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Abstract: Bacteriophage therapy has recently attracted increased interest, particularly in
difficult-to-treat infections. Although it is not a novel concept, standardized treatment guidelines
are currently lacking. We present the first steps towards the establishment of a “multidisciplinary
phage task force” (MPTF) and a standardized treatment pathway, based on our experience of four
patients with severe musculoskeletal infections. After review of their medical history and current
clinical status, a multidisciplinary team found four patients with musculoskeletal infections eligible
for bacteriophage therapy within the scope of Article 37 of the Declaration of Helsinki. Treatment
protocols were set up in collaboration with phage scientists and specialists. Based on the isolated
pathogens, phage cocktails were selected and applied intraoperatively. A draining system allowed
postoperative administration for a maximum of 10 days, 3 times per day. All patients received
concomitant antibiotics and their clinical status was followed daily during phage therapy. No
severe side-effects related to the phage application protocol were noted. After a single course of
phage therapy with concomitant antibiotics, no recurrence of infection with the causative strains
occurred, with follow-up periods ranging from 8 to 16 months. This study presents the successful
outcome of bacteriophage therapy using a standardized treatment pathway for patients with severe
musculoskeletal infection. A multidisciplinary team approach in the form of an MPTF is paramount
in this process.
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1. Introduction

Despite infection prevention measures, infectious complications after the implantation of
orthopedic devices, such as fracture fixation materials or prostheses, still impose a heavy burden
on patients and healthcare systems [1,2]. Treatment is challenging, owing to an increase in bacterial
resistance to commonly used antibiotics, and the potential of bacteria to become attached to the surface
of the implant and organize themselves into biofilms. Bacteria embedded in biofilms have a high
survival and persistence potential because they are protected from environmental, chemical, and
mechanical stresses [3]. Alternative antimicrobial strategies are therefore eagerly anticipated. One such
strategy is bacteriophage therapy. Bacteriophages (phages) are viruses that are considered to be natural
enemies of their host bacteria. Strictly lytic phages have three important properties that could make
their therapeutic application successful. First, after they have infected their host bacterium, phages can
self-amplify and infect other bacteria, which distinguishes them from conventional antimicrobials [4].
Second, some phages carry polysaccharide depolymerases, which improve the efficacy of phage
infection by degrading the extracellular matrix of biofilm-associated bacteria [5]. Third, phages
are considered to be safe because eukaryotic cells and human bacterial flora are not negatively
affected [4,6,7].

The use of phages for the treatment of bacterial infections is not a novel concept, and has been
applied since the start of the 20th century. However, with the advent of antibiotics, phage therapy
lost ground in the Western world, while research and development continued to thrive within the
former Soviet Union and Eastern Europe [8]. Given the current climate of antibiotic resistance, there is
renewed interest in the application of phages [9], as illustrated by an increasing number of papers on
this topic [10-17]. One of the biggest hurdles to implement phage therapy in the European Union (EU)
is the lack of an appropriate legal and regulatory framework [10]. Phage therapy can only be applied to
patients for whom all standard treatment options have been exhausted or are unavailable, i.e., in case
of an “unmet medical need” conforming to Article 37 (i.e., unproven interventions in clinical practice)
of the World Medical Association (WMA) Declaration of Helsinki (Fortaleza, Brazil, 2013). In Belgium,
these regulatory hurdles have recently been overcome by the incorporation of phage therapy in the
regulatory framework of magistral drug preparations [18]. If treating physicians consider that patients
would likely benefit from phage therapy, the “magistral phage” framework allows the prescription of
a customized phage cocktail.

Although phage therapy requires a very specific and customized treatment approach, to date
no standardized application protocols or guidelines have been developed. From this perspective,
we herein present the first steps towards the establishment of a “multidisciplinary phage task force”
(MPTF) and a standardized treatment pathway, based on our own experience with the application of
phage therapy in four patients with severe musculoskeletal infections.

2. Materials and Methods

2.1. Patient Identification

A multidisciplinary team (MDT), consisting of musculoskeletal trauma surgeons, microbiologists,
infectious disease specialists, clinical pharmacists, and plastic surgeons, found four patients with severe
musculoskeletal infections (osteomyelitis) eligible for phage therapy, based on the criteria included
in Article 37 of the WMA Declaration of Helsinki (Fortaleza, Brazil 2013). These patients had a poor
prognosis (i.e., need for amputation) after multiple failed medical and surgical therapy regimens, even
though these therapy regimens were found adequate by the MDT. To set up individual treatment
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plans, the MDT collaborated with phage scientists and specialists. All patients were informed about
their clinical situation and treatment options. Informed consent was obtained from each patient.
Furthermore, the hospital’s Ethical Committee and the Chief Medical Officer gave formal consent on a
case-by-case basis.

