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Abstract: Background: Phage therapy a promising antimicrobial strategy to address antimicrobial
resistance for infections caused by the major human pathogen Staphylococcus aureus. Development
of therapeutic phages for human use should follow pharmaceutical standards, including selection
of strictly lytic bacteriophages with high therapeutic potential and optimization of their production
process. Results: Here, we describe three novel Silviavirus phages active against 82% of a large
collection of strains (n = 150) representative of various methicillin-susceptible and -resistant S. aureus
clones circulating worldwide. We also investigated the optimization of the efficiency and safety of
phage amplification protocols. To do so, we selected a well-characterized bacterial strain in order
to (i) maximize phage production yields, reaching phage titres of 1011 PFU/mL in only 4 h; and
(ii) facilitate phage purity while minimizing the risk of the presence of contaminants originating
from the bacterial host; i.e., secreted virulence factors or induced temperate phages. Conclusions:
In sum, we propose a quality-by-design approach for the amplification of broad-spectrum anti-S.
aureus phages, facilitating the subsequent steps of the manufacturing process; namely, purification
and quality control.

Keywords: bacteriophages; phages; phage therapy; Staphylococcus; production; yield; amplification;
safety; quality by design

1. Introduction

Staphylococcus aureus is a major human pathogen responsible for a wide range of dis-
eases [1]. It is the second leading pathogen for deaths associated with antibiotic resistance
and is considered by the World Health Organization as a bacteria for which alternatives
to antibiotics should be developed urgently [2,3]. In addition, S. aureus is able to form
biofilms that prevent the access of antibiotics and immune cells to bacteria, which are
thus associated with therapeutic failures [4]. In this context, bacteriophages constitute a
promising antimicrobial strategy to address antimicrobial resistance, as well as, in combina-
tion with antibiotics, improving biofilm eradication [5,6]. Anti-S. aureus lytic Caudovirales
bacteriophages, targeting a wide range of hosts, have been previously isolated [7–11].
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These anti-S. aureus phages belong to various families and genera, including Herelleviridae
(Kayvirus, Silviavirus genera) and Podoviridae, with Silviavirus phages having the broadest
activity spectrum [10]. The establishment of large collections of bacteriophages with well-
characterized activity spectra is of major importance for supporting the development of
phage therapy insofar as it makes it possible to rapidly screen such phage banks and to
select the most active phage(s) against a given clinical strain [12].

To ensure the future success of phage therapy, phage production should comply with
pharmaceutical standards, including a robust and safe process of phage amplification.
Such standards still need to be established and validated by national and international
drug agencies so that they can be adapted to the specific biological statuses of phages [13].
However, the optimization of these protocols, both in terms of maximization of amplifi-
cation yields and minimization of the release of bacterial toxic metabolites and bacterial
components to facilitate subsequent purification steps, is an issue that has, so far, been
poorly studied. To address the first aspect, different experimental parameters need to be
explored [14]. Then, as amplification of therapeutic phages requires the use of a bacterial
strain belonging to a pathogenic species, the secretion of virulence factors produced by the
bacterial amplificatory host (e.g., toxins, immune escape proteins, etc.), thus contaminating
the phage lysate, may be the source of adverse effects during phage administration to
patients. Finally, bacterial genomes also frequently contain prophages (i.e., lysogenic phage
genomes integrated into the bacterial host chromosome) that may be excised, enter the lytic
cycle, and produce new virions in response to the stress triggered by the lytic phage infec-
tion [15]. As these lysogenic phages may share structural properties with the therapeutic
phages, they may be co-purified and thus be present in the final preparations, which should
exclusively contain the lytic phage. Subsequently, the risks of (i) prophage integration into
the genome of the patient’s bacterial strain (lysogenisation), associated with a possible
transfer of virulence and resistance genes or the modulation of virulence gene expression,
and/or (ii) interaction with the patient’s immune system cannot be excluded [16–18].

In the present study, we report the isolation and characterization of three novel
anti-S. aureus Silviavirus phages with broad activity against a large panel of S. aureus clinical
strains. We also describe (i) the selection of optimal bacterial strains, aiming at limiting the
production of bacterial contaminants upon phage amplification, and (ii) the optimization
of experimental parameters for their optimal production, both in terms of amplification
yields and safety.

2. Materials and Methods
2.1. Bacterial Strain Collection

All bacterial strains included in the present study, both for host range assessment and
for phage production, were obtained from the collection of the French National Reference
Centre for Staphylococci (Hospices Civils de Lyon, France; Supplementary Table S1).

