activity against a range of C. acnes clinical isolates. The phage cocktail
significantly reduced the bacterial load of C. acnes strains 183, 184, and GG2A, as compared with
untreated controls (p < 0.05). Individual phages, particularly CaJIE7 and CaJIE3, also demonstrated
significant reductions in bacterial load with respect to specific strains. Moreover, phages notably
disrupted the biofilm structure and reduced biofilm biomass, confirming the potential of phage
therapy in targeting biofilm-associated infections. Conclusions: Our preclinical findings support the
potential of phage therapy as a viable adjunct to traditional antibiotics for treating C. acnes infections
in orthopedic device-related infections. The ability of phages to disrupt biofilms may be particularly
beneficial for managing infections associated with prosthetic implants.

Keywords: Cutibacterium acnes; bacteriophage; phage; peri-prosthetic joint infection; fracture-related
infection; biofilm

1. Introduction

Infections following shoulder surgery, including periprosthetic joint infection (PJI) or
fracture-related infection (FRI), can be a challenging complication [1,2]. The incidence of
PJI after primary shoulder procedures ranges from 0.7% to 1.8%, and this increases to 4%
and 15.4% for revision surgeries [3,4]. Cutibacterium acnes (formerly Propionibacterium) has
emerged as the predominant pathogen in shoulder PJI, accounting for 39-76% of cases [5-7].
With respect to FRI, C. acnes has also been identified as an important causative pathogen,
especially in patients without clinical signs of infection [8]. The high prevalence of C. acnes
contrasts sharply with many other anatomical locations, where Staphylococcus aureus is the
primary pathogen of concern. The prevalence of C. acnes in shoulder arthroplasty is believed
to be due to the unique microbiome of the shoulder joint, characterized by a high density of
sebaceous glands that provides an ideal environment for C. acnes colonization, particularly
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in lipid-rich areas [9]. Clinical experience proves that C. acnes shoulder infections can be
challenging to treat, with some patients experiencing recurrent infections despite antibiotic
therapy [10,11]. Considering that conventional antibiotic therapy has limited efficacy in
C. acnes orthopedic device-related infections (ODRIs), alternative and complementary
therapeutic strategies are required.

Bacteriophage (phage) therapy, which employs viruses to target and lyse specific bacteria,
has reemerged as a potential therapy for ODRIs [12]. Although still emerging, evidence
supporting the effectiveness of phage therapy in treating bone and joint infections is expand-
ing, with several clinical cases demonstrating its potential to address infections resistant to
conventional treatments [13]. Phages are particularly appealing for their high specificity,
which targets only specific bacteria while leaving the rest of the microbiome intact, their
self-replicating properties, their ability to lyse bacteria without contributing to the spread
of antibiotic resistance, and their potential to disrupt bacterial biofilms. C. acnes phages are
naturally present on the human skin [14]. The host range of isolated C. acnes phages is quite
broad, with individual phages capable of targeting C. acnes isolates across multiple clades
within the C. acnes population [15]. This relatively broad host range makes C. acnes phages
ideal candidates for treating C. acnes infections. Studies focused on the therapeutic application
of C. acnes phages showed that when C. acnes-induced skin inflammation was treated with
phages, the inflammatory lesions significantly decreased [15-17].

Although phage therapy may be a valid therapeutic approach for C. acnes, no studies
have yet investigated the efficacy of phages against C. acnes from deep infections and
determined their efficacy in disrupting C. acnes biofilms. Our study aims to fill this gap by
isolating and characterizing phages from the skin microbiota of healthy individuals that
are effective against C. acnes, particularly strains implicated in PJI. We examine the lytic
activity and antibiofilm activity of these phages against clinical isolates of C. acnes. Finally,
a phage cocktail is identified that displays high efficacy against clinical isolates that are
relevant in ODRIs.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

The reference strain of C. acnes (ATCC 6919) was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Nine clinical PJI isolates were cultured at
the University Hospital Zurich (C. acnes 174, 182, 183, 184, 185, 186, 1104, 1105, and 1113),
and five PJI clinical strains were isolated from Musgrave Park Hospital, Belfast, Northern
Ireland (C. acnes GG2A, LED2, W1392, RB1B, and WBT1AA). Bacterial stock cultures were
stored in 20% (v/v) glycerol at —80 °C. The C. acnes were anaerobically grown on brain
heart infusion (BHI, Sigma-Aldrich, Steinheim, Germany) agar in a GasPak EZ System (BD
Diagnostics, Allschwil, Switzerland) at 37 °C for three to five days.

