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ABSTRACT Bacterial biofilms are difficult to eradicate and can complicate many
infections by forming on tissues and medical devices. Phage1antibiotic combina-
tions (PAC) may be more active on biofilms than either type of agent alone, but
it is difficult to predict which PAC regimens will be reliably effective. To establish
a method for screening PAC combinations against Staphylococcus aureus biofilms,
we conducted biofilm time-kill analyses (TKA) using various combinations of
phage Sb-1 with clinically relevant antibiotics. We determined the activity of PAC
against biofilm versus planktonic bacteria and investigated the emergence of re-
sistance during (24 h) exposure to PAC. As expected, fewer treatment regimens
were effective against biofilm than planktonic bacteria. In experiments with iso-
genic strain pairs, we also saw less activity of PACs against DNS-VISA mutants
versus their respective parentals. The most effective treatment against both bio-
film and planktonic bacteria was the phage1daptomycin1ceftaroline regimen,
which met our stringent definition of bactericidal activity (.3 log10 CFU/mL
reduction). With the VISA-DNS strain 8015 and DNS strain 684, we detected anti-
biofilm synergy between Sb-1 and DAP in the phage1daptomycin regimen (.2
log10 CFU/mL reduction versus best single agent). We did not observe any bacte-
rial resensitization to antibiotics following treatment, but phage resistance was
avoided after exposure to PAC regimens for all tested strains. The release of bac-
terial membrane vesicles tended to be either unaffected or reduced by the vari-
ous treatment regimens. Interestingly, phage yields from certain biofilm experi-
ments were greater than from similar planktonic experiments, suggesting that
Sb-1 might be more efficiently propagated on biofilm.

IMPORTANCE Biofilm-associated multidrug-resistant infections pose significant chal-
lenges for antibiotic therapy. The extracellular polymeric matrix of biofilms presents
an impediment for antibiotic diffusion, facilitating the emergence of multidrug-re-
sistant populations. Some bacteriophages (phages) can move across the biofilm ma-
trix, degrade it, and support antibiotic penetration. However, little is known about
how phages and their hosts interact in the biofilm environment or how different
phage1antibiotic combinations (PACs) impact biofilms in comparison to the
planktonic state of bacteria, though scattered data suggest that phage1antibiotic
synergy occurs more readily under biofilm-like conditions. Our results demon-
strated that phage Sb-1 can infect MRSA strains both in biofilm and planktonic
states and suggested PAC regimens worthy of further investigation as adjuncts to
antibiotics.
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Methicillin-resistant Staphylococcus aureus (MRSA) is the leading species isolated
from biofilm-associated infections such as chronic wounds and medical devices.

The aggregation of microorganisms inside the protective structure of exopolysacchar-
ides leads to increased bacterial fitness and survival rate due to altered metabolic activ-
ity of the biofilm communities, low diffusion of antibiotics inside the biofilm matrix,
and blockage of the exposure to immune cells/antibodies (1–4). The narrow pipeline of
antibiotics and the development of resistance even to last-resort antibiotics raises the
urgent demand for novel antibacterial interventions (5–8). Although biofilms can pro-
tect bacteria from harsh environmental conditions and phage predation, some phages
encode enzymes, such as depolymerases, that degrade the biofilm extracellular poly-
meric matrix (EPM) (9, 10). Some of the fundamental differences in the mechanisms of
action of phages versus antibiotics also result in phage replication at the site of infec-
tion, more specific activity than most antibiotics (potentially reducing dysbiosis), and
potentially enhanced tissue and biofilm penetration (10–15). Therefore, phages may
have the potential to combat biofilm-associated infections such as persistent chronic
infections.

Phage-antibiotic combination (PAC) therapy warrants additional research for several
reasons, including that many reported clinical cases of experimental phage treatment
include concomitant standard-of-care antibiotics (16). There are indications that PAC
may offer therapeutic advantages (i) in the laboratory and some clinical case reports
suggest that the emergence of phage-resistance can have trade-off costs leading to
antibiotic susceptibility (17–20), and (ii) because additivity and synergy have been
observed in some cases with phage-antibiotic combination (PAC) therapy outperform-
ing either agent alone or the expected additive effect of both (12, 18, 21).