2.2. Isolation of Pathogens and Susceptibility Testing

All patients underwent thorough debridement, during which multiple (i.e., more than five) deep
tissue and/or implant specimens were taken. Bacterial species and their antibiotic susceptibility patterns
were determined using matrix-assisted laser desorption/ionization—time-of-flight mass spectroscopy
(MALDI-TOE-MS) equipment (Bruker Daltonics, Inc., Billerica, MA, USA) and the VITEK® 2 system
(bioMérieux Inc., Marcy-1'Etoile, France), respectively. Allisolated Staphylococcus spp. and Pseudomonas
aeruginosa strains were tested for susceptibility to BFC1, a phage cocktail produced by the Queen
Astrid Military Hospital (QAMH) in Brussels since 2007, which contains phages against Staphylococcus
aureus (ISP) and P. aeruginosa (PNM and 14-1) [19]. The genetic profile was determined and the
strictly lytic nature of these phages was ensured by Sciensano, the federal research institute for public
health in Belgium. Unfortunately, for one patient, the isolated P. aeruginosa strain was not stored for
susceptibility testing. The phages present in the BFC1 cocktail were diluted in 0.9% saline to a titer of
107 plaque-forming units (PFU) per mL.

Because of a lack of phages against Enterococcus faecalis in the QAMH’s phage library, the
commercial preparation Pyo bacteriophage (Eliava Institute, Tbilisi, Georgia)—which contains phages
against Streptococcus spp., Staphylococcus spp., Proteus spp., Escherichia coli, P. aeruginosa, and additional
phages against Enterococcus spp. [20]—was ordered from the Eliava Institute and tested against the
E. faecalis strain isolated from one patient. The exact composition of phages or the titer of each phage is
unknown for this cocktail [20]. Pyo bacteriophage is delivered in 10-mL vials and should be applied
undiluted. Susceptibility to the phages present in each cocktail was tested using the spot test and
double agar overlay method, as previously described [21]. The efficiency of plating (EOP), which
is defined as the ratio of the phage titer on the test strain to the titer on the production strain, was
also determined.

2.3. Intraoperative Administration of Bacteriophages

After thorough debridement and irrigation, a draining system was placed within the medulla or in
close contact with the infected bone to enable rinsing with the selected phage solution. Prior to rinsing
with the phage solution, sodium bicarbonate (1.4%) was injected to create an alkaline environment.
The rinsing volume was determined based on the intraoperative situation. In cases of large bone/soft
tissue defects (i.e., “dead space”), 40 mL of the phage solution was used to rinse the infected site.
In those patients who underwent soft tissue coverage during the same procedure, smaller rinsing
volumes were used, ranging from 10 to 20 mL. A contact time of 10 min was allowed, during which the
drain was closed off with a Kocher’s surgical clamp. Before wound closure, a gentamicin-impregnated
collagen sponge soaked in phage solution was placed on the infected bone.

2.4. Postoperative Administration of Bacteriophages and Patient Follow-up

The nursing staff were trained to apply the phage solution 3 times per day for 7-10 days, following
the same protocol described above, at the patient’s bedside. For each patient, a specific application
protocol was prepared, detailing rinsing volumes, the phage cocktail, and the duration of phage
therapy. Each patient’s clinical status was evaluated daily, and blood tests were performed before
surgery, after surgery, on days 2, 4, 7, 10, 14, and 28, and further according to the standard of care.
Serum samples were stored at —80 °C for the phage neutralization assay.

All patients received concomitant antibiotics based on the susceptibility profile of the
isolated pathogens.
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2.5. Phage Neutralization Assay

Phage neutralization by patient serum was performed according to Adams [22] with some
modifications; 0.9 mL of each diluted sample (1:100) was mixed with 0.1 mL of phage/Pyo bacteriophage
at a concentration of 107 PFU/mL, and incubated at 37 °C for 30 min. The phages were then titered
with host production strains to determine the number of non-neutralized phages. The clinical isolate
from Patient 4 was used in the case of Pyo bacteriophage.