2.2. Molecular Characterization of Bacterial Strains

Bacterial genomic DNA extraction consisted of an initial incubation with 40 µg of
lysostaphin (Sigma-Aldrich, Saint Louis, MO, USA Aldrich), 200 µg of lysozyme (Sigma-
Aldrich) and 200 µg of RNaseA (Qiagen, Hilden, Germany) for 1 h at 37 ◦C, followed
by incubation with 12 mAU of proteinase K (Promega, Madison, WI, USA) for 20 min
at 60 ◦C, then an extraction using the Maxwell® RSC Blood DNA kit (Promega). Clonal
complexes of S. aureus strains were assigned using DNA microarray (StaphyType test,
Alere Technologies GmbH, Jena, Germany), following the manufacturer’s instructions.
Whole-genome sequencing was also performed for the screening of candidate strains for
phage production. Illumina libraries were prepared using the Nextera XT or DNA Prep
kits (Illumina, San Diego, CA, USA) and sequenced on a MiSeq or NextSeq 500 instrument
(Illumina) using a 300 or 150 bp paired-end protocol, respectively. Detection of virulence-
and resistance-associated markers was performed from assembled genomes using Abricate
(v0.7) and an in-house nucleotide-based database, built mainly from the Resfinder database
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(version 2020-06-02) and covering the known S. aureus toxins, including enterotoxins,
exfoliatins, toxic shock syndrome toxin TSST-1, and leukocidins. Accession numbers for
genomes of selected strains are provided in Table 1.

2.3. Phage Isolation and Propagation

Three phages (vB_SauM-V1SA19, vB_SauM-V1SA20, and vB_SauM-V1SA22, des-
ignated V1SA19, V1SA20, and V1SA22, respectively) were isolated from three different
wastewater samples in Lyon, France. Briefly, 5 mL of the filtered water samples was incu-
bated with 500 µL of Tryptic Soy Broth (TSB) 10X (BD, Franklin Lakes, NJ, USA) and 10 µL
of overnight bacterial culture (strains P2SA008, P2SA058, and P2SA237 for phages V1SA19,
V1SA20, and V1SA22, respectively). Then, the culture supernatant was filtered using a 0.22
µm syringe filter and diluted in double-layer agars, pouring a mix of 100 µL of this super-
natant, 250 µL of bacterial culture, and 5 mL of TSB-soft agar (TSB containing 0.75% agar)
over a TSA plate (BioMérieux, Marcy-l’Etoile, France). An individual plaque-forming unit
(PFU) was further purified with five rounds of serial passages and eventually propagated
in liquid medium. The obtained phage lysates were filtered using a 0.22 µm syringe filter
and stored at +4 ◦C.

2.4. Ultracentrifugation

A volume of 9 mL of each crude phage lysate was purified by ultracentrifugation at
120,000× g (SW32Ti rotor, Beckman, Brea, CA, USA) over 3 h at +4 ◦C in a three-layer CsCl
(Sigma-Aldrich) gradient with densities of 1.6, 1.5, and 1.3. After centrifugation, phages
were collected between the 1.5 and 1.6 layers and dialyzed (10K MWCO cassettes, Serva
Electrophoresis GmbH, Heidelberg, Germany) twice in 3 L of DPBS buffer (Sigma-Aldrich)
at 4 ◦C for 6 h, with one buffer change. Lastly, phage suspensions were filtered using a
0.22 µm syringe filter and stored at +4 ◦C.

2.5. Phage Genome Sequencing and Bio-Informatic Analysis

A volume of 6 mL of phages was centrifuged at 14,000× g for 5 h and pellets were
resuspended in 50 µL of NaCl 0.9%. Enzymatic treatment was then applied with 100 mU of
benzonase® nuclease (Sigma-Aldrich) at 37 ◦C overnight to degrade extracellular bacterial
DNA, followed by benzonase heat-inactivation at 95 ◦C for 30 min, a treatment with 4 µg
of proteinase K (Sigma-Aldrich), and proteinase K heat-inactivation. Phage DNA was
extracted using the DNA Extractor® WB kit (Fujifilm, Osaka, Japan) and sequenced on
an Illumina NextSeq 500 instrument using a 150 bp paired-end protocol. Reads were
trimmed (cutadapt, v3.4; trimmomatic, v0.39) and the read mappings against the genome
of the bacterial strain used for the amplification of phages (bowtie2, v2.3.4.1; samtools,
v1.15) were removed. The remaining reads were assembled (SPAdes, v3.13.0) and scaffolds
smaller than 100 bp were removed. Taxonomic assignation was performed using kraken
1.1.1 with the minikraken database. Genomes were first annotated using PATRIC (v3.6.12)
with parameters for bacteriophage annotation. The protein sequences of genes annotated as
“hypothetical protein” or “phage protein” were further analysed: a blastp was performed
against the PHROGs database to improve annotation, considering annotated proteins with
identity and query cover percentages higher than 90%. Finally, Abricate (v0.8.13) was
used for resistance and virulence gene detection using all the databases available. The
lytic nature of phages was assessed using the Phage AI repository (https://app.phage.ai/
phages/ (accessed on 17 March 2022)). Phage genomes were deposited in GenBank under
the accession numbers ON814134, ON814135, and ON814136 for V1SA19, V1SA20, and
V1SA22, respectively.

2.6. Host Range Assessment

The host range of phages was assessed using the spot test assay on a panel of
150 bacterial S. aureus and S. argenteus strains genetically characterized using WGS and
representative of clinical isolates collected in France between 2017 and 2020 (Table S1).

https://app.phage.ai/phages/
https://app.phage.ai/phages/
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Briefly, 5 µL of serial tenfold dilutions of phages was spotted on an agar layer prepared
extemporaneously by mixing 30 mL of TSB soft-agar and 500 µL of bacterial overnight
culture in TSB broth. After overnight incubation at 37 ◦C, PFUs were enumerated. The
efficiency of plating (EOP) ratio was calculated by dividing the phage titre obtained with
the tested strain by the titre obtained with the reference strain (bacterial strain used for
phage amplification). Strains were considered susceptible to phages if the EOP ratio was
≥0.001 [19]. Experiments were performed in biological triplicates.

Table 1. Assessment of phage activity and production yields for Staphylococcus aureus
prophage-free strains.

Strain Species ST
Description
(Accession
Numbers)

EOP Production Yields (PFU/mL)

V1SA19 V1SA20 V1SA22 V1SA19 V1SA20 V1SA22

MOI 1 MOI 10−3 MOI 1 MOI 10−3 MOI 1 MOI 10−3

P2SA39-
ST20191845 S. aureus 398 S123 [20] 0 0 0 NT NT NT NT NT NT

P2SA40-
ST20191846 S. aureus 398 S124 [21] 0 0 0 NT NT NT NT NT NT
P2SA225-

ST20170423 S. aureus 6 This study a 0.8 1.3 0.4 8 × 109 4 × 1010 2 × 109 2 × 1010 0 0
P2SA236-

ST20111368 S. aureus 15 [22] b 0.9 1.1 4.3 NT NT NT NT NT NT
P2SA237-

ST20111713 S. aureus 15 [22] c 0.2 1.2 15.0 5 × 109 4 × 1010 2 × 1010 3 × 1010 2 × 1010 5 × 1010

P2SA238-
ST20140414 S. aureus 15 [22] d 0.9 3.5 11.7 NT NT NT NT NT NT
P2SA239-

ST20150287 S. aureus 582 This study e 0.4 0.5 3.8 1 × 109 3 × 108 4 × 109 2 × 106 4 × 109 4 × 109

P2SA240-
ST20210147 S. aureus 582 This study f 0.9 0.7 2.0 4 × 109 3 × 107 2 × 1010 3 × 106 1 × 1010 2 × 1010

P2SAG2-
ST20191229 S. argenteus 2250 This study g 0 0 2.2 NT NT NT NT NT NT
P2SAG3-

ST20191235 S. argenteus 2793 This study h 0.7 0.2 2.5 5 × 108 2 × 106 2 × 109 2 × 109 0 0

ST: sequence type; EOP: efficiency of plating; NT: not tested. Accession numbers: a ERS1242607, b ERS9249868,
c ERS12446487, d ERS12446572, e ERS12426074, f ERS12426075, g ERS12426076, h ERS12426077.

2.7. Transmission Electron Microscopy (TEM)

A volume of 1 mL of the phage suspensions obtained after ultracentrifugation was
centrifuged at 21,000× g for 1 h. Pellets were washed two times with 2 mL of 0.1 M
ammonium-acetate (Sigma Aldrich), pH = 7, and then centrifuged again at 21,000× g
for 1 h and finally re-suspended in 100 µL of the same buffer. Phage suspensions were
adsorbed on 200 Mesh Nickel grids coated with formvar-C for 10 min at RT. Then, grids
were coloured with Uranyless (Delta Microscopies, Mauressec, France) for 1 min and
observed on a transmission electron microscope (Jeol 1400 JEM, Tokyo, Japan) equipped
with a Orius® 1000 camera (Gatan, Tokyo, Japan) and Digital Micrograph software.

2.8. Optimization of Phage Production Protocols

Candidate strains for phage production were screened among a collection of more
than 2000 S. aureus or S. argenteus genomes from the French National Reference Centre for
Staphylococci. First, strains harbouring genes encoding major virulence/resistance fac-
tors, such as enterotoxins, leukocidins, superantigens, and methicillin-resistance, were ex-
cluded. The remaining genomes were examined using prophage-prediction tools—namely,
PHASTER (https://phaster.ca/statistics (accessed on 10 January 2021)) and ProPHET
(v0.5.1)—allowing the exclusion of genomes harbouring intact prophages.

Using this in silico approach, only 10 candidate strains were selected for further
experimental assessment. EOP ratios were determined for the three selected phages against
these 10 strains as described above. Phage amplification yields were then assessed in small
scale production conditions with a selection of the five strains presenting the highest EOP
values for all phages and representative of each sequence type. For these experiments,
bacteria in exponential phase and phages were mixed at two concentrations (multiplicity of
infection (MOI)) of 1 and 10−3 phage per bacteria in 10 mL of TSB. After 24 h of incubation,
phage titres were measured.

https://phaster.ca/statistics


Pharmaceutics 2022, 14, 1885 5 of 12

Finally, the bacterial strain allowing the highest yield for each phage was then selected
for production optimization in larger containers to test the impact of (i) the MOI or (ii) the
medium used, comparing conventional media and animal protein-free media designed
for pharmaceutical production of proteins, including TSB, LB Broth Lennox (USBiological,
Salem, MA, USA), Turbo BothTM (Athenaes, Baltimore, MD, USA), and Superior BrothTM

(Athenaes). To this end, bacteria were grown in 1 L of medium in 2.5 L Fernbach culture
flasks with sided baffles (AvantorTM VWRTM, Radnor, PA, USA) for 2 h until an exponential
phase was reached. Then, phages were added at MOIs of 10−2 or 10−4. Phage titrations
were performed at different time points during the incubation in order to follow the kinetics
of phage amplification.

2.9. Statistical Analysis

Phage activity variations between clonal complexes were assessed by comparing EOP
distributions using the Kruskal–Wallis test. Null EOP values were arbitrarily set to 10−4

for graphical representation purposes. For phage production experiments, Student’s t-test
was used to compare the mean phage titres. A p-value < 0.05 was considered significant.
Statistical analyses were performed and figures were generated using GraphPad Prism,
version 8.0.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Phage Description

Genome analysis showed that the three phages V1SA19, V1SA20, and V1SA22 be-
longed to the Herelleviridae family and the Silviavirus genus. Genome lengths were 138,507,
136, 919, and 133,701 bp for V1SA19, V1SA20, and V1SA22, respectively. The numbers of
ORFs were 245, 234, and 225 for V1SA19, V1SA20, and V1SA22, respectively, including
74.6% to 76.4% of genes for which a putative function could not be attributed (Figure 1).
No virulence or resistance genes were identified within the three genomes. Genomes were
compared to each other and to that of phage Stau2, which belongs to the same genus and is
well-characterized [7]. The coverage and the identity percentages between the genomes
varied from 85% to 94% and from 97% to 99%, respectively. TEM analysis showed the
straight contractile tail and narrow neck characteristic of phages presenting a Myoviridae
morphology (Supplementary Figure S1).

3.2. Host Range of Phages

The host range of the three phages was determined using a collection of 150 strains
chosen to be representative of (i) the major methicillin-susceptible (MSSA) or resistant
(MRSA) clones circulating worldwide and (ii) the genetic and clinical diversity of S. aureus
infections (Supplementary Table S1). Phage V1SA20 had the widest activity spectrum,
being active against 115/150 (76.7%) of the tested strains, while phages V1SA19 and
V1SA22 were active against 101/150 (67.3%) and 87/150 (58.0%) strains, respectively.
Their host ranges were complementary as, in total, 123/150 (82.0%) bacterial strains were
susceptible to at least one of the three phages and 75/150 (50.0%) were susceptible to
the three phages (Figure 2A). Phage activity was significantly associated with the clonal
complex (Figure 2B–D, p < 0.001). Of note, V1SA20 was the only phage active against CC80
strains. Phages were poorly active against CC7, CC59, CC239, and CC398 strains.
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3.3. Optimization of Production Protocols

Only ten candidate strains belonging to six different sequence types and corresponding
to our expectations for phage production were identified (Table 1). The EOP values were
high for the three phages against all strains, except for the P2SA39 and P2SA40 strains,
which were resistant to all phages, and P2SAG2, which was only susceptible to phage
V1SA22. Among these strains with high EOP values, five of them belonging to four
different sequence types were selected for phage production assays. Production yields
varied depending on the bacterial strain, the phage, and the MOI value. Interestingly, high
EOP values were not necessarily associated with good production yields: for example,
while phage V1SA22 displayed high EOP values with all five selected bacterial strains,
phage titres varied from 0 to 5 × 1010 PFU/mL (Table 1).
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Figure 2. Phage activity against the collection of Staphylococcus aureus clinical strains. Panel (A)
represents the number and proportion of bacterial strains susceptible to zero, one, two, three, or at
least one of the three tested phages. Panels (B–D) represent the distributions of EOP values for phages
V1SA19, V1SA20, and V1SA22, respectively. One dot represents the mean of the three biological
replicates obtained for one strain. Red bars represent the median EOP for each clonal complex.

The bacterial strains P2SA225 and P2SA237 were then selected for optimization of the
amplification of phages V1SA19 or V1SA20 and V1SA22, respectively, in larger containers.
Phage production yields were first assessed in conventional TSB medium at two MOI
values: maximal phage titres were reached more quickly at MOI 10−2 than MOI 10−4

(Figure 3A,B). In addition, the production yields in different types of media suited for
pharmaceutical production of proteins (Turbo BrothTM, Superior BrothTM) compared to
conventional TSB or LB media were assessed. The Superior BrothTM yielded the maximal
phage titres in shorter times compared to other media (Figure 4A–D; titres of 5 × 1010

to 1 × 1011 PFU/mL reached in 3 to 4 h). Of note, we observed significant mean phage titre
drops, with all types of media, of 4 × 1010 and 7 × 1010 PFU/mL between 8 and 24 h of
incubation for V1SA20 and V1SA22, respectively (p = 0.007 and p = 0.05, respectively).
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4. Discussion

Phage therapy a promising alternative strategy to address antimicrobial resistance and
improve prognoses in the treatment of staphylococcal infections. Although no marketing
authorization has been issued for therapeutic phages as therapeutic products by the US
Food and Drug Administration or the European Medicines Agency yet, several clinical trials
are currently on-going and their current compassionate use, codified by the Declaration of
Helsinki, is increasing very rapidly in diverse clinical settings [23–25]. The initial steps of
the development of phage therapeutic products consist of discovery of phages from various
types of samples and assessment of their therapeutic potential with large collections of
bacterial strains, followed by the development of robust processes for production. Then,
development of purification processes for therapeutic phages and quality controls is needed.

In the present study, we characterized three novel, strictly lytic anti-S. aureus phages
belonging to the Silviavirus genus showing complementary activities: 82.0% of the bacterial
collection were susceptible to one of the three phages, while 76.7% were susceptible to
the most active phage V1SA20. Anti-S. aureus phages have previously been reported to
have broad-spectrum activity within this bacterial species. However, among the numerous
studies describing the isolation of such phages, very few of them have tested large, diverse,
and clinically relevant genetically-characterized collections of clinical strains, ensuring
the diversity of the tested strains, to more precisely describe the phage host range [26–28].
Interestingly, our data highlighted that the activity of anti-S. aureus phages depended on
the clonal complex (CC), which is in agreement with previous studies. This specificity
has been linked to the presence of type I restriction-modification systems, which are also
associated with the CC [27].

Although the status of phage products is not definitively established by the health
authorities, the scientific community expects it to be adapted to the biological specificities
of phages compared to conventional medicines. A quality-by-design approach has been
recommended for the development of phage production in line with Good Manufacturing
Practice (GMP) guidelines [29]. It should notably address all issues associated with the
various steps of the process, and both phage purity and concentration are two of the main,
critical quality attributes of phage products [30].

First, this implies the need to establish the possible contaminants of phage preparations
that might affect the safety of the final product for phage therapy and to assess ways to
control them [13]. Indeed, the use of pathogenic bacteria for the production of therapeutic
phages leads to concerns, as they may be the source of two types of contaminants in the
final phage products: (i) bacterial metabolites (secreted virulence factors, DNA, etc.) and
(ii) induced prophages. In the present study, we reported the selection of optimal bacterial
candidate strains for amplification of the Silviavirus phages based on the simultaneous
absence in their genomes of (i) a maximum of genes encoding virulence/resistance factors
(e.g., toxins, PBP2a involved in resistance to methicillin) and (ii) prophages. Very few
other studies have previously addressed this topic [31,32]. El Haddad et al. notably
proposed to use a Staphylococcus xylosus strain, a low pathogenic staphylococcal species,
for amplification of anti-S. aureus Kayvirus phages in order to limit the production of
virulence factors and improve the safety of phage therapy [31]. However, because of the
narrow spectrum of phages, classically limited to a single bacterial species, this kind of
approach may not be suited for all phages. Surprisingly, although there is widespread
agreement that temperate phages, able to lysogenize their bacterial host cells, should be
excluded from the phage discovery step due to the risk of transfer of bacterial genes during
phage administration, monitoring the presence of temperate phages originating from
the bacterial host, and thereby potentially contaminating phage drug products, is rarely
considered [15,33]. These prophages often encode a variety of accessory factors involved
in virulence, immune evasion, host preference, and resistance to antimicrobials [34,35].
Nonetheless, it may be challenging to select prophage-free bacterial strains for phage
amplification, as the vast majority of them naturally harbour several prophages in their
genomes. Indeed, among our collection of more than 2000 genomes, only 10 strains



Pharmaceutics 2022, 14, 1885 10 of 12

corresponding to these expectations were identified using computational tools. However,
the rapidly growing number of bacterial strains that are sequenced should help in this
selection process, although the number of strains lacking prophages that are suited for
phage production will remain limited. As an alternative, strains engineered to be free
of prophages or with genes coding for virulence factors deleted, or appropriate quality
controls assessing the presence of such contaminants, could be used and compared to
threshold limits that remain to be defined [15,36].

Consequently, propagation hosts must also allow the acquisition of high titres of
phages. Interestingly, our study showed that high EOP ratios did not provide guarantees
for a high level of phage amplification and, thus, that bacterial strains with high EOP
ratios are not systematically the best candidates for phage production. Bacterial and phage
inocula (MOI), the nutrient composition of culture media, stirring speed, oxygenation, and
temperature strongly influence phage amplification yields [37]. We notably performed an
optimization of phage amplification in large volumes and in animal protein-free media
suited for the pharmaceutical production of proteins. Our data revealed that yields were
greater, up to phage titres of 1011 PFU/mL, and/or were reached more rapidly using
these media compared to conventional TSB. Of note, shortening the time necessary for
amplification could be of interest to limit the release of metabolites, notably bacterial DNA,
which cannot be avoided despite the selection of optimal bacterial strains. These kinds of
bacterial metabolites are known to be able to induce inflammation and their quantification
is part of the quality controls that should be performed to assess the quality of phage
therapy products [29,38].

5. Conclusions

We reported the initial steps of the pharmaceutical development of three novel anti-
Staphylococcus aureus phages with large spectra of activity. We showed that it is possible to
optimize phage production protocols to enhance amplification yields after the in silico selec-
tion of candidate strains, aiming at facilitating the subsequent steps of the manufacturing
process—namely, purification and quality controls—in order to ensure patient safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14091885/s1, Table S1: S. aureus and S. argenteus
strains collection; Figure S1: Morphology from TEM of Silviavirus anti-Staphylococcus aureus phages.
(A) V1SA19; (B) V1SA20; (C) V1SA22.
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I.; et al. Lytic and Genomic Properties of Spontaneous Host-Range Kayvirus Mutants Prove Their Suitability for Upgrading
Phage Therapeutics against Staphylococci. Sci. Rep. 2019, 9, 5475. [CrossRef]

9. Vandersteegen, K.; Mattheus, W.; Ceyssens, P.-J.; Bilocq, F.; De Vos, D.; Pirnay, J.-P.; Noben, J.-P.; Merabishvili, M.; Lipinska, U.;
Hermans, K.; et al. Microbiological and Molecular Assessment of Bacteriophage ISP for the Control of Staphylococcus Aureus.
PLoS ONE 2011, 6, e24418. [CrossRef]

10. Sáez Moreno, D.; Visram, Z.; Mutti, M.; Restrepo-Córdoba, M.; Hartmann, S.; Kremers, A.I.; Tišáková, L.; Schertler, S.; Wittmann,
J.; Kalali, B.; et al. E2-Phages Are Naturally Bred and Have a Vastly Improved Host Range in Staphylococcus Aureus over Wild
Type Phages. Pharmaceuticals 2021, 14, 325. [CrossRef]

11. Gutiérrez, D.; Vandenheuvel, D.; Martínez, B.; Rodríguez, A.; Lavigne, R.; García, P. Two Phages, PhiIPLA-RODI and PhiIPLA-
C1C, Lyse Mono- and Dual-Species Staphylococcal Biofilms. Appl. Environ. Microbiol. 2015, 81, 3336–3348. [CrossRef] [PubMed]

12. Nagel, T.; Musila, L.; Muthoni, M.; Nikolich, M.; Nakavuma, J.L.; Clokie, M.R. Phage Banks as Potential Tools to Rapidly and
Cost-Effectively Manage Antimicrobial Resistance in the Developing World. Curr. Opin. Virol. 2022, 53, 101208. [CrossRef]
[PubMed]

13. Mutti, M.; Corsini, L. Robust Approaches for the Production of Active Ingredient and Drug Product for Human Phage Therapy.
Front. Microbiol. 2019, 10, 2289. [CrossRef] [PubMed]

14. Kim, S.G.; Kwon, J.; Giri, S.S.; Yun, S.; Kim, H.J.; Kim, S.W.; Kang, J.W.; Lee, S.B.; Jung, W.J.; Park, S.C. Strategy for Mass
Production of Lytic Staphylococcus aureus Bacteriophage PSa-3: Contribution of Multiplicity of Infection and Response Surface
Methodology. Microb. Cell Fact. 2021, 20, 56. [CrossRef] [PubMed]

15. Rohde, C.; Resch, G.; Pirnay, J.-P.; Blasdel, B.; Debarbieux, L.; Gelman, D.; Górski, A.; Hazan, R.; Huys, I.; Kakabadze, E.; et al.
Expert Opinion on Three Phage Therapy Related Topics: Bacterial Phage Resistance, Phage Training and Prophages in Bacterial
Production Strains. Viruses 2018, 10, 178. [CrossRef]

16. Laumay, F.; Corvaglia, A.-R.; Diene, S.M.; Girard, M.; Oechslin, F.; van der Mee-Marquet, N.; Entenza, J.M.; François, P. Temperate
Prophages Increase Bacterial Adhesin Expression and Virulence in an Experimental Model of Endocarditis Due to Staphylococcus
Aureus From the CC398 Lineage. Front. Microbiol. 2019, 10, 742. [CrossRef]

17. Taylor, V.L.; Fitzpatrick, A.D.; Islam, Z.; Maxwell, K.L. The Diverse Impacts of Phage Morons on Bacterial Fitness and Virulence.
In Advances in Virus Research; Elsevier: Amsterdam, The Netherlands, 2019; Volume 103, pp. 1–31. ISBN 978-0-12-817722-8.

18. Sweere, J.M.; Van Belleghem, J.D.; Ishak, H.; Bach, M.S.; Popescu, M.; Sunkari, V.; Kaber, G.; Manasherob, R.; Suh, G.A.; Cao,
X.; et al. Bacteriophage Trigger Antiviral Immunity and Prevent Clearance of Bacterial Infection. Science 2019, 363, eaat9691.
[CrossRef]

19. Green, S.I.; Kaelber, J.T.; Ma, L.; Trautner, B.W.; Ramig, R.F.; Maresso, A.W. Bacteriophages from ExPEC Reservoirs Kill Pandemic
Multidrug-Resistant Strains of Clonal Group ST131 in Animal Models of Bacteremia. Sci. Rep. 2017, 7, 46151. [CrossRef]

20. van der Mee-Marquet, N.; Hernandez, D.; Bertrand, X.; Quentin, R.; Corvaglia, A.-R.; François, P. Whole-Genome Sequence of the
Ancestral Animal-Borne ST398 Staphylococcus Aureus Strain S123. Genome Announc. 2013, 1, e00692-13. [CrossRef]

21. Diene, S.M.; Corvaglia, A.R.; François, P.; van der Mee-Marquet, N. Prophages and Adaptation of Staphylococcus Aureus ST398 to
the Human Clinic. BMC Genom. 2017, 18, 133. [CrossRef]

http://doi.org/10.1128/CMR.00134-14
http://www.ncbi.nlm.nih.gov/pubmed/26016486
http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1016/S1473-3099(17)30753-3
http://doi.org/10.1186/1471-2334-13-47
http://www.ncbi.nlm.nih.gov/pubmed/23356488
http://doi.org/10.3390/antibiotics9030135
http://doi.org/10.1128/AAC.02231-19
http://doi.org/10.1128/AEM.01848-10
http://doi.org/10.1038/s41598-019-41868-w
http://doi.org/10.1371/journal.pone.0024418
http://doi.org/10.3390/ph14040325
http://doi.org/10.1128/AEM.03560-14
http://www.ncbi.nlm.nih.gov/pubmed/25746992
http://doi.org/10.1016/j.coviro.2022.101208
http://www.ncbi.nlm.nih.gov/pubmed/35180534
http://doi.org/10.3389/fmicb.2019.02289
http://www.ncbi.nlm.nih.gov/pubmed/31649636
http://doi.org/10.1186/s12934-021-01549-8
http://www.ncbi.nlm.nih.gov/pubmed/33653327
http://doi.org/10.3390/v10040178
http://doi.org/10.3389/fmicb.2019.00742
http://doi.org/10.1126/science.aat9691
http://doi.org/10.1038/srep46151
http://doi.org/10.1128/genomeA.00692-13
http://doi.org/10.1186/s12864-017-3516-x


Pharmaceutics 2022, 14, 1885 12 of 12

22. Gillet, Y.; Tristan, A.; Rasigade, J.-P.; Saadatian-Elahi, M.; Bouchiat, C.; Bes, M.; Dumitrescu, O.; Leloire, M.; Dupieux, C.; Laurent,
F.; et al. Prognostic Factors of Severe Community-Acquired Staphylococcal Pneumonia in France. Eur. Respir. J. 2021, 58, 2004445.
[CrossRef] [PubMed]

23. Leitner, L.; Ujmajuridze, A.; Chanishvili, N.; Goderdzishvili, M.; Chkonia, I.; Rigvava, S.; Chkhotua, A.; Changashvili, G.;
McCallin, S.; Schneider, M.P.; et al. Intravesical Bacteriophages for Treating Urinary Tract Infections in Patients Undergoing
Transurethral Resection of the Prostate: A Randomised, Placebo-Controlled, Double-Blind Clinical Trial. Lancet Infect. Dis. 2021,
21, 427–436. [CrossRef]

24. Ferry, T.; Kolenda, C.; Briot, T.; Lustig, S.; Leboucher, G.; Laurent, F.; Ferry, T.; Valour, F.; Perpoint, T.; Ader, F.; et al. Implementation
of a Complex Bone and Joint Infection Phage Therapy Centre in France: Lessons to Be Learned after 4 Years’ Experience.
Clin. Microbiol. Infect. 2022, 28, 145–146. [CrossRef]

25. McCallin; Sacher; Zheng; Chan Current State of Compassionate Phage Therapy. Viruses 2019, 11, 343. [CrossRef]
26. Lehman, S.; Mearns, G.; Rankin, D.; Cole, R.; Smrekar, F.; Branston, S.; Morales, S. Design and Preclinical Development of a Phage

Product for the Treatment of Antibiotic-Resistant Staphylococcus Aureus Infections. Viruses 2019, 11, 88. [CrossRef] [PubMed]
27. Moller, A.G.; Winston, K.; Ji, S.; Wang, J.; Hargita Davis, M.N.; Solís-Lemus, C.R.; Read, T.D. Genes Influencing Phage Host Range

in Staphylococcus Aureus on a Species-Wide Scale. mSphere 2021, 6, e01263-20. [CrossRef]
28. Göller, P.C.; Elsener, T.; Lorgé, D.; Radulovic, N.; Bernardi, V.; Naumann, A.; Amri, N.; Khatchatourova, E.; Coutinho, F.H.;

Loessner, M.J.; et al. Multi-Species Host Range of Staphylococcal Phages Isolated from Wastewater. Nat. Commun. 2021, 12, 6965.
[CrossRef]

29. Pirnay, J.-P.; Blasdel, B.G.; Bretaudeau, L.; Buckling, A.; Chanishvili, N.; Clark, J.R.; Corte-Real, S.; Debarbieux, L.; Dublanchet, A.;
De Vos, D.; et al. Quality and Safety Requirements for Sustainable Phage Therapy Products. Pharm. Res. 2015, 32, 2173–2179.
[CrossRef]

30. Malik, D.J. Approaches for Manufacture, Formulation, Targeted Delivery and Controlled Release of Phage-Based Therapeutics.
Curr. Opin. Biotechnol. 2021, 68, 262–271. [CrossRef]

31. El Haddad, L.; Ben Abdallah, N.; Plante, P.-L.; Dumaresq, J.; Katsarava, R.; Labrie, S.; Corbeil, J.; St-Gelais, D.; Moineau, S.
Improving the Safety of Staphylococcus Aureus Polyvalent Phages by Their Production on a Staphylococcus Xylosus Strain.
PLoS ONE 2014, 9, e102600. [CrossRef]

32. Doub, J.B.; Ng, V.Y.; Johnson, A.; Amoroso, A.; Kottilil, S.; Wilson, E. Potential Use of Adjuvant Bacteriophage Therapy with
Debridement, Antibiotics, and Implant Retention Surgery to Treat Chronic Prosthetic Joint Infections. Open Forum Infect. Dis.
2021, 8, ofab277. [CrossRef] [PubMed]

33. Jérôme, G. Prophage in Phage Manufacturing: Is the Risk Overrated Compared to Other Therapies or Food? Antibiotics 2020,
9, 435. [CrossRef] [PubMed]

34. Lindsay, J.A. Genomic Variation and Evolution of Staphylococcus aureus. Int. J. Med. Microbiol. 2010, 300, 98–103. [CrossRef]
35. Ingmer, H.; Gerlach, D.; Wolz, C. Temperate Phages of Staphylococcus aureus. Microbiol. Spectr. 2019, 7. [CrossRef]
36. Euler, C.W.; Juncosa, B.; Ryan, P.A.; Deutsch, D.R.; McShan, W.M.; Fischetti, V.A. Targeted Curing of All Lysogenic Bacteriophage

from Streptococcus Pyogenes Using a Novel Counter-Selection Technique. PLoS ONE 2016, 11, e0146408. [CrossRef]
37. Ali, J.; Rafiq, Q.; Ratcliffe, E. A Scaled-down Model for the Translation of Bacteriophage Culture to Manufacturing Scale.

Biotechnol. Bioeng. 2019, 116, 972–984. [CrossRef]
38. Dalpke, A.; Frank, J.; Peter, M.; Heeg, K. Activation of Toll-Like Receptor 9 by DNA from Different Bacterial Species. Infect. Immun.

2006, 74, 940–946. [CrossRef]

http://doi.org/10.1183/13993003.04445-2020
http://www.ncbi.nlm.nih.gov/pubmed/33833037
http://doi.org/10.1016/S1473-3099(20)30330-3
http://doi.org/10.1016/j.cmi.2021.09.027
http://doi.org/10.3390/v11040343
http://doi.org/10.3390/v11010088
http://www.ncbi.nlm.nih.gov/pubmed/30669652
http://doi.org/10.1128/mSphere.01263-20
http://doi.org/10.1038/s41467-021-27037-6
http://doi.org/10.1007/s11095-014-1617-7
http://doi.org/10.1016/j.copbio.2021.02.009
http://doi.org/10.1371/journal.pone.0102600
http://doi.org/10.1093/ofid/ofab277
http://www.ncbi.nlm.nih.gov/pubmed/34159220
http://doi.org/10.3390/antibiotics9080435
http://www.ncbi.nlm.nih.gov/pubmed/32707901
http://doi.org/10.1016/j.ijmm.2009.08.013
http://doi.org/10.1128/microbiolspec.GPP3-0058-2018
http://doi.org/10.1371/journal.pone.0146408
http://doi.org/10.1002/bit.26911
http://doi.org/10.1128/IAI.74.2.940-946.2006

	Introduction 
	Materials and Methods 
	Bacterial Strain Collection 
	Molecular Characterization of Bacterial Strains 
	Phage Isolation and Propagation 
	Ultracentrifugation 
	Phage Genome Sequencing and Bio-Informatic Analysis 
	Host Range Assessment 
	Transmission Electron Microscopy (TEM) 
	Optimization of Phage Production Protocols 
	Statistical Analysis 

	Results 
	Phage Description 
	Host Range of Phages 
	Optimization of Production Protocols 

	Discussion 
	Conclusions 
	References