Aside from the direct bactericidal effects of PAC, we considered the effects of PAC
on other aspects of biofilm biology. S. aureus naturally releases extracellular membrane
vesicles (MVs, spherical lipid bilayer structures that contain cytoplasmic components of
the cell) into the extracellular environment. Although their exact function and contri-
bution to recalcitrance and persistence are unknown, MVs are known to be key ele-
ments and facilitators of biofilm formation (22–24). We previously reported synergy
between phage Sb-1 (an S. aureus-specific bacteriophage) and daptomycin (DAP)
against a vancomycin-intermediate, daptomycin-resistant S. aureus (VISA-DNS) strain in
the planktonic state (25). Here, we expanded that work to focus on biofilms, test addi-
tional bacterial strains, and explore the impact of Sb-1 combinations with both DAP
and ceftaroline (CPT), a drug that has shown promise against difficult-to-treat S. aureus
when added to DAP. Our goals were to (i) determine the activity of PAC against biofilm
versus planktonic bacteria, (ii) investigate the emergence of resistance during exposure
to PAC in a 24 h exposure period, and (iii) measure the impact of PACs on phage and
MV titers in biofilm versus planktonic bacteria.

RESULTS
More treatment regimens were effective against the VISA parent strain than an

isogenic DNS-VISA mutant strain (Fig. 1). To evaluate the impact of phage addition to
antibiotic regimens, we investigated two isogenic pairs of patient isolates (JH1 and JH9;
8014 and 8015), in which the parent strains were vancomycin susceptible Staphylococcus
aureus (VSSA), and the mutant was VISA (JH-9) or DNS-VISA (8015). Replicate biofilms
were established on polystyrene beads before treatment. In these experiments, we used
antibiotics at half of the measured minimum biofilm inhibitory concentration (MBIC) for
each strain to simulate a situation where treatment failure would occur because the bio-
film was not susceptible to the antibiotic regimen being used. As expected, the antibi-
otic-only treatment regimens had little or no effect on biofilm cell counts.

The combination of phage1DAP1CPT reduced bacterial populations below the
detection limit of 2 log10 CFU/mL for both parent strains. However, the same combina-
tion regimen left slightly higher counts of the mutant strains after 24 h exposure (0.9
and 1.3 log10 CFU/mL higher counts for JH9 and 8015, respectively). The overall trend
of bactericidal activity was similar in JH1 and JH9 for the same regimens with activity
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but less bacterial eradication against the mutant. However, in 8014 and 8015,
phage1CPT was only effective against the 8014 parents (4.57 log10 CFU/mL reduction
from initial inoculum) and not against the 8015 mutant (0.5 log10 CFU/mL reduction).
Phage1DAP and phage alone followed similar patterns in the parent versus mutant
strain. This difference in phage activity was not predictable based on plaque assay
data because Sb-1 had essentially the same EOP on 8014 and 8015 (Table 1).

The synergistic regimens in the planktonic state are not necessarily synergistic
in the biofilm state (Fig. 2). Sb-1 was highly active on both D712 and 684 in the pla-
que assay but was better at reducing and suppressing planktonic populations of 684
than D712 in the TKA. Specifically, phage monotherapy reduced 684 counts below the
detection limit by 24 h (Fig. 2D), but only caused a 1.5 log10 CFU/mL reduction in D712

FIG 1 Mean log10 CFU/mL versus time values for combinations with DAP and CPT. Solid lines represent single-agent treatments,
dashed lines represent PAC treatments. Phage: Sb-1 phage, DAP: daptomycin, CPT: ceftaroline, GC: growth control. Detection limit = 2
log10 CFU/mL. SD ,0.6 for all graphs.

TABLE 1 List of MIC values in planktonic and biofilm state

Strain
D712 8015 JH1 684 JH9 8014

Antibiotic
MIC
(mg/L)

MBIC
(mg/L)

MIC
(mg/L)

MBIC
(mg/L)

MIC
(mg/L)

MBIC
(mg/L)

MIC
(mg/L)

MBIC
(mg/L)

MIC
(mg/L)

MBIC
(mg/L)

MIC
(mg/L)

MBIC
(mg/L)

EOP 1 0.95 1.02 1.21 1.02 0.89
DAP 4 8 4 8 0.25 2 2 4 4 4 0.5 8
VAN 4 8 4 8 1 4 2 8 8 8 2 8
CPT 0.5 4 1 1 0.25 1 0.5 2 0.25 1 1 1
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counts relative to the starting concentration (Fig. 2C) in the planktonic state. Sb-1
alone did not show any impact on biofilm for either organism.

For treatment regimens involving antibiotics, DAP and CPT were used at half of the
measured MIC for each strain to simulate a situation where treatment failure would
occur (e.g., because the organism in situ was less susceptible to the antibiotic than indi-
cated by laboratory testing). Phage1DAP showed synergy (.2 log10 CFU/mL greater
reduction than the best single agent) against D712 in the planktonic state and for 684
in the biofilm state. This observation is remarkable because both D712 and 684 are
DNS and the DAP monotherapy regimen had no activity against these strains in either
planktonic or biofilm TKAs. It is also notable that the phage1DAP combination was
not synergistic against the DNS-VISA D712 strain in the biofilm state, implying the resil-
ient nature of biofilms even with PAC.