2.6. Sequence Analysis of Bacterial Isolates

The sequences of consecutively isolated strains from Patient 2 were analyzed. Genomic DNA
from S. epidermidis strains 180411 and 181231 was extracted using a DNeasy UltraClean Microbial
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Sequencing libraries
were prepared using Illumina Nextera DNA Flex, and sequenced on an Illumina MiniSeq sequencer
(IIumina, Inc., San Diego, California, USA). Analysis of the sequencing data was performed on the
Pathosystems Resource Integration Center (PATRIC) platform [23]. After quality control and trimming
of the raw reads, the genomes were assembled de novo using SPAdes 3.8 software, and submitted to the
National Center for Biotechnology Information (NCBI) for functional annotation in the Prokaryotic
Genome Annotation Pipeline (PGAP) and publication in GenBank (accession numbers VANN00000000
and VANOO00000000). The genomes were compared using progressiveMauve [24], and by performing
single-nucleotide polymorphism (SNP) analysis using Snippy v4.3.8 software with S. epidermidis 180411

as the reference strain.

3. Results

Four cases with severe musculoskeletal infections were treated using phage and concomitant

antibiotic therapy. The patients’ details are displayed in Table 1.

Table 1. Patient characteristics.

Patient 1

Patient 2

Patient 3

Patient 4

Relevant medical
history

2013—Solitary fibrous
tumor in left pelvic
region.
Treated with
neoadjuvant
radiotherapy and
surgical resection;
reconstruction with
bone grafts,
osteosynthesis and free
muscle flap.

2017—Polytrauma
after assault, with open
segmental fractures of
the right femur.
Treated with
debridements, staged
open reductions,
proximal and distal
fracture fixation of the
femur and synthetic
bone grafting.
Soft tissue coverage
with a lateral
Gastrocnemius flap.

1995—Polytrauma
after building collapse,
with crush lesions of
the right upper leg,
complex femur
fractures, condylar
fracture of the knee
and compartment
syndrome.
Treated with
plate fixation.

1981—Polytrauma
after traffic accident,
with femur fractures.
Treated with fracture
fixation.

Infection onset

Wound dehiscence and
evolution to chronic
osteomyelitis of the os

Non-union distal

Postoperative wound
problems: multiple
episodes of erysipelas,

Infection of the
surgical site with
abscess formation and
eventually the

and evolution ileum with a draining femur pus d.ram.age, evolution to
. evolution into a e
fistula draining fistula osteomyelitis of
the femur
Diagnosis 2015 2017 1995 1984
Infected site Pelvis Femur Femur Femur
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Patient 1 Patient 2 Patient 3 Patient 4
Isolated P. aeruginosa * P. aeruginosa S. agalactiae E. faccalis
pathogen(s) S. epidermidis S. epidermidis S. aureus ’
Mulﬁs;f:}:ir;?f}ﬂ ents Multiple debridements
osteosynthesis material Multiple debridements osteIo{sﬁ(z}Y:slisfn?;teerial
Hyperbaric oxygen Multiple debridements Removal of the P}l,acement of
- . therapy Removal of the osteosynthesis material .
Initial/previous . . . . gentamicin-coated
Multiple courses of osteosynthesis material Multiple courses of
treatments S . S beads
antibiotic therapy Multiple courses of antibiotic therapy .
P . Multiple courses of
Temporary coverage of antibiotic therapy Local (topical) antibiotic thera
the wound with treatment Local (to icall))y
negative-pressure trea thn ¢
wound therapy
Vancomycin iv . Vancomycin iv C
S . e b Vancomycin iv . . Amoxicillin iv
Antibiotic therapy Rifampicin po L < Clindamycin po R
. . . c Colistin iv . . < Amoxicillin po
used with phages Moxifloxacin po Moxifloxacin po

and duration Total duration:

Fosfomycin iv
Total duration: 6 weeks

Total duration:

Total duration:
3 months

3 months 3 months
Phages used and BFC 1 BFC1 BFC 1 Pyo bacteriophage
duration Total duration: 7 days  Total duration: 10 days  Total duration: 9 days  Total duration: 7 days

2 This bacterial strain was not stored; thus, phage susceptibility could not be tested. The pathogen was initially
treated with intravenous antibiotics for a total duration of more than five months, after which the strain could no
longer be isolated for several months. Definitive antibiotics used in combination with phages, therefore, do not
cover this strain, but considering the patient’s medical history with multiple recurrences with the P. aeruginosa strain,
even after previous treatment with colistin, it was decided to apply BFC 1. PRifampicin was started once wounds
were dry and drains were removed. “Antibiotic therapy was modified based on tissue culture results from the final
surgery, which showed the presence of Morganella morganii, sensitive to fluoroquinolones. iv: intravenous therapy;
po: oral therapy; <: switch from intravenous therapy to oral therapy.

Three patients were treated for chronic osteomyelitis of the femur, and one for chronic osteomyelitis
of the pelvis. Although previous surgical and antibiotic treatments were considered adequate and
maximal by the MDT, all patients suffered from multiple relapses of the infection. The associated
microbiology results are displayed in Table 2.

The results of susceptibility testing of the bacterial strains against phage cocktails are presented in
Table 3. Phages from the applied cocktails were capable of propagating inside most of the susceptible
strains. The EOP values ranged from 0.001 to 0.7. The isolated Staphylococcus spp. from patients 1, 2, and
3 were susceptible to BFC1. The P. aeruginosa strain from Patient 1 was not available for susceptibility
testing. The extensively drug-resistant (XDR) P. aeruginosa in Patient 2 was non-susceptible to the
phages (i.e., PNM, 14/1) present in BFC1. Given that the S. epidermidis strain was susceptible to BFC1,
the MDT decided that it would be in the patient’s best interest to proceed with this cocktail. At the time
of treatment of the first three cases, our center did not yet have access to the Pyo bacteriophage cocktail.
This cocktail was ordered and tested against the isolated strain from Patient 4. Pyo bacteriophage was
found to be active against the isolated E. faecalis strain. The EOP could not be determined because
the applied cocktail (Pyo bacteriophage) was produced at the Eliava Institute, and we did not have
access to the production strain. It was not possible to define how many phages were active against the
clinical E. faecalis isolate because all the phage plaques on the tested strains had similar morphologies.
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Table 2. Isolated pathogens and associated antibiotic susceptibility profiles.

AMX TZP CAZ FEP MEM LVX GEN TOB AMK ERY CLI SXT VAN RIF CST OXA LZD MIN PEN

Patient 1

S. epidermidis R R R S R R R S S R S S

P. aeruginosa R R R R R I S R S
Patient 2

S. epidermidis S R R S R S S S S R S S

P. aeruginosa R R R R R R R R R S
Patient 3

S. aureus R S S S S S S S R

S. agalactiae S S S

Patient 4

E. faecalis S R

AMX: amoxicillin; TZP: piperacillin-tazobactam; CAZ: ceftazidime; FEP: cefepime; MEM: meropenem; LVX: levofloxacin; GEN: gentamicin; TOB: tobramycin; AMK: amikacin; ERY:
erythromycin; CLI: clindamycin; SXT: trimethoprim-sulfamethoxazole; VAN: vancomycin; RIF: rifampicin; CST: colistin; OXA: oxacillin; LZD: linezolid; MIN: minocycline; PEN: penicillin;
R: resistant strain; S: susceptible strain; I: susceptible strain, in case of increased exposure.
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Table 3. Susceptibility testing of bacterial strains against phage cocktails. The bacterial strains from the
first three patients were not tested against Pyo bacteriophage because this cocktail was not available in
our center at the time. EOP, efficiency of plating; PFU, plaque forming units; NT, not tested; NA, not
applicable; +, active; -, inactive.

Patient Bacterial Activity of EOP of Activity of Pyo Titer of Pyo
Strains BFC1 BFC1 Bacteriophage  Bacteriophage PFU/mL
1 S. epidermidis + 0.1 NT NT
2 P. aeruginosa - NA NT NT
S. epidermidis + 0.001 NT NT
3 S. aureus + 0.7 NT NT
4 E. faecalis NA NA + 1.00 x 107

All patients received concomitant antibiotics covering all isolated pathogens (i.e., in case of
polymicrobial infection) for 3 months, except for one patient (Patient 2) who received antibiotics for 6
weeks, after which an antibiotic-free interval of 2 weeks was respected before revision surgery for bone
defect reconstruction.

Bacteriophage administration via the described route was generally well-tolerated, although one
patient developed local redness and experienced pain during the rinsing procedure after seven days of
treatment with the Pyo bacteriophage preparation. These symptoms were attributed to stowing, and
subsided after phage therapy was stopped. However, a local immune reaction could not be ruled out
because Pyo bacteriophage is not free from endotoxins. One month from the start of phage therapy,
C-reactive protein (CRP) and white blood cell (WBC) levels returned to normal in all patients (Figure 1).
Phage neutralization assays performed on these blood samples did not reveal any antibody production
in any of the patients.

CRP Levels WBC Levels
100~ -o- Patient 1 Patient 1
—&— Patient 2 Patient 2
-¥- Patient 3 Patient 3
el ~©- Patient4 J Patient 4
4 )
£ 50+ b=
o T = T 1 0 T T 1
0 10 20 30 0 10 20 30

Days Days

Figure 1. C-reactive protein (CRP) and white blood cell (WBC) levels in patients treated with phage
therapy. The red background represents all values outside the reference range. Day 0 represents the
baseline measurement, before phage therapy. Reference values: CRP: <5 mg/L, WBC: (4-10) x 10%/L.

Follow-up periods ranged from 8 months (Patients 3 and 4) to 16 months (Patients 1 and 2) after
the start of phage therapy. In three patients (Patients 1, 3, and 4), clinical (i.e., inspection of the wound or
scar, blood tests, general health status) and radiological investigations during routine outpatient visits
showed no signs of recurrence (Figure 2C). These patients are currently infection-free. It was necessary
for one patient (Patient 2) to undergo multiple complex surgical revision procedures for management
of a bone defect, i.e., a bone transport procedure with long-term external fixation. Eight months after
the initial treatment, an S. epidermidis strain (181231) was isolated again from multiple tissue samples
during a bone grafting procedure at the docking site, although the antibiotic susceptibility pattern was
distinct from that of the initial strain (180411). Full genome sequencing analysis was subsequently
performed, and the presence of more than 8000 SNPs confirmed that these strains were not clonal.
The XDR P. aeruginosa and the initial S. epidermidis strain could no longer be isolated during revision
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procedures in this patient. After several surgical revision procedures and antibiotic regimens, this
patient is currently infection-free (Figures 2 and 2C).

Figure 2. Clinical and radiological images of all patients treated with phage therapy. Each column
represents a patient. Rows represent the preoperative (A), intraoperative (B), and postoperative (C)
status of each patient.

4. Discussion

Bacteriophage therapy for severe musculoskeletal infections has a number of historical precedents.
In fact, in Eastern Europe, osteomyelitis is one of the major indications for which phage therapy has been
applied during the last century, and patient reports have demonstrated high efficacy and safety [25-28].
However, it should be noted that these studies have important methodological limitations. In most
studies, details of diagnostic criteria, phage production, phage cocktail composition, dosing, and
the route of administration (e.g., topically, intravenously, orally) are missing. Furthermore, given
the nature of phages and the need for customized cocktails that co-evolve with the host bacteria,
phage cocktail production that conforms to Good Manufacturing Practice (GMP) guidelines remains a
challenge [29]. This lack of solid clinical evidence has contributed to the fact that phage therapy is
currently not officially registered as a legitimate treatment, and has often only been granted emergency
approval for treatment failures [30].

Therefore, our primary goal was to standardize phage therapy in patients with severe
musculoskeletal infections by introducing an MPTEF. Overall, four patients were treated successfully and
no recurrence of infection with any of the causative strains could be detected. At present, three of the four
cases are considered infection-free—based on clinical, biochemical, and radiological evaluations—after
surgical debridement in combination with phage therapy and concomitant antibiotics. One patient
suffered a reinfection with a different strain from the initially isolated causative organisms after
undergoing several revision surgeries for bone defect reconstruction. Furthermore, no severe systemic
side effects or immune reactions were noted. In all patients, the systemic inflammatory markers (CRP
and WBC count) decreased to normal levels after one month, and no antibodies were produced against
the administered phages. The clinical data previously showed that the process of antibody production is
highly phage-specific, and starts after 10 to 14 days of intravenous phage application [31]. In the present
study, phages were administered to the patients for 7-10 days, and even though local administration
through a draining system was cumbersome, the application method was generally well-tolerated.
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This study has some limitations. The presented case results are preliminary and more cases are
required to obtain high-quality evidence on the efficacy and safety of the presented phage therapy
protocol in musculoskeletal infection. Secondly, the isolated strains from these first patients could only
be tested against a limited panel of phages. The phages present in the BFC1 cocktail, which was applied
in most cases, are well-characterized, in that the genetic sequence and therefore the confirmation
of each phage’s strictly lytic profile and absence of undesired genetic determinants such as toxin
and antibiotic resistance genes (i.e., “genetic passport”) are available. For this reason, this cocktail is
preferred in our center. We currently do not have a large phage library available, and therefore our
phage test panel is limited. Because of the medical history and clinical prognosis of the fourth patient,
and after having gained experience with phage therapy in the first three patients, the commercial Pyo
bacteriophage preparation was ordered. A limitation to the use of this cocktail is the fact that it is not
purified from endotoxins and we do not know the exact composition of the cocktail. It is difficult to
determine if the local reaction the patient developed after seven days of phage therapy is related to
this, as it can also be attributed to stowing.

Nevertheless, our study stresses the importance of a multidisciplinary approach to the selection,
treatment, and monitoring of patients receiving bacteriophage therapy. Moreover, this approach should
lead to more standardized treatment pathways, which remains an important issue, as confirmed by
recently published case reports [32-35]. Although these reports also describe a combination of phage
therapy with antibiotics, they include a multitude of treatment schedules (e.g., routes of administration).
Two case reports from the same group describe the successful combination of antibiotic and phage
therapy in patients with chronic musculoskeletal infections refractory to multiple standard treatments.
One patient with advanced lung cancer and a chronic fistula following radiation of a bone metastasis
was treated every three days by the local application of a phage cocktail (against XDR P. aeruginosa).
A contact time of four hours was allowed. The final titer of each bacteriophage in the cocktail
was approximately 10 PFU/mL [34]. Another case report presented a patient with a polymicrobial
prosthetic joint infection (PJI) treated with phages against two pathogens (i.e., P. aeruginosa and S.
aureus) by means of a single intraoperative injection of a phage cocktail. The titer that was eventually
administered was not clear from this report [32]. Nir-Paz et al. describe the successful treatment of a
fracture-related infection (FRI) caused by XDR Acinetobacter baumannii and multidrug-resistant (MDR)
Klebsiella pneumoniae with phages and concomitant intravenous antibiotics. Phages were administered
intravenously 3 times per day for 5 days. Subsequently, the A. baumannii strain was isolated again,
after which a second intravenous course of phage therapy was started for an additional six days. The
phage titer was not reported [33]. In a study that more closely resembles the present work, Vogt et
al. described the eradication of infection in a patient with osteomyelitis of the femur, caused by a
pan-resistant strain of P. aeruginosa. Pyo bacteriophage was administered several times per day via a
draining system. The duration of phage treatment was not reported [35].

In Belgium, phage therapy was recently implemented in the legal framework for magistral
preparations, which should allow the treatment of more infected cases [18]. However, the cases
mentioned above and previously conducted clinical trials underline the fact that solid evidence on
phage therapy efficacy and optimal administration protocols is currently lacking. With this in mind,
the MPTF at our center will evaluate the optimal candidates that may benefit from phage therapy, and
ensure adherence to a standardized treatment protocol. Patients are eligible when they are diagnosed
with a severe musculoskeletal infection for which previous (surgical and antibiotic) treatments have
failed. The MPTF consists of infectious disease specialists, pharmacists, microbiologists, surgeons, and
phage scientists. They develop the treatment plan (i.e., concomitant antibiotics, surgeries, phage titer,
dosage, duration of therapy) and follow-up with patients on a regular basis. The data collected during
the procedures and follow-up visits will be stored in a prospective registry. The regular analysis of
such a database will provide insight into the efficacy and safety of phage therapy in patients with a
severe musculoskeletal infection.
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5. Conclusions

In the present manuscript, we present successful outcomes in four patients with severe
musculoskeletal infections after a single course of phage therapy combined with antibiotics. Although
high-quality evidence for optimal treatment and application protocols is currently lacking, we showed
that the application through a draining system is generally well-tolerated. Nevertheless, this procedure
is cumbersome and the nursing staff require specific training. Carefully selecting and monitoring the
patients that could benefit from phage therapy should provide insight into the value of phage therapy
for the treatment of severe musculoskeletal infections and, consequently, enable the establishment of
standardized treatment and application guidelines. A multidisciplinary approach in the form of an
MPTF will be paramount in this process.
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