2.2. Isolation and Propagation of Phages

C. acnes phages were isolated from nine healthy individuals. Sterile dry swabs were
used to collect samples from skin in the alar crease, retroauricular crease, and occipital
areas. The swabs were immediately placed into sterile tubes containing 5 mL of BHI broth
and cultured in an anaerobic atmosphere at 37 °C for 72 h. Samples were subsequently
centrifuged at 3220x g for 10 min, and the supernatants were filtered through a 0.45 pm
filter and subsequently through a 0.22 pum filter (Millex, Merck Millipore, Cork, Ireland) to
remove bacterial debris. C. acnes ATCC 6919 was used as a phage host for the isolation of
phages from all swabs. Phages in the supernatant were identified by plaque formation using
the spot assay method [18]. Briefly, 100 pL of the C. acnes ATCC 6919 culture was added to
4 mL of warm BHI soft agar (0.7%), mixed gently, and poured onto a BHI agar plate (1.5%),
and the mixture was allowed to solidify at room temperature. Subsequently, 10 uL of the
diluted filtrate was spotted on the top of the plate and incubated anaerobically to observe
the clear regions generated as a result of phage lysing their host cells for 72 h. Single isolated
plaques were picked to start a second round of amplification. The purification passages
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were repeated at least five times to ensure purity of the phage. The purified phages were
stored in 1 mL of Dulbecco phosphate buffer saline (DPBS, [2.7 mM potassium chloride
(KCl), 1.5 mM potassium phosphate monobasic (KH,;POy), 137.9 mM sodium chloride
(NaCl), 8.1 mM sodium phosphate dibasic (NayHPO4-12H,0)]) at 4 °C. To propagate these
phages, the double-agar overlay method was used with some modifications. Using a
sterile loop, the top agar layer (containing the phages) was carefully removed from the
plate and transferred to a falcon tube with 10 mL of DPBS. The resuspended mixture was
subsequently centrifuged at 3220x g for 10 min to pellet the agar and any bacterial debris,
and the supernatants were filtered through a sterile 0.45 um filter and subsequently through
a sterile 0.22 um filter to remove any remaining bacterial debris. Lastly, the resultant phage
suspensions were stored at 4 °C. The plaque morphology was measured and analyzed by
the software Scan® 1200 (Interscience, Saint Nom, France).

2.3. Host Range Analysis

The host range of each phage was determined through a spot assay using the C. acnes
isolates listed above. A bacterial lawn was prepared by mixing 100 pL of a fully grown
bacterial culture (as mentioned in Section 2.1) with 4 mL of BHI soft agar (0.7%), pouring it
over a BHI agar plate (1.5%) and letting it dry. A 10 uL aliquot of each phage suspension
dilution (10~ to 10~7) was spotted onto each bacterial overlay and anaerobically incubated
at 37 °C for 72 h.

The susceptibility of bacteria to C. acnes was assessed using the efficacy of plating
(EOP) method. EOP was determined by calculating the ratio of plaque forming units
(PFUs) on the clinical strains being tested in comparison with the isolation/propagation
host bacterium (ATCC 6919). EOP values exceeding 0.5 were classified as “high” efficiency,
while values ranging from 0.2 to 0.5 were classified as “medium” efficiency, and values
ranging between 0.001 and 0.2 were classified as “low” efficiency. A value of 0.0 indicated
lack of any effectiveness against the target strain [19].

2.4. Phage Cocktail

A mixed phage suspension containing four different phages (Phages CaJIE1, CaJIE3,
CaJIE7, and CaJIES8), referred to as the “phage cocktail”, was formulated to include phages
selected for their ability to infect a wide variety of bacterial strains. This selection was
chosen to ensure the broadest possible host range, enhancing the cocktail’s efficacy against
diverse bacterial populations. The concentration of phage particles in the mixture was
carefully standardized, with each of the phages in the cocktail being adjusted to achieve a
uniform concentration of 10° PFU/mL.

2.5. DNA Extraction and Genome Sequencing

The DNA of phages was extracted using the Norgen Phage DNA isolation Kit (Norgen
Biotek, ON, Canada) according to the manufacturer’s instructions. DNA concentration was
confirmed by nanodrop (ThermoFisher, Waltman, MA, USA). Whole genome sequencing
was performed on an Illumina MiniSeq device (San Diego, CA, USA) (2 x 150 bp paired
reads) with a library generated with the Nextera Flex DNA library kit (Illumina, San Diego,
CA, USA). After assembly of the raw reads using Unicycler v3.6.6 [20], closely related
phages were identified with BLASTn v2.13.0 [21] using the RefSeq database. VIRIDIC (Virus
Intergenomic Distance Calculator) [22] was subsequently used for taxonomic classification.

2.6. Morphological Analysis by Transmission Electron Microscopy

Drops of phage stock dilution (10 uL, approximately 1 x 108 PFU/mL) were placed
on carbon-coated copper grids; after 1 min, the excess phage suspension was removed
with filter paper. Equal volumes of 1% (pH 7.0) phosphotungstic acid were added for
2 min to stain the phage particles negatively, and excess solution was removed as described
above. Phages were imaged using transmission electron microscopy (TEM; Zeiss, EM900,
Oberkochen, Germany), with images being captured at an 80 kV accelerating voltage.
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2.7. In Vitro Biofilm Model

Biofilms of C. acnes 183, 184, 186, and GG2A were established on titanium discs in a
48-well plate on titanium alloy TAN. The discs had a diameter of 13 mm and a thickness of
1 mm (surface area 1.33 cmz). All disks were washed, air-dried, packed, and sterilized in
an autoclave at 121 °C for 20 min. To form biofilms, sterile titanium discs were placed in a
48-well plate. Then, 100 pL of the selected bacteria suspension (OD600 = 0.1) and 900 pL of
sterile BHI were added to each well. The plate was incubated for 120 h at 37 °C in a static
incubator without media exchanges under anaerobic conditions. The obtained biofilm was
co-incubated with an individual phage and phage cocktail (10° PFU/mL) for 48 h, and
colony-forming unit (CFU) and confocal laser scanning microscope (CLSM) observations
were used for analysis.

2.8. Quantification of Bacterial Load

To quantify bacterial load in the treated and control biofilms, the discs were transferred
into microcentrifuge tubes containing 1 mL of phosphate-buffered saline (PBS, OmniPur
PBS Tablettes, Sigma-Aldrich, Steinheim, Germany) and sonicated in an ultrasonic water
bath (Model RK 510H, Bandelin electronic GmbH & Co. KG, Berlin, Germany) for 10 min.
The supernatant was removed, and the bacterial pellet was resuspended in 1 mL of PBS.
This process of centrifugation and resuspension was repeated four times to thoroughly
wash any remaining phage particles from the samples. The CFU counts of the resuspended
fluid were evaluated by performing serial dilutions and plating 10 pL streaks onto BHI
plates. Plates were anaerobically incubated at 37 °C and colonies were counted after 72 h.

2.9. CLSM Observation

The biofilm samples were stained with the LIVE/DEAD BacLight bacterial viability kit
(Thermo Fisher, Waltham, MA, USA) according to the guidelines of the manufacturer. The
images were visualized by CLSM (Zeiss, LSM800, Oberkochen, Germany). Three points
were randomly selected for the examination of every sample, and the biomass of selected
points was quantified by COMSTAT 2.1 software [23,24].

2.10. Statistical Analysis

All experiments were conducted in triplicate, with each test being repeated three
times, and the results are expressed as the mean =+ standard deviation. The descriptive and
statistical data analysis was performed and visualized using GraphPad Prism 9 (GraphPad
Software). The means were compared using a f-test or two-way analysis of variance
across multiple groups. Normal distribution was checked using the Shapiro-Wilk test, and
equality of variances was measured using the Levene test. We compared non-normally
distributed data using the Mann—-Whitney U test. For all tests, a p value < 0.05 was
considered statistically significant.

3. Results
3.1. Isolation and Characterization of Phages

Nine phages with lytic activity towards C. acnes were isolated from the skin of healthy
volunteers, using C. acnes ATCC 6919 as the indicator host. The nine phages were designated
as phages CaJIE1-CaJIE9. Plaque morphology was determined after spotting each phage
on a C. acnes ATCC 6919 bacterial lawned on a BHI agar plate and following three days of
anaerobic incubation at 37 °C (Figure S1). Plaques appeared as transparent halos ranging in
size from 1 to 5 mm. The morphology and dimension of all phages were also investigated
by TEM analysis. The nine phages exhibited similar morphologies, with isometric heads
and elongated tails (Figure 1 and Table 1).
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Figure 1. Transmission electron microscopy images of the nine isolated phages that target C. acnes.
(A) CaJIE1, (B) CaJIE2, (C) CaJIE3, (D) CaJIE4, (E) CaJIE5, (F) CaJIE6, (G) CaJIE7, (H) CaJIES,
(I) CaJIE9. Each phage displays similar morphological features typical for a siphovirus. All images
have a scale bar of 100 nm.

Table 1. Morphological characteristics and genomics of CaJIE phages.

Phage Head Length Tail Length First RefSeq BLASTn hit

(nm) (nm) Hit Coverage Identity Accession Taxonomy
CaJIE1 133.7 £ 3.6 56.4 + 5.1 Cutibacterium phage PHLO95N00 99% 88.68% NC_027401.1  Pahexavirus
CaJIE2 129.1 £35 52.7 +2.9 Cutibacterium phage PHL171M01 97% 90.74% NC_027346.1 Pahexavirus
CaJIE3 134.7 85 51.7 £33 Cutibacterium phage PHLO71N05 100% 91.32%  NC_022337.1  Pahexavirus
CaJlE4 1223 +125 53.6 2.8 Cutibacterium phage Lauchelly 98% 90.55% NC_027628.1  Pahexavirus
CaJIE5 1254 + 6.4 512+21 Cutibacterium phage P100D 99% 90.47%  NC_018852.1  Pahexavirus
CaJIE6 1322 +1.2 520+ 19 Cutibacterium phage PHLO95N00 99% 88.00% NC_027622.1  Pahexavirus
CaJIE7 1348 £33 517 £1.1 Cutibacterium phage Wizzo 99% 9121%  NC_027621.1  Pahexavirus
CaJIE8 1305+ 2.2 50.0 2.0 Cutibacterium phage Pirate 99% 89.43% NC_027623.2  Pahexavirus
CaJIE9 1229+ 14 50.2+3.5 Cutibacterium phage P100_1 99% 93.42%  NC_018840.1  Pahexavirus

3.2. Phage Genomes

The phage genomic DNA was sequenced using Illumina to further understand the
relatedness of the isolated phages (Table 1). The closest related phage was identified from
the NCBI RefSeq database (Table 1), revealing that the phages are all very similar to mem-
bers of the Pahexavirus genus within the Caudoviricetes. This taxonomic classification was
confirmed for all nine phages using a VIRIDIC analysis. None of the isolated Pahexaviruses
are completely identical.
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3.3. Host Range of the Individual Phages

The infectivity of all nine C. acnes phages was evaluated against different clinical C.
acnes isolates (Figure 2). Phages CaJIE7 and CaJIE8 demonstrated the broadest host range,
both showing activity against 13 out of 14 bacterial strains. Phages CaJIE1, CaJIE3, CaJIE4,
and CaJIE9 were effective against 12 out of 14 strains. Phages CaJIE2 and CaJIE5 had a
more limited host range, both showing activity against 10 out of 14 strains. Phage CaJIE6
showed activity against 11 out of 14 strains.

C. acnes Phages

N Q2 Gl "] AY G
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Figure 2. Heatmap for the host range and susceptibility of 14 clinical isolates of C. acnes to nine
phages. The efficiency of plating (EOP) for each C. acnes phage against the isolates is displayed, with
strains listed on the vertical axis and phages listed on the horizontal axis. EOP values, calculated
by the ratio of plaques formed on test strains to those on the reference C. acnes ATCC 6919, are
color-coded to indicate “High efficiency” (EOP > 0.5, green), “Medium efficiency” (0.5 > EOP > 0.2,
orange), “Low efficiency” (0.2 > EOP > 0.001, red), and “Ineffective” (0.001 > EOP, white). Tests were
conducted in triplicate.

Strains 174, 182, 183, 184, 186, 1113, GG2A, RB1B, and WBT1AA exhibited susceptibil-
ity to nearly all tested phages. Strains LED2 and W1392 showed intermediate susceptibility
and strains 185 and 1105 showed low susceptibility. Strain 1104 was not susceptible to any of
the tested phages, suggesting a potential resistance mechanism against all isolated phages.

The phages CaJIE1, CaJIE3, CaJIE7, and CaJIE8 were subsequently selected for fur-
ther evaluation in a phage cocktail due to their broad host range and high effectiveness
(high EOP), as they collectively target the majority of the C. acnes strains tested, thereby
maximizing the therapeutic potential against a diverse spectrum of bacterial strains.

3.4. Biofilm Formation Capacity of C. acnes Isolates

The selection of C. acnes strains for antibiofilm testing was based on their biofilm
formation capabilities, as visualized using confocal microscopy, on medically relevant
titanium substrates. Specifically, after testing 14 clinical C. acnes isolates, strains 183, 184,
186, and GG2A were chosen due to their comparatively greater biofilm formation, indicated
by the substantial green fluorescence observed in the confocal images. The bacterial counts
in these biofilms ranged from 10° to 107 CFU/disc (Figure 3A,B).
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Figure 3. (A) The bacterial counts in biofilms after exposure to phage treatment. This chart compares
the antibiofilm effects of a control, individual phage, and phage cocktail (PC, 10° PFU/mL) on C.
acnes biofilms for strains 183, 184, 186, and GG2A. (B) Confocal laser scanning microscopy (CLSM) of
biofilm (strain 183, 184, 186, and GG2A) without treatment (top) and with phage cocktail treatment
(bottom). The bacteria were stained with Syto9, which labels live cells in green, and propidium
iodide (PI), which stains dead cells in red. The scale bars represent 10 pm. (C) The biofilm biomass of
CLSM analysis. The chart summarizes the quantitative changes in biofilm density, where each bar
corresponds to the biomass for the respective strains 183, 184, 186, and GG2A, measured 48 h post
treatment with/without phage cocktail. Each dot represents individual biological replicates (n = 3
per treatment condition), with bars indicating the mean and error bars showing the standard error.
Statistical significance, determined by Student’s t-test or a one-way ANOVA followed by Tukey post
test, is indicated by asterisks: * (p < 0.05) indicates significant reductions in bacterial counts relative
to untreated controls. Control: no treatment; PC: phage cocktail; CFU, colony forming units.
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3.5. Anti-Biofilm Activity of Phages

The four bacterial strains mentioned above were used to evaluate the antibiofilm
activity of individual phages and the phage cocktail. Phages CaJIE1, CaJIE3, CaJIE?,
and CaJIE8 were combined to form a phage cocktail with a total final concentration of
10° PFU/mL (with each phage at 2.5 x 10° PFU/mL). The phage cocktail significantly
reduced the CFU count for C. acnes strains 183, 184, and GG2A compared with untreated
controls (p < 0.05), resulting in a 1-2.5 logjp reduction in bacterial numbers. For strain
183, exposure to phage CaJIE7 led to a 2 logjo reduction in CFU counts, while phage
CaJIE3 reduced CFU counts for strain GG2A by 1.5 logjo compared with untreated controls
(p < 0.05). These results demonstrate the bactericidal efficacy of both the phage cocktail and
individual phages in reducing biofilm-associated bacteria (p < 0.05, Figure 3A).

An analysis of three-dimensional images was conducted to obtain a more compre-
hensive understanding of the biofilm structure. As shown at the top of Figure 3B, the
CLSM images showed a compact biofilm structure in the untreated control group, whereas
exposure to the phage cocktail was sparse at the bottom of Figure 3B, as evidenced by
the decrease in green fluorescence after phage treatment. The quantitative analysis of
fluorescence intensity demonstrated a significant reduction in biofilm biomass for all tested
strains (183, 184, 186, and GG2A) following treatment with the phage cocktail compared
with those of the untreated control group (p < 0.05, Figure 3C).

4. Discussion

This study investigated the potential of phage therapy as an alternative solution for
treating C. acnes infections, particularly those associated with shoulder surgeries such
as PJI. We successfully isolated nine distinct phages from the skin microbiota of healthy
individuals, all belonging to the Pahexavirus within the Caudoviricetes, a taxon only
containing strictly lytic Cutibacterium acnes phages, which are safe for phage therapy
purposes [25]. Each phage demonstrated varying levels of efficacy against a range of
clinical and reference strains of C. acnes. Among these, phages CaJIE1, CaJIE3, CaJIE?,
and CaJIE8 showed the broadest host range activity and were thus further selected for
the preparation of a phage cocktail. Our results indicate that the application of this phage
cocktail significantly reduces C. acnes biofilm biomass on titanium discs, a common material
used in shoulder implants, highlighting its potential therapeutic application in treating C.
acnes-related PJI.

One of the key factors contributing to the persistence of infection in cases of PJI is
the ability of bacteria to form biofilms [26]. Salar-Vidal et al. demonstrated that C. acnes
strains isolated from healthy skin were able to produce biofilm to the same extent as
isolates recovered from PJI [27]. Interestingly, a genetic analysis comparing C. acnes isolates
from 63 patients with PJI and the skin of 56 healthy individuals revealed no statistically
significant differences in the genetic profiles. These findings suggest that the C. acnes strains
responsible for PJI likely originate from the patient’s own normal skin microbiota [28].
Importantly, phages isolated from lipid-rich areas of the skin where C. acnes primarily
resides may also effectively target the same C. acnes responsible for PJI, suggesting their
potential utility across different infection sites. C. acnes favors lipid-rich areas because it
metabolizes sebum, the oily substance produced by sebaceous glands, as a primary nutrient
source, which allows it to thrive in these environments [29].

Despite being isolated over different times and places, phages that target C. acnes show
very limited genetic diversity. Liu et al. discovered that 48 sequenced C. acnes phages from
human skin follicles shared between 85 and 100% of their genetic sequences, indicating
that a single strain predominates in the skin microbiota [30]. Similarly, Marinelli et al.
found that 11 isolated C. acnes phages lacked the diversity typical of other phages [31].
These findings align with our observations that there is limited genetic diversity among
phages found on the skin, such as all sampled phages belonging to the same Pahexavirus
genus. Liu et al. also found that 74 C. acnes strains were susceptible to the 15 tested C. acnes
phages [30]. In our study, phages CaJIE7 and CaJIE8 showed activity against nearly all
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tested C. acnes strains. The apparent lack of genetic diversity of C. acnes phages and their
broad host range makes them ideal candidates for phage therapy in C. acnes-related PJL

The reduced efficacy of phage CaJIE7 in biofilm experiments, despite its broad activity
against planktonic C. acnes strains (93%), may be due to the structured biofilm environment
and extracellular matrix that hinder phage penetration. The slower metabolic state of
biofilm-associated bacteria may limit the phage’s ability to infect and lyse these cells. The
physical and metabolic differences between planktonic and biofilm cells likely contribute
to this observed discrepancy. In addition, the selection of phages CaJIE1, CaJIE3, CaJIE?,
and CaJIE8 for the cocktail was guided by both genomic diversity and functional efficacy.
Phage CaJlE1, despite its lower efficiency of plating, was included due to its distinct
genomic profile and ability to lyse strains resistant to the other phages. Phages CaJIE3,
CaJIE7, and Ca]IE8 were chosen for their broad host ranges, with CaJIE7 and CaJIE8 being
particularly effective across the majority of clinical isolates. The slight genomic differences
between CaJIE7 and CaJIE8 ensured complementary activity, providing robust coverage.
The inclusion of these four phages maximized the cocktail’s efficacy by targeting a broad
spectrum of C. acnes strains, demonstrating the value of combining phages with diverse
genomic and phenotypic characteristics.

Rifampin is widely used for ODRIs due to its potent antibiofilm activity [32,33], but
adjunctive rifampin therapy is not currently included in the Infectious Diseases Society
of America (IDSA) recommendations for managing C. acnes-related PJI. Two multicenter
retrospective studies reported that a rifampin combination is not markedly superior in
C. acnes-related PJI [34,35]. This limitation brings phage therapy into focus. While not all
phages can effectively degrade biofilms, certain phages have the capability to enzymatically
disrupt biofilm matrices, exposing C. acnes cells to both phage lytic action and potentially
enhanced antibiotic efficacy. The efficacy of isolated phages in this study, particularly in
disrupting and penetrating biofilms, is supported by their innate ability to target specific
bacterial vulnerabilities. Given these capabilities, phage therapy could be a critical adjunct
or alternative to traditional methods, offering a tailored and potentially more effective
treatment for C. acnes-related infections. Evaluating phage resistance is essential for assess-
ing the long-term success of phage therapy, but in vitro tests fall short of replicating the
dynamic conditions of a host where bacteria may evolve resistance faster. Future in vitro
studies could track bacterial adaptation to phages over time or through repeated exposures
to gain insights into early resistance mechanisms.

Furthermore, the limited presence of Pl-stained dead cells in both the control and
experimental groups can be explained by multiple factors. First, dead bacteria may have
detached from the implant surface during the washing steps, resulting in their loss before
staining. Additionally, the lytic activity of bacteriophages may have caused the disinte-
gration of dead cells, preventing them from being stained by PL. The remaining Pl-stained
cells likely represent bacteria that were not lysed but remained attached to the surface.
Moreover, the random selection of areas for CLSM analysis and the calibration of instru-
ment thresholds could have influenced the detection of Pl-stained cells in some regions of
the sample.

While C. acnes is frequently implicated in periprosthetic joint infections, particularly
in shoulder surgeries, it is important to note that up to 30% of PJIs involve polymicrobial
infections, particularly in early postoperative and late chronic cases. This poses a challenge
for therapeutic strategies that target only a single species, such as the phage cocktail used in
this study. In the context of polymicrobial infections, a cocktail targeting multiple pathogens
or the combination of phage therapy with broad-spectrum antibiotics may be necessary to
achieve more effective outcomes. Future work should consider expanding the cocktail to
include phages targeting other common pathogens involved in PJI to improve its clinical
relevance in treating polymicrobial infections.

The primary limitation of this study is the reliance on an in vitro biofilm model to
evaluate phage efficacy. While our results indicate significant biofilm reduction with the
phage cocktail, a comparative analysis with the standard-of-care antibiotic, rifampicin,
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would provide a more robust assessment of its clinical potential. Future studies will
focus on evaluating the combined effects of phage therapy and rifampicin, aiming to
enhance biofilm disruption and bacterial eradication. This comparison could help establish
whether phage therapy alone or in combination with rifampin might offer enhanced biofilm
disruption capabilities over rifampin alone. Additionally, the observed resistance in C. acnes
strain 1104 highlights potential limitations in the scope of phage therapy, as not all bacterial
strains are susceptible to the phages tested. This resistance suggests variability in phage
effectiveness and the necessity for a broader range of phages to ensure comprehensive
coverage against all clinically relevant strains. One limitation of this study is that the
potential interactions between phages in the cocktail were not assessed. Phages can affect
each other’s characteristics, such as burst size, adsorption rate, and overall lytic activity,
when used in combination. Phage-Phage interference could reduce the effectiveness of
the cocktail if certain phages compete for the same bacterial receptors or inhibit each
other’s activity.

5. Conclusions

This study validates the potential of phage therapy in treating ODRIs caused by
C. acnes. Our phage cocktail demonstrated significant reductions in bacterial load and
disrupted biofilms on prosthetic materials. These results encourage further exploration into
phage therapy as a viable treatment option for biofilm-associated infections, particularly
those resistant to conventional treatments. Future research should focus on optimizing
phage formulations and assessing their clinical efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v16101592/s1, Figure S1: Plaque morphology of nine isolated phages that
target C. acnes ATCC 6919. (A) CaJlE1, (B) CaJIE2, (C) CaJIE3, (D) CaJIE4, (E) Ca]IE5, (F) CaJIEs6, (G)
CaJIE7, (H) CaJIES, (I) CaJIE9. Scale bars represent 5 mm.

Author Contributions: B.C.: Writing—review and editing, writing—original draft, visualization,
methodology, investigation, formal analysis, conceptualization. M.C.: Writing—review and editing,
visualization, methodology. S.T.: Visualization, methodology. J.W.: Methodology, investigation,
writing—review and editing. R.L.: methodology, writing—review and editing. R.G.R.: Resources. W.-
J.M.: writing—review and editing. T.EM.: writing—review and editing, visualization, methodology,
conceptualization. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by AO Trauma.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All relevant data used to support the findings of this study are in-
cluded within the article. Additional information and data are available from the authors upon
reasonable request.

Acknowledgments: Virginia Post (AO Research Institute Davos, Switzerland) is acknowledged for
technical support. We also thank Yvonne Achermann and Tiziano Angelo Schweizer (University
Hospital Zurich, Switzerland) for providing us with C. acnes clinical isolates used in this study. These
clinical bacterial isolates were used in line with the current ethical guidelines and were approved by
the Institutional Review Board in Zurich, Switzerland (KEK no. 2018-00635). W.-].M. and R.L. are
supported by an IDN grant PHAGEPHORCE' from KU Leuven. The authors also thank Qun Ren at
the Laboratory for Bio-interfaces, Empa, for helping in the transmission electron microscopy images.

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

1. Moriarty, T.F.; Metsemakers, W.].; Morgenstern, M.; Hofstee, M.1.; Vallejo Diaz, A.; Cassat, J.E.; Wildemann, B.; Depypere, M.;
Schwarz, E.M.; Richards, R.G. Fracture-related infection. Nat. Rev. Dis. Primers 2022, 8, 67. [CrossRef]

2. Foster, A.L,; Cutbush, K.; Ezure, Y.; Schuetz, M.A.; Crawford, R.; Paterson, D.L. Cutibacterium acnes in shoulder surgery: A
scoping review of strategies for prevention, diagnosis, and treatment. J. Shoulder Elbow Surg. 2021, 30, 1410-1422. [CrossRef]


https://www.mdpi.com/article/10.3390/v16101592/s1
https://www.mdpi.com/article/10.3390/v16101592/s1
https://doi.org/10.1038/s41572-022-00396-0
https://doi.org/10.1016/j.jse.2020.11.011

Viruses 2024, 16, 1592 11 0f 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Singh, J.A.; Sperling, ].W.; Schleck, C.; Harmsen, W.S.; Cofield, R.H. Periprosthetic infections after total shoulder arthroplasty: A
33-year perspective. J. Shoulder Elbow Surg. 2012, 21, 1534-1541. [CrossRef]

Padegimas, E.M.; Maltenfort, M.; Ramsey, M.L.; Williams, G.R.; Parvizi, J.; Namdari, S. Periprosthetic shoulder infection in the
United States: Incidence and economic burden. J. Shoulder Elbow Surg. 2015, 24, 741-746. [CrossRef]

Grosso, M.].; Frangiamore, S.J.; Yakubek, G.; Bauer, T.W.; Iannotti, ].P; Ricchetti, E.T. Performance of implant sonication culture
for the diagnosis of periprosthetic shoulder infection. J. Shoulder Elbow Surg. 2018, 27, 211-216. [CrossRef]

Paxton, E.S.; Green, A.; Krueger, V.S. Periprosthetic Infections of the Shoulder: Diagnosis and Management. J. Am. Acad. Orthop.
Surg. 2019, 27, €935-€944. [CrossRef]

Kadler, B.K.; Mehta, S.S.; Funk, L. Propionibacterium acnes infection after shoulder surgery. Int. . Shoulder Surg. 2015, 9, 139-144.
[CrossRef]

Both, A.; Klatte, T.O.; Lubke, A.; Buttner, H.; Hartel, M.].; Grossterlinden, L.G.; Rohde, H. Growth of Cutibacterium acnes
is common on osteosynthesis material of the shoulder in patients without signs of infection. Acta Orthop. 2018, 89, 580-584.
[CrossRef]

Moore, N.E; Batten, T.J.; Hutton, C.E.; White, W.J.; Smith, C.D. The management of the shoulder skin microbiome (Cutibacterium
acnes) in the context of shoulder surgery: A review of the current literature. Shoulder Elbow 2021, 13, 592-599. [CrossRef]
Achermann, Y.; Goldstein, E.J.; Coenye, T.; Shirtliff, M.E. Propionibacterium acnes: From commensal to opportunistic biofilm-
associated implant pathogen. Clin. Microbiol. Rev. 2014, 27, 419-440. [CrossRef]

Boisrenoult, P. Cutibacterium acnes prosthetic joint infection: Diagnosis and treatment. Orthop. Traumatol. Surg. Res. 2018, 104,
519-524. [CrossRef]

Lin, D.M.; Koskella, B.; Lin, H.C. Phage therapy: An alternative to antibiotics in the age of multi-drug resistance. World ].
Gastrointest. Pharmacol. Ther. 2017, 8, 162-173. [CrossRef]

Young, J.; Lee, S.W.; Shariyate, M.].; Cronin, A.; Wixted, ].J.; Nazarian, A.; Rowley, C.E; Rodriguez, E.K. Bacteriophage therapy
and current delivery strategies for orthopedic infections: A SCOPING review. J. Infect. 2024, 88, 106125. [CrossRef]

Castillo, D.E.; Nanda, S.; Keri, ].E. Propionibacterium (Cutibacterium) acnes Bacteriophage Therapy in Acne: Current Evidence
and Future Perspectives. Dermatol. Ther. 2019, 9, 19-31. [CrossRef]

Wang, Z.; Zheng, P.; Ji, W.; Fu, Q.; Wang, H.; Yan, Y,; Sun, J. SLPW: A Virulent Bacteriophage Targeting Methicillin-Resistant
Staphylococcus aureus In vitro and In vivo. Front. Microbiol. 2016, 7, 934. [CrossRef]

Rimon, A.; Rakov, C.; Lerer, V.; Sheffer-Levi, S.; Oren, S.A.; Shlomov, T.; Shasha, L.; Lubin, R.; Zubeidat, K.; Jaber, N.; et al. Topical
phage therapy in a mouse model of Cutibacterium acnes-induced acne-like lesions. Nat. Commun. 2023, 14, 1005. [CrossRef]
Lam, H.Y.P; Lai, M.].; Chen, T.Y.; Wu, W.]J; Peng, S.Y.; Chang, K.C. Therapeutic Effect of a Newly Isolated Lytic Bacteriophage
against Multi-Drug-Resistant Cutibacterium acnes Infection in Mice. Int. J. Mol. Sci. 2021, 22, 7031. [CrossRef]

Kakabadze, E.; Makalatia, K.; Grdzelishvili, N.; Bakuradze, N.; Goderdzishvili, M.; Kusradze, I.; Phoba, M.E,; Lunguya, O.; Lood,
C.; Lavigne, R.; et al. Selection of Potential Therapeutic Bacteriophages that Lyse a CTX-M-15 Extended Spectrum beta-Lactamase
Producing Salmonella enterica Serovar Typhi Strain from the Democratic Republic of the Congo. Viruses 2018, 10, 172. [CrossRef]
Fanaei Pirlar, R.; Wagemans, J.; Kunisch, F; Lavigne, R.; Trampuz, A.; Gonzalez Moreno, M. Novel Stenotrophomonas maltophilia
Bacteriophage as Potential Therapeutic Agent. Pharmaceutics 2022, 14, 2216. [CrossRef]

Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving bacterial genome assemblies from short and long sequencing
reads. PLoS Comput. Biol. 2017, 13, €1005595. [CrossRef]

Altschul, S.E; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]. Basic local alignment search tool. ]. Mol. Biol. 1990, 215, 403-410.
[CrossRef]

Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC-A Novel Tool to Calculate the Intergenomic Similarities of Prokaryote-Infecting
Viruses. Viruses 2020, 12, 1268. [CrossRef]

Heydorn, A.; Nielsen, A.T.; Hentzer, M.; Sternberg, C.; Givskov, M.; Ersboll, B.K.; Molin, S. Quantification of biofilm structures by
the novel computer program COMSTAT. Microbiology 2000, 146 Pt 10, 2395-2407. [CrossRef]

Vorregaard, M. Comstat2-a Modern 3D Image Analysis Environment for Biofilms; Technical University of Denmark: Lyngby,
Denmark, 2008.

Farrar, M.D.; Howson, K.M.; Bojar, R.A.; West, D.; Towler, ].C.; Parry, J.; Pelton, K.; Holland, K.T. Genome sequence and analysis
of a Propionibacterium acnes bacteriophage. J. Bacteriol. 2007, 189, 4161-4167. [CrossRef] [PubMed]

Moriarty, T.F,; Kuehl, R.; Coenye, T.; Metsemakers, W.].; Morgenstern, M.; Schwarz, E.M.; Riool, M.; Zaat, S.A.]J.; Khana, N.; Kates,
S.L.; et al. Orthopaedic device-related infection: Current and future interventions for improved prevention and treatment. EFORT
Open Rev. 2016, 1, 89-99. [CrossRef]

Salar-Vidal, L.; Aguilera-Correa, ].J.; Bruggemann, H.; Achermann, Y.; Esteban, J. Microbiological Characterization of Cutibac-
terium acnes Strains Isolated from Prosthetic Joint Infections. Antibiotics 2022, 11, 1260. [CrossRef]

Liew-Littorin, C.; Bruggemann, H.; Davidsson, S.; Nilsdotter-Augustinsson, A.; Hellmark, B.; Soderquist, B. Clonal diversity of
Cutibacterium acnes (formerly Propionibacterium acnes) in prosthetic joint infections. Anaerobe 2019, 59, 54—60. [CrossRef]
Popa, I.; Touboul, D.; Andersson, T.; Fuentes-Lemus, E.; Santerre, C.; Davies, M.].; Lood, R. Oxygen Exposure and Tolerance
Shapes the Cell Wall-Associated Lipids of the Skin Commensal Cutibacterium acnes. Microorganisms 2023, 11, 2260. [CrossRef]
Liu, J.; Yan, R;; Zhong, Q.; Ngo, S.; Bangayan, N.J.; Nguyen, L.; Lui, T.; Liu, M.; Erfe, M.C.; Craft, N.; et al. The diversity and host
interactions of Propionibacterium acnes bacteriophages on human skin. ISME . 2015, 9, 2078-2093. [CrossRef]


https://doi.org/10.1016/j.jse.2012.01.006
https://doi.org/10.1016/j.jse.2014.11.044
https://doi.org/10.1016/j.jse.2017.08.008
https://doi.org/10.5435/JAAOS-D-18-00232
https://doi.org/10.4103/0973-6042.167957
https://doi.org/10.1080/17453674.2018.1489095
https://doi.org/10.1177/1758573220945226
https://doi.org/10.1128/CMR.00092-13
https://doi.org/10.1016/j.otsr.2017.05.030
https://doi.org/10.4292/wjgpt.v8.i3.162
https://doi.org/10.1016/j.jinf.2024.106125
https://doi.org/10.1007/s13555-018-0275-9
https://doi.org/10.3389/fmicb.2016.00934
https://doi.org/10.1038/s41467-023-36694-8
https://doi.org/10.3390/ijms22137031
https://doi.org/10.3390/v10040172
https://doi.org/10.3390/pharmaceutics14102216
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.3390/v12111268
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1128/JB.00106-07
https://www.ncbi.nlm.nih.gov/pubmed/17400737
https://doi.org/10.1302/2058-5241.1.000037
https://doi.org/10.3390/antibiotics11091260
https://doi.org/10.1016/j.anaerobe.2019.04.011
https://doi.org/10.3390/microorganisms11092260
https://doi.org/10.1038/ismej.2015.47

Viruses 2024, 16, 1592 12 of 12

31.

32.

33.

34.

35.

Marinelli, L.J.; Fitz-Gibbon, S.; Hayes, C.; Bowman, C.; Inkeles, M.; Loncaric, A.; Russell, D.A.; Jacobs-Sera, D.; Cokus, S.;
Pellegrini, M.; et al. Propionibacterium acnes bacteriophages display limited genetic diversity and broad killing activity against
bacterial skin isolates. mBio 2012, 3, 00279-12. [CrossRef]

Sendi, P.; Zimmerli, W. Antimicrobial treatment concepts for orthopaedic device-related infection. Clin. Microbiol. Infect. 2012, 18,
1176-1184. [CrossRef]

Furustrand Tafin, U.; Corvec, S.; Betrisey, B.; Zimmerli, W.; Trampuz, A. Role of rifampin against Propionibacterium acnes biofilm
in vitro and in an experimental foreign-body infection model. Antimicrob. Agents Chemother. 2012, 56, 1885-1891. [CrossRef]
Kusejko, K.; Aunon, A ; Jost, B.; Natividad, B.; Strahm, C.; Thurnheer, C.; Pablo-Marcos, D.; Slama, D.; Scanferla, G.; Uckay, I.;
et al. The Impact of Surgical Strategy and Rifampin on Treatment Outcome in Cutibacterium Periprosthetic Joint Infections. Clin.
Infect. Dis. 2021, 72, e1064—e1073. [CrossRef]

Vilchez, H.H.; Escudero-Sanchez, R.; Fernandez-Sampedro, M.; Murillo, O.; Aunon, A.; Rodriguez-Pardo, D.; Jover-Saenz, A.; Del
Toro, M.D.; Rico, A.; Falgueras, L.; et al. Prosthetic Shoulder Joint Infection by Cutibacterium acnes: Does Rifampin Improve
Prognosis? A Retrospective, Multicenter, Observational Study. Antibiotics 2021, 10, 475. [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/10.1128/mBio.00279-12
https://doi.org/10.1111/1469-0691.12003
https://doi.org/10.1128/AAC.05552-11
https://doi.org/10.1093/cid/ciaa1839
https://doi.org/10.3390/antibiotics10050475

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Isolation and Propagation of Phages 
	Host Range Analysis 
	Phage Cocktail 
	DNA Extraction and Genome Sequencing 
	Morphological Analysis by Transmission Electron Microscopy 
	In Vitro Biofilm Model 
	Quantification of Bacterial Load 
	CLSM Observation 
	Statistical Analysis 

	Results 
	Isolation and Characterization of Phages 
	Phage Genomes 
	Host Range of the Individual Phages 
	Biofilm Formation Capacity of C. acnes Isolates 
	Anti-Biofilm Activity of Phages 

	Discussion 
	Conclusions 
	References