The only phage1antibiotic regimen with bactericidal activity (.3 log10 CFU/mL
reduction) against D712 biofilm was the combination of phage1DAP1CPT, which
reduced bacterial counts almost to the detection limit (Fig. 2A). With strain 684,
phage1DAP1CPT was also among the best treatment regimens but was not the only
highly effective one (Fig. 2B and D). The combination of phage1CPT reduced plank-
tonic 684 populations below the detection limit slightly faster than the triple combina-
tion (Fig. 2D), indicating the potency of this combination against the 684 strain.

FIG 2 TKA in biofilm state and planktonic state for D712 and 684. Solid lines represent single-agent treatments, dashed lines represent
PAC treatments. Phage: Sb-1 phage, DAP: daptomycin, CPT: ceftaroline, GC: growth control. Detection limit = 2 log10 CFU/mL. Standard
deviation , 0.6 for all graphs.
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Interestingly, Fig. 2B shows that nonsusceptibility to DAP is not a determinant of syn-
ergy because the phage1DAP combination was effective against 684 biofilms even
though neither single agent had an effect.

We did not observe any DAP or CPT MIC reductions in 684 after exposure to phage.
No evidence of bacterial resistance to Sb-1 was observed at the end of 24 h in time-kill
samples with PAC, whereas phage-alone regimens developed resistance. Additionally,
no antibiotic resistance/elevated MICs were observed in any of the regimens at the
end of 24 h.

Titration of phage particles at the end of 24 h treatment was higher in the biofilm
state than the planktonic state (Fig. 3A and B). While running TKAs, we noticed that
phage counts tended to be higher at the end of biofilm experiments than planktonic
ones, regardless of treatment regimen or treatment efficacy (e.g., phage alone was only
effective against planktonic D712, not biofilm [Fig. 2A and C], but phage concentrations at
24 h were much higher in the biofilm experiment [Fig. 3A]). The difference between phage

FIG 3 (A and B) Phage titers. (C and D) Relative fluorescence units (RFU) for MV quantifications. Phage: Sb-1 phage,
DAP: daptomycin, CPT: ceftaroline, GC: growth control. Standard deviation for all phage counts ,1 log10 CFU/mL.
Standard deviation for all RFU measurements ,61 RFU.
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counts after D712 growth control TKAs was not significant (P = 0.08, 0.16 in planktonic
and biofilm, respectively). Phage proliferation was not impacted by the addition of antibi-
otics, except when planktonic 684 was treated with the phage1DAP1CPT regimen
(Fig. 3B). Therefore, we hypothesized that there is better Sb-1 proliferation in biofilms than
planktonic populations. We tested this hypothesis by designing experiments listed in
Table S2. Utilizing beads coated with biofilms we achieved an increase of 3 log10 PFU/mL.

Higher accumulation of membrane vesicles in biofilm state versus planktonic
state for most regimens (Fig. 3C and D).MV formation was intrinsically higher for 684
compared to D712 and both organisms released more MVs in the biofilm state than
the planktonic state. In 684 cultures, the apparent reduction in the amount of MVs
released in the biofilm state versus planktonic state was not statistically significant (P =
0.80). Significant reductions in MV release (P = 0.0001) were caused by DAP1CPT as
well as all phage-containing treatments in planktonic states of 684. This trend was not
observed in D712 planktonic. Although phage had a slight suppressing effect in D712,
this difference was not significant (P. 0.05).

DISCUSSION

Several interesting observations emerged in these studies. First, our data demon-
strated that the addition of phage to antibiotics prevented phage resistance in the
tested strains. Phage resistance was observed in all treatment regimens with Sb-1
alone but was prevented by PACs independent of the S. aureus strain, the extent of
virulence, or resistance to antibiotics. Using well-characterized patient isolates, par-
ticularly the isogenic pairs, we were able to provide evidence regarding phage re-
sistance prevention by PAC. Kirby (26) also saw that phage1gentamicin combina-
tions prevented phage resistance from emerging in S. aureus, although they only
tested a single bacterial strain. While we did not find resensitization (decrease in
MIC values after exposure to phage versus before exposure), we identified enhanced
bactericidal activity in TKAs when phage Sb-1 was added to the single or double an-
tibiotic combination. Second, our test set of S. aureus strains, while small, was suffi-
cient to show that the triple combination of phage1DAP1CPT was consistently,
highly effective across multiple strains and modes of bacterial growth. In contrast,
subsets of this combination had variable results with some single or double-agent
regimens effective against one strain, but not others, etc. This suggests that there
are options for avoiding some of the strain-based variability in PAC efficacy that we
have observed (25, 27, 28). Synergy was not dependent on the intrinsic antibiotic
susceptibility of the S. aureus strain. This has also been seen for Sb-1 and oxacillin
when used in combination against several MRSA strains (29) and may suggest an op-
portunity to use phages in combination with antibiotics that might not otherwise be
considered for use based on classical MIC testing.

Third, we analyzed phage titers both after planktonic and biofilm TKAs to assess the
extent of phage proliferation in each setting. Interestingly, we found higher phage
titers in biofilm experiments implying sufficient outpace of phage proliferation/infec-
tion to bacterial growth in triple combination regimens where the bacterial population
is at detection limits. We hypothesized that in regimens with no bactericidal activity
phage infections progressed in a relatively constant manner with bacterial growth (i.e.,
phage alone regimen in biofilm state for both strains) (30). In hopes of discovering the
optimized method for phage proliferation, we designed a set of experiments, including
biofilm and planktonic bacteria to measure the amount of phage at the end of 24 h,
when initial phage and bacteria concentrations were standardized. We discovered that
maximum phage titer was harvested from biofilm exposures. While the liquid culture
inoculation conditions in this experiment were not necessarily optimized for Sb-1
(using a higher bacterial inoculum than is typical), the magnitude of phage amplifica-
tion in biofilm was surprising. One possible explanation for this observation may be
the compact nature of biofilms which may potentially lead to higher adsorption proba-
bility in comparison to submerged planktonic counterparts. Consistent with this expla-
nation, the layer-by-layer three-dimensional structure of biofilms facilitates phage/
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virion acquirement in a central region leading to increased overall adsorption effi-
ciency (30, 31). This observation is important because biofilms are involved in at least
65% of all bacterial infections and present the biggest challenge for controlling micro-
bial pathogens (32, 33).

Finally, the higher accumulation of MVs during biofilm growth is consistent with
previous literature acknowledging MVs as definite components of the biofilm matrix
(22). These ambiguous particulates are made of a single cytoplasmic membrane sur-
rounded by a thick cell wall. Having a similar structure to the bacterial cell wall, MVs
can potentially bind to/inactivate antibiotics and phages (34, 35). According to previ-
ous studies, antibiotics can induce MV release. However, the interaction between
phages and MVs requires further investigation (25, 36).

We understand that this study is focused on one phage, but our methods should
facilitate broader research on using multiple phages and additional bacterial strains.
Furthermore, the emergence of resistance is a time-dependent adaptation and longer
exposure times are essential to characterize the impact of PAC on resistance develop-
ment (37, 38). Moreover, most static in vitro models, including our experiments, do not
consider the impact of shear stress on biofilm formation which can ultimately affect
phage-biofilm interaction. More investigations are needed to address questions
regarding the importance of considering treatment order (18), the mechanisms under-
lying how PAC therapies act, and a systematic evaluation of which combinations are
likely to produce desirable or undesirable outcomes.

Despite the limitations, our results provided the groundwork for PAC therapies in the
context of multidrug-resistant biofilm-mediated infections. Only the phage1DAP1CPT
triple combination was consistently effective across the tested strains, regardless of
strain-specific MIC or growth state, and in many cases, this PAC reduced S. aureus popu-
lations below our detection limit, even in the biofilm state. Our results support the prom-
ising impact of phage1DAP1CPT combinations for further research, including in vitro
humanized PK/PD models.

MATERIALS ANDMETHODS
Bacterial strains. Six patient isolates (JH1, JH9, 684, 8014, 8015, D712) were studied in this work. All

the strains belong to USA100/ST5 type. JH9 and 8015 are isogenic VISA and DNS-VISA derivatives of JH1
and 8014, respectively (Table S1).

Antimicrobial agents and media. DAP was purchased from Merck & Co., Inc. (Whitehouse Station,
NJ) and CPT from Allergan Pharmaceuticals (Parsippany, NJ). Colony counts were determined using
tryptic soy agar (TSA). Mueller-Hinton broth II (MHB) (Difco, Detroit, MI, USA) with 25 mg/L calcium
and 12.5 mg/L magnesium was used for susceptibility testing. For all experiments with DAP, an addi-
tional 25 mg/L of calcium was added to the broth due to the dependency of DAP on calcium for anti-
microbial activity. Phage propagation and testing were done using heart infusion broth (HIB; