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Background: Methicillin-resistant Staphylococcus aureus (MRSA) is an important zoonotic pathogen worldwide. Infections due to
MRSA are associated with higher mortality rates compared with methicillin-susceptible S. aureus. Meanwhile, bacteriophages have
been shown to overcome the emergence of MRSA.

Methods: Phage PHB22a, PHB25a, PHB38a, and PHB40a were isolated. Here, we evaluated the ability of a phage cocktail
containing phages PHB22a, PHB25a, PHB38a, and PHB40a against MRSA S-18 strain in vivo and in vitro. Phage whole-genome
sequencing, host-range determination, lytic activity, and biofilm clearance experiments were performed in vitro. Galleria mellonella
larvae and a mouse systemic infection model to evaluate the efficacy of phage therapy in vivo.

Results: The phage cocktail exhibited enhanced antibacterial and anti-biofilm effects compared to the single phage. Phage cocktail
contained with Ca®"/Zn*" significantly reduced the number of viable bacteria (24-h or 48-h biofilm) by more than 0.81-log compared
to the phage cocktail alone. Furthermore, we demonstrated that the addition of Ca* and Zn** phage cocktail could increase the
survival rate of G. mellonella larvae infected with S. aureus by 10% compared with phage cocktail alone. This was further confirmed
in the mouse model, which showed a 2.64-log reduction of host bacteria S-18, when Ca®" and Zn*" were included in the cocktail
compared with the phage cocktail alone.

Conclusion: Our results indicated that phage cocktail supplemented with Ca®"/Zn** could effectively remove bacteria in biofilms and
mice tissues infected with S. aureus.
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Introduction

The Gram-positive Staphylococcus aureus, an important zoonotic pathogen caused bacteremia, endocarditis, and tissue
infection in humans and animals,'* are listed as a “high priority” pathogen by the World Health Organization (WHO). It
is estimated that in the absence of new antibiotic alternatives, by 2050, antibiotic-resistant pathogens will cause around
10 million deaths worldwide.” The emergence of methicillin-resistant S. aureus (MRSA) and vancomycin-resistant
S. aureus (VRSA) have brought challenges to clinical treatment.®’

Bacteriophages (phages), first discovered in the early 20th century, are the most abundant organism in the world.® Phage
therapy has the advantages of high specificity to bacteria,” reducing bacterial tolerance and removing biofilms.'®"'? Recent
studies have shown that phages could be a way to solve the crisis of extensively drug-resistant bacteria in animals and
humans.®'* For example, S. aureus phage Sb-1, successfully treated five diabetic foot ulcers patients for whom standard
antibiotics were ineffective.' The S. aureus phage cocktail is safe to give intravenously to patients with severe S. aureus
infection.'® With the advantage of safety and tolerability in patients,'> combination of multiple phages as phage cocktail

have been successfully used to treat wound infections in mice and chronic rhinosinusitis in humans caused by S. aureus.'*'
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However, the NCBI database only had information on 69 staphylococcal virulent phage genomes in 2019.'® In contrast,
temperate phages are abundant in nature and in bacteria.'’ Meanwhile, the temperate phage JD419 of S. aureus exhibits
a broad host range.'® There has been temperate phage @CD27 for the treatment of Clostridium difficile infection.'” In
addition, temperate phages MP22 and D3112 from clinical isolates of Pseudomonas aeruginosa for the treatment of
peritonitis-sepsis caused by P. aeruginosa.’® Therefore, the temperate phage may be used as an alternative strategy to
replace antibiotics and virulent phage in the future.*'

The extracellular polysaccharides (EPS), extracellular DNA, and proteins form biofilm matrix protect bacteria from
the external environment, which enhances bacteria’s resistance to antibiotics.”> Many antibiotics were less effective
against S. aureus when it forms a biofilm.”> Phages and their derivatives have able to destroy the biofilm substrate.'®**
For instance, phages and their derivatives can remove the biofilm formed by S. aureus on different surfaces and
mammary-gland tissue.'®** In addition, the temperate phage vB_SauS_JS02 with a higher inhibiting and degrading
activity against S. aureus biofilm.> In previous studies, we found that the metal Ions mixed endolysin Lys08 can enhance
its antibacterial activity and the ability to remove biofilms.?® Although studies showed the phage cocktail can remove the
biofilm or treat Galleria mellonella larvae and mice with infection S. aureus, it is unknown whether addition of metal
ions mixed phage cocktail to remove the biofilm or treat bacterial diseases of S. aureus.

In this study, we explored the effects of metal ions on phage therapy using a phage cocktail containing four phages
PHB22a, PHB25a, PHB38a, and PHB40a against biofilms and MRSA S-18 infection in animal models. The addition of
Ca’" and Zn®" significantly improved anti-biofilm activity of the phage cocktail. Meanwhile, treatment with phage
cocktail supplemented with Ca®>* and Zn®" increased the survival of G. mellonella larvae infected with MRSA S-18 and
reduced the bacterial load of tissues in mice models. Our data highlight that phage cocktail with different metal ions is an
effective strategy against MRSA infection.

Materials and Methods

Bacterial Strains
All the strains were present in our lab collection are listed in Table S1. ATCC25923 were obtained from American Type
Culture Collection (ATCC). All strains were cultured on LB medium (Solarbio) or LB agar plates (1.5% agar) at 37°C for 12 h.

Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was conducted using the disk diffusion method.?” Thirteen antibiotics disks, includ-
ing Cefoxitin (30 pg), Penicillin G (10 U), Gentamicin (10 pg), Erythromycin (15 pg), Tetracycline (30 pg), Doxycycline
(30 pg), Minocycline (30 pg), Furantoin (300 pg), Clindamycin (2 pg), Trimethoprim (5 pg), Sulfafurazole (300 pg),
Chloramphenicol (30 ug), and Rifampicin (5 pg) were tested on Mueller-Hinton agar (Oxoid, UK) containing MRSA
strain. After overnight incubation at 37°C, the diameter of the inhibition band (diameter length/mm) was measured.
According to the Clinical & Laboratory Standards Institute (2018), the inhibition bands were interpreted as susceptible
(S), intermediate (I), and resistant (R).>** S. aureus ATCC25923 was used as control strain.

Phage Isolation and Sequencing

Phages were isolated from sewage samples using a double-layer method.*® Firstly, the sewage samples were centrifuged
at 12,000 x g for 10 min to remove the sediment. The supernatants were filtered using a 0.22 pm membrane (Millex—GP,
USA) to remove bacteria. Then, 100 pL of the filtrates mixed with 200 pL of the host strain in the logarithmic phase were
incubated at 37°C for 12 h. A single plaque was picked and resuspended in the host strain in the logarithmic phase. This
step was repeated five times. The phage particles were purified by CsCl gradient ultracentrifugation as previously
described.®' The transmission electron microscope (H-7650; Hitachi, Tokyo, Japan) was used for phage morphology with
an acceleration voltage of 100 kV.*’ Phage genomic DNA was extracted using phenol chloroform as previously
described.? Complete genome sequencing of phage PHB22a, PHB25a, PHB38a, and PHB40a was performed using
the Illumina MiSeq (San Diego, CA, USA) system. The resulting data were assembled using Newbler v.3.0. Open
reading frame (ORF) were predicted using RAST (http://rast.nmpdr.org/). Protein BLAST (BLASTP) (https://www.ncbi.
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nlm.nih.gov/BLAST/) was used to identify putative homology and proteins with similarity to predicted phage proteins.

The short reads were assembled into the genome by means of SOAPdenovo (http://sourceforge.net/projects/soapde

novo2/files/SOAPdenovo2/).**> Phylogenetic analysis of phage large terminase subunit sequences was performed using
the ClustalW program in MEGA6.**

Host Range of the Phages

The host range of phages was performed using the double-layer plate methods.*? Briefly, 200 pL of the bacterium in the
exponential growth phase mixed with 5 mL of soft LB agar (0.75% agar) was poured on the double-layer plate. A 5 pL of the
different titers of phages were spotted on a double-layer plate and then were incubated at 37°C for 12 h. The efficiency of
plating (EOP) values was determined by calculating the ratio of PFUs of each phage-susceptible strain to its host strain.

Phages Biological Characterization

The phages stability of temperature and pH was performed as previously described.*® The thermal stability of phages was
determined by incubation in phosphate buffer at 4, 20, 30, 40, 50, 60, 70, and 80°C (pH=7.0) for 1 h. To test the acid-
base stability of phages, 100 uL phage was incubated with 900 pL different pH buffer (3, 5, 7, 9, and 11) for 1 h at 37°C.
MRSA S-18 as the phages common host strain. Phage titers were determined by double-layer plate method. This

experiment was repeated three times.

One-Step Growth Assay

One-step growth assay was performed as previously described.*® Briefly, the logarithmic-growth MRSA S-18 strain
(20 mL) after addition of phage at the most appropriate multiplicity of infection (MOI) was incubated at 37°C for 5
min, followed by centrifugation at 12,000 x g for 1 min to remove unabsorbed phages. The pellet was resuspended in
LB medium (20 mL) and incubated at 37°C at 200 x g. A 0.5 mL sample was collected after a total duration of 120
min. The PFU counts were obtained using the double-layer agar method. This experiment was repeated three times.

Phage Treatment of S. aureus Biofilm in 96-Well Cell Culture Plates

A 96-well plate was used to evaluate the phage’s ability to remove the biofilm as previously described.'® Firstly,
overnight bacteria were diluted to a concentration of 1x10” CFU/mL. A 200 pL of diluent S-18 strain was added to each
well. After incubation at 30°C for 24 h or 48 h, the biofilm was treated with the phages or phages contained with metal
ions at 37°C for 4 h. The crystal violet staining was evaluated to the effect of phages on removal of biofilm. Specifically,
each well was washed with sterile PBS, this step was repeated three times. After phage treatment, the biofilm was fixed
with 1% crystal violet at room temperature for 30 min, and then was washed with sterile PBS, this step was repeated
three times. Finally, each well was treated 200 pL of 33% glacial acetic acid for 30 min. The OD of each well was the
measured at 590, using a spectrophotometer. For detection of bacterial numbers in biofilm, the biofilm matrix each well
was resuspended with sterile PBS buffer. The number of live bacteria (CFU/cm?) in the biofilm was calculated by plate
counting of 10-fold serial dilution. This experiment was performed in triplicate. The morphology of MRSA S-18 biofilm
was observed by scanning electron microscopy (SEM). Biofilm on coverslips were treated with different concentrations
of ethanol (50%, 70%, 80%, 90% and 100% x 3 times) for 15 minutes. Then, the coverslips were sprayed with gold and
observed under SEM (5000 x).

Lytic Activity

The lytic activity of phages or phage cocktail was determined in a 96-well microtiter plate by analyzing the optical
density (ODggo) measurement method.*”*® Briefly, 20 mL host bacteria S-18 in logarithmic-growth was mixed with 200
pL phage of different MOIs (0.0001, 0.001, 0.01, 0.1, 1, and 10). The mixture was cultured at 37°C at 200 x g. Samples
were collected from 0 h until 24 h and tested their ODg(o. This experiment was repeated three times.
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Systemic Infection of G. mellonella Larvae

The weighing of 0.2-0.3 g G. mellonella larvae was cultured at 15°C in the dark environment. G. mellonella larvae was
injected by using a 29-gauge (G) insulin syringe (U-40) from BD Micro-Fine™ (Franklin Lakes, NJ, USA). The host strain
S-18 was cultured at 37°C for 12 h, then was centrifuged and resuspended with PBS (pH 7.4) to final a concentration of
2x10° CFU/mL. The minimum lethal dose (MLD) ) trial was determined as described previously.*® A 20 pL of S-18 strain
at different concentrations (4 x 10> CFU, 4x10° CFU, 4x10* CFU, 4x10°> CFU, and 4x10° CFU) were injected into separate
groups of larvae (n = 15). A dose of 1 x MLDj, was used for the G. mellonella larvae challenge assays. For the infection
assay, 20 pL of S-18 strain (4 x 10° CFU) was injected into the larvae belly (n = 20) on one side of the last proleg and the
phages were injected into the larvae belly on the other side of the last proleg. After infection 1h or Oh, the equal volume of
phage alone, phage cocktail (4 x 107 PFU), or phage cocktail (4 % 107 PFU) with 0.1mM Ca*'/Zn*" was injected into the
larvae belly. For pretreatment, the larvae (n = 20) were infected by the same dose of phages before infection 1 h. The equal
volume PBS was injected as the negative control. The survival of larvae was calculated 48 h after infection. When the larvae
did not respond to touch, they were recorded as dead.

Mouse Infection Assays

Five-week-old specific-pathogen-free (SPF) BALB/c female mice were purchased from the Experimental Animal Centre
of Huazhong Agricultural University, China. The minimum lethal dose (MLD ) of strain S-18 on mice was determined
as described above. A dose of 1 x the MLD¢q (7.2 x 10® CFU) was used for the mouse challenge assays. Thirty BALB/c
female mice were randomly divided into five groups (n = 6 per group), including phage cocktail treatment alone group,
phage cocktail contained 0.1mM Ca** group, phage cocktail contained 0.1mM Zn*>" group, S-18 group, and PBS group.
Administration before 1 h, the mice were inoculated intraperitoneally treated with 200 uL of phage (1 x 10° PFU) or
equal volume PBS buffer. The survival of mice at 7 days was recorded.

For bacterial counts, a parallel test was performed according as described above. Every group included nine
BALB/c female mice. The number of viable bacteria in the heart, liver, spleen, lungs, kidney, and blood were
determined at 3h, 6h, and 12 h post-infection, respectively. Blood collected from mice at 12 h post-infection was
centrifuged at 3000 x g for 15 min to separate the serum. The abundances of tumor necrosis factor alpha (TNF-a),
gamma interferon (IFN-y), interleukin 6 (IL-6), and interleukin 1B (IL-1P) in the serum samples were determined by
enzyme-linked immunosorbent assay (ELISA) using commercially available cytokine kits (QuantiCyto® Mouse
ELISA kit).

To mimic a clinical treatment situation, we implemented two treatment methods, including one with treatment adminis-
tered simultaneously with infection and one in which treatment was delayed (1 h post-infection). In brief, a dose of 1x10®
CFU was used for the mouse challenge assays. Every group included three BALB/c female mice. The number of viable
bacteria in the heart, liver, spleen, lungs, kidney, and blood were determined at 12 h post-infection, respectively.

The ability of phage cocktail or phage cocktail with metal ions to induce acute toxicity in mice was described
previously.*® Briefly, the mice were inoculated intraperitoneally with 200 pL of phage cocktail (10° PFU), 200 uL of
phage cocktail (10° PFU) with 0.1 mM Ca*", 200 uL of phage cocktail (10° PFU) with 0.1mM Zn" or 200 uL of PBS.
Lungs, liver, and spleen from each group of mice (n=3) were taken for histopathological assessment at 7 days post
inoculation. At the end of the experiment, the mice were sacrificed by CO, asphyxiation method.

Statistical Analysis

All data were analyzed using GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA). Comparisons
were performed through one- or two-way ANOVA followed by Tukey’s test. For the survival analysis of Galleria
mellonella larvae, two-way ANOVA was performed. The data was represented from means + standard deviation (SD)
from three independent experiments. P < 0.05 was considered statistically significant.
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Results
The Physical Properties of Four Phages PHB22a, PHB25a, PHB38a, and PHB40a

Infecting Multiple MRSA Strains

The phages PHB22a, PHB25a, PHB38a, and PHB40a (MRSA S-18, S-11, S-16, and S-9 are their host strains, respectively)
were isolated from environmental sewage using double-layer plate method. Then, the efficiency of plating (EOP) of each
phage against 26 strains of MRSA was shown in Table S1. PHB25a could lyse 25 of 26 strains of MRSA tested in this study
(Table S1). PHB25a showed a very low EOP for a part of MRSA, but PHB22a, PHB38a, and PHB40a could complement with
PHB25a to improve the ability to kill host bacteria. Phages PHB22a, PHB25a, PHB38a, and PHB40a were combined into
a phage cocktail, which infects all tested MRSA strains except MRSA S-17. Electron microscopy showed that three phages
PHB22a, PHB25a, and PHB38a have a rectangular head and a long tail (Figure S1). The PHB40a has a regular icosahedral
head and a long tail. According to the morphological characteristics and the International Committee on Taxonomy of Viruses
(ICTV) classification, these phages were classified the members of the Siphoviridae family (Figure S1). Acid-base stability
test indicated that they maintained excellent activity at pH 5.0 to 9.0 (Figure 1A-D). Thermolability tests showed that these
phages were stable from 4 to 50°C (Figure 1E-H). One-step phage growth curve showed that the four phages had different
latency and burst size, with latency ranging from 10 min to 20 min and burst size ranging from 25 to 180 phage particles per
infected cell (PFU/cell) (Figure 11-L). The complete genome of each phage has a linear double-stranded DNA, none of which
show homology to any known virulence or antibiotic resistance genes. However, genomic analysis shows that the four phages
are temperate phage because they carry the integrase and Cl-like repressor. The NCBI GenBank accession numbers of these
four phages was shown in Table S2. Phylogenetic analysis of phage large terminase subunit indicated that it belongs to the
Siphoviridae family (Figure S2).
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Supplementing with Metal lons Enhances the Ability of Phage Cocktail to Remove

Biofilms

In this study, the phage cocktail was made by composing of these four phages in equal proportions. The capacity of single phages
and the phage cocktail were furtherly tested for removing the biofilms. The crystal violet staining assay showed that 69.1% (24-
h-biofilm) and 66.7% (48-h-biofilm) of the biofilms could be removed with cocktail (10° PFU) treated, and most 59.5%
(PHB25a) and 61.1% (PHB38a) of the biofilms could be removed with phage (10° PFU) treated (Figure S3). With phage (108
PFU) alone or phage cocktail (10° PFU) treated for 4 h, the results of the viable count showed the approximately 2.00 and 2.12
log CFU/em? (phage cocktail) or 1.69 and 1.97 log CFU/em? (phage alone) reduction, respectively (Figure S3). With advantages
of phage cocktail, metal ions Ca®" and Zn*" mixed phage cocktail was performed subsequently. The results of crystal violet
staining indicated that metal ions Ca®>" and Zn>* mixed phage cocktail could not significantly change of absorbance values
compared with the phage cocktail alone (Figure 2A and B). The viable-cell counts assay showed that the different concentrations
of Ca®" and Zn”" mixed the phage cocktail significantly reduced the number of live bacteria (24-h or 48-h-old biofilms) compared
with the phage cocktail alone (P <0.01) (Figure 2C and D). Further, the 24-h-old or 48-h-old biofilms were treated with the phage
cocktail (10 PFU) contained with 0.1 mM Ca®" and Zn*". Scanning electron microscopy assay indicated that a relatively small
number of viable bacteria was observed in Ca>* and Zn*" treated groups, compared with phage cocktail alone group (Figure 3).

The Antibacterial Effect of the Phage Cocktail in vitro and in vivo

The lysis kinetics of single phages or the phage cocktail was performed in LB medium (Figure 4A—E). The results of the
lysis kinetics test of MRSA S-18 infected by the phage alone or phage cocktail showed that the ODgqo values began to
decrease at 0.5 h with MOI=10. Between MOI=0.001 and 10, phage cocktail could inhibit or kill the host strain S-18 in at
least 10 h. Because, phage cocktail with Ca** and Zn®" could enhance the ability to remove biofilms. To investigate the
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Figure 2 Antibiofilm activity of phage cocktail or cocktail with metal lons Ca®* and Zn?*. The value of ODsg after cocktail (10® PFU/mL) alone and cockail (10° PFU/mL)
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or Zn?* treatment groups were determined by ANOVA (** p < 0.01, and ** p < 0.001).
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A 24 h biofilm 48 h biofilm B 24 h biofilm 48 h biofilm

Figure 3 Scanning electron microscope observation. The magnification of the image is 5000. The 24-h and 48-h biofilm were treated with 1x10® PFU/mL cocktail alone (A),
1108 PFU/mL cocktail contained with 0.1 mM Zn* (B), 1x10® PFU/mL cocktail contained with 0. mM Ca* (C) and PBS (D).

impact of single phages or phage cocktail on treatment of MRSA infection, we used the G. mellonella larvae modules for
assessment of the effect of treatment in vivo. Administration of phage alone or phage cocktail 1 h after infection, resulted
in the highest survival rate of 15% (3/20) in the single phage treatment group, while the phage cocktail treatment resulted
in 35% (7/20) survival. Meanwhile, pretreatment with phage cocktail resulted in 85% (17/20) survival, and a single
phage treatment resulted in the maximum 40% (8/20) survival. In addition, simultaneous treatment of S-18 and phage
alone or phage cocktail, resulted in the highest survival rate of 30% (6/20) in the single phage treatment group, while the
phage cocktail treatment resulted in 60% (12/20) survival (Figure 4F-J).

Treatment with Phage Cocktail Containing Ca2+ and Zn2+ Increased the Survival of
G. mellonella Larvae Against MRSA S-18 Infection

In pretreatment groups, compared with phage cocktail (85% survival), phage cocktail with 0.1 mM Ca”>* and Zn>" resulted in
90% (cocktail with Ca*") survival and 85% (cocktail with Zn>") survival, respectively (Figure 5A). As showed in Figure 5B,
administration of phage cocktail 1 h after infection, the larvae survival rate of the phage cocktail contained with 0.1 mM Ca*"
and Zn*" resulted in 60% (12/20) survival, while phage cocktail alone resulted in 50% (10/20) survival. In simultaneously
treated groups, phage cocktail with 0.1 mM Ca*" and Zn®" resulted in 65% (cocktail with Ca2+) survival and 70% (cocktail
with Zn*") survival, respectively (Figure 5C).

Addition of Ca2+ and Zn2+ Enhance the Protection of Phage Cocktail Against MRSA

S-18 Infection in Mouse Model

Phage cocktail with metal ions resulted in the better protection than cocktail alone in the G. mellonella modules. The
results also showed that pretreatment resulted 100% survival in the cocktail (1 x 10° PFU) alone. And the cocktail (1 x
10° PFU) contained with metal ions resulted 100% survival. The results showed that pretreatment resulted in 66.7% (4/6)
survival in the cocktail (5 x 10%PFU) alone, 66.7% (4/6) survival in the cocktail (5 x 10PFU) with Ca**, and 83.3% (5/6)
survival in the cocktail (5 x 10°PFU) with Zn*" (Figure 6A).

Following cocktail pretreatment, the bacterial counts in the heart, spleen, lung, and kidney of the cocktail/Zn>" group
and the cocktail/Ca*" group were significantly lower than the cocktail group at 12h post-infection (P < 0.01) (Figure 6D).
Meanwhile, the bacterial counts in the blood in cocktail/Zn*" group were significantly lower than the cocktail group at 3h
post-infection (P < 0.05) (Figure 6B). Following cocktail simultaneous treatment, the bacterial counts in the liver, spleen,
and lung of the cocktail/Zn>" group were significantly lower than the cocktail group at 12h post-infection (P < 0.001).
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Figure 4 The effect of the phages or phage cocktail in vitro and in vivo. Effect of the phages PHB22a (A), PHB25a (B), PHB38a (C), PHB40a (D) and phage cocktail (E) on
host bacteria growth of S-18. The therapeutic effect of phages PHB22a (F), PHB25a (G), PHB38a (H), PHB40a () and phage cocktail (J) on G. mellonella larvae with S-18
infection. Significant differences between the S-18 groups and single phages or cocktail treatment groups were determined by ANOVA (* ¥ p < 0.001). Data are expressed
as means * SD.

And the bacterial counts in the spleen, and lung of the cocktail/Ca>" group were significantly lower than the cocktail
group at 12h post-infection (P < 0.01). Following cocktail delay treatment, the bacterial counts in the spleen, and lung of
the cocktail/Zn>" group were significantly lower than the cocktail group at 12h post-infection (P < 0.05) (Figure S4).
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Figure 5 In vivo efficacy of phage cocktail with metal lons Ca®* and Zn>" against MRSA S-18 in G. mellonella infection model. (A) Survival of G. mellonella treated with
cocktail (4 x 107 PFU) alone and cocktail (4 % 107 PFU) with 0.ImM Ca®* or Zn*" before infection | h. (B) Survival of G. mellonella treated with cocktail (4 x 107 PFU) alone
and cocktail (4 x 107 PFU) with 0.ImM Ca** or Zn*" after infection | h. (C) Survival of G. mellonella simultaneously treated with cocktail (4 x 107 PFU) alone and cocktail (4
x 107 PFU) with 0.ImM Ca®" or Zn**. The larvae pre-treated with cocktail with 0.ImM Ca?*/Zn** showed significant increased survival rates compared to S-18 groups (p <
0.001). The larvae post-treated with cocktail with 0.ImM Ca®* showed significant increased survival rates compared to S-18 groups (p < 0.01), and cocktail with 0.ImM Zn**
showed significant increased survival rates compared to S-18 groups (p < 0.05). The larvae simultaneously treated with cocktail with 0.ImM Ca?*/Zn>" showed significant
increased survival rates compared to S-18 groups (p < 0.001). Significant differences between the S-18 groups and cocktail/Ca®* or cocktail/Zn** groups were determined by
ANOVA (* p < 0.05, ** p < 0.01, and *** p < 0.001). Data are expressed as means + SD.

Compared to S-18 group, a significant decrease in the levels of inflammatory factors, including TNF-a, IFN-y, IL-6,
and IL-1pB, was observed in cocktail or cocktail with metal ions (Figure 6C). However, compared with cocktail alone
group, a significant increase of inflammatory factors (TNF-a, IFN-y, IL-6, and IL-1p) was observed in cocktail/Zn*"
group (P < 0.01). Meanwhile, a significantly increased of inflammatory factors (IFN-y) was observed in cocktail/Ca®"
group compared to cocktail alone group (P < 0.01).

Pathological sections revealed no pathological changes were observed in the lung, liver, and spleen of the cocktail or
cocktail Ca®*/Zn®" treated mice compared with those of the PBS control group (Figure S5).

Discussion

S. aureus could colonize human skin and cause serious nosocomial infections.*' Although vancomycin has been widely
used to treat MRSA infections in hospital patients, the widespread occurrence of vancomycin-intermediate S. aureus
led to the failure of antibiotic treatment.”** Therefore, alternative strategies are urgently needed to overcome resistant
S. aureus in hospitals. In this study, we composed a phage cocktail containing four phages isolated from sewage and
explored the efficacy of the phage cocktail supplemented with Ca®" and Zn*" against MRSA strains in vitro and
in vivo.

Phage cocktail is considered as a potential strategy for the prevention and treatment of drug-resistant bacterial
infections.®'*™'> Furthermore, the therapeutic use of cocktail has been reported to improve the phage host range and
reduce the emergence of phage-resistant mutants.*> A case of phages was successfully applied for the treatment of
secondary drug-resistant bacterial infections in COVID-19 infection patients.**

The bacteria in the biofilms are protected by the biofilm matrix, which makes these fixed bacteria more likely to
develop resistance to antibiotics than dissociated bacteria.*>*® Phages diffuse slowly in the viscous biofilm matrix,
however, their derivatives (endolysins) have attracted attentions because they can degrade LPS, EPS, and CPS in
biofilms.*” Our results showed that the addition of Ca®" or Zn>" to cocktail at a final concentration of 0.1 to 10 mM
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Figure 6 Protective effect of phage cocktail pretreatment in mice infected with MRSA S-18 strain. (A) Survival of mice were infected with MRSA S-18 treated with cocktail
(1 x 10%/5%10°® PFU) alone, cocktail (I x 10° /5% 10% PFU) with 0.ImM Ca2*/Zn?", and PBS. Bacterial abundances in different tissues from mice pre-treated with cocktail (I x
10° PFU) alone or cockeail (1 % 10° PFU) with 0.1mM Ca®*/Zn*" at 3h (B), 6h (C) 12h (D). (E) Levels of inflammatory cytokines in groups S-18, cocktail (I x 10° PFU) alone,
cocktail (I x 10° PFU) with 0.ImM Ca®" and cocktail (I * 10° PFU) with 0.ImM Zn?". Significant differences between the cocktail alone or cocktail with Ca®*/Zn*"
treatment groups and untreated groups were determined by ANOVA (¥ p < 0.05, ** p < 0.01, and *** p< 0.001). For the comparisons between the cocktail with Ca®*/Zn**
treatment groups and the cocktail alone treatment groups, significance is indicated by ANOVA (*p < 0.05, *p < 0.01, ** p < 0.001). Data are expressed as means + SD
from three independent experimental replicates (n = 3).

significantly enhanced the lysis of host cells in the 24-h-old and 48-h-old biofilms compared to the cocktail alone (P <
0.01). The previous reports indicated that zinc (Zn*") are necessary for all living organisms, and it is essential for the
activity of many metalloenzymes in vivo.*® Meanwhile, in our previous study, lysin contained metal ions Mg** and Mn?>"
could significantly enhance the ability of removing alive bacteria in the biofilms.?® Moreover, Ca®>" and Mn*" can

3.24 Because of the presence of calcium-binding site

549

enhance the antibacterial activity of S. aureus phage lysin LysCSA1
in the S. aureus phage lysin LysGH15, Ca®" can promote the lytic activity of LysGH]
the bactericidal capacity of lysin was enhanced by adding 10 mM Ca®" and Mg”" into medium.”® It has been reported that
Ca** and Mg®" could improve phage titer and enhance phage adsorption.”’ Therefore, combined with our results, we
predicted that Ca®" and Zn*" may promote the fluidity and stability of the cocktail in the biofilm and enhance the
bactericidal activity of phages in biofilm. However, the different concentration of Ca*" or Zn®" had indistinctively

For chimeric phage lysin Csl2,

affected on the ability of the phage to remove the biofilm. Therefore, we used a metal ion concentration of 0.1 mM for
subsequent experiments. Meanwhile, we observed that no significant different of ODsq( values in the cocktail contained
metal ions compared to the cocktail alone group. One possible explanation is that crystal violet is mainly binds to
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negatively charged polysaccharides, proteins, and nucleic acids, which results in that crystal violet staining results cannot
well reflect the changes of the number of sessile bacteria in the biofilms.>* Accordingly, further experiments are needed
to reveal how Ca>" and Zn®" promote the phage cocktail to eliminate bacteria in the biofilm.

Previous in vivo studies of therapeutic potential of phages against S. aureus have used G. mellonella larvae infection
model.>*~> For instance, the survival rate of larvae infected with MRSA is 20-35% after treatment with phages or phage

1.°° Pseudomonas aeruginosa phages resulted 50-60% survival of G. mellonella larvae.’’>® Meanwhile, it had

13

cocktai
been proven that intravenous phage cocktail is safe and tolerable for the treatment of infections caused by S. aureus.
Then, some typical cases showed that phages could successfully cure the patients infected with MRSA,>”-*® and rescue
91% of mice infected with MRSA from death.’® However, little research used mouse and G. mellonella larvae models to
evaluate the efficiency of phage cocktail contained with metal ions against MRSA in vivo. In our study, phage cocktail
treatment of larvae infected with MRSA could increase the survival rate of larvae by at least 20% compared with a single
phage. The possible reasons are that multiple phages have synergistic action and reduce phage-resistant bacteria
in vivo.>”% The survival of mice in cocktail (5 x 10*PFU) alone group was 66.7%, while the survival of mice in
cocktail (5 x 10°PFU) with Zn** group was 88.3%. It is worth noting that the survival of mice in the cocktail (5x10°PFU)
alone group was 66.7%, while the survival of mice in the cocktail (5x10*PFU) with Ca®" group was 88.3% at 24h post-
infection. Meanwhile, we found that phage cocktail containing 0.1 mM Ca®" and Zn®" treatment could improve the
survival rate of larvae by 10% at 48 h, and significantly reduce the bacterial load in mouse heart, spleen, lung, and kidney
at 12 h (P < 0.01). Wang et al (2020) showed that Mn*®", which can activate innate immune by inducing type I-IFN
response and cytokine production, is essential for the host to defense against viruses.®™°! Pathogen recognition receptors
(PRRs), such as the Toll-like receptors (TLRs) can recognize invading bacteria. Specifically, TLR2 senses staphylococcal
lipoproteins and TLR7, 9, and 13 recognizes staphylococcal nucleic acids.®> At the same time, when MRSA infection
occurs, its lipoprotein promotes TLR2/1 to participate in the production of IL-8.%® Surprisingly, in our research, we found
that phage cocktail supplemented with Ca®" and Zn?" could significantly increase the level of inflammatory factors in
mice compared to the phage cocktail alone group, but did not lead to pathological changes of mouse organs (Figure S5).
One possible explanation is that because the phage cocktail with Ca?"/Zn*" could destroy more bacteria than the phage
cocktail alone, the lipoproteins and nucleic acids released by the destroyed bacteria are sensed by TLRs and stimulate the
production of more inflammatory factors. In y also play an indispensable role when the phage cocktail eliminates bacteria
in mouse organs.

In this study, phage cocktail can infect 25 out of 26 clinically isolated MRSA strains. Although these phages have
a broad host range tested on MRSA strains, they were definitively classified as temperate phage. Although lytic phages
are generally permitted to treat bacterial infections, lytic phage cocktails also have been shown numerous times to be
detrimental given inhibition and other aspects of phage—phage interactions.®*®® At present, several studies have also
begun to explore the potential of temperate phages. For example, temperate phages (ZoeJ and BPs) were genetically
engineered into lytic phages, and then combined with a lytic phage (Muddy) to form a phage cocktail, which is the first
use of bacteriophage in the treatment of human mycobacterial infection and the first use of engineered bacteriophage.®’
Additionally, phage cocktail composed of temperate phages for the treatment of acute C. difficile infection.®®
Nevertheless, there are still many concerns about temperate phages for clinical use and also not allowed by the regulatory
bodies. The main reason is the ability of temperate phages to mediate horizontal gene transfer between bacterial genomes
through generalized and specialized transduction.®” Fortunately, the four phages did not carry known virulence and
resistance genes in this study. Thus, prophage genes such as integrase should be removed by genetic engineering prior to
treatment with the four phages to avoid potential lysogeny and enhance bactericidal activity. Recent studies have shown
that it has become possible to use synthetic biology to make temperate phages into high-quality virulent phages.’® Take
together, it is also indicated that once we solve the temperate phage, the phage cocktail will be used for phage therapy in
animals and humans in the future.

Conclusion
Taken together, we isolated four novel phages and composed a phage cocktail with these phages, which showed
admirable bactericidal activity in vivo and in vitro. More importantly, we found that the addition of Ca®" and Zn**
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could enhance the ability of the phage cocktail to eliminate biofilm immobilized bacteria and the prophylactic effect of
the cocktail on S. aureus infection in larvae and mouse. However, all prophage-related genes should be removed by
genetic engineering prior to treatment with this phage cocktail to avoid potential lysogeny and enhance bactericidal
activity. In brief, our study indicated that the phage cocktail supplemented with metal ions could be an effective approach
to solve the drug-resistant S. aureus infections.
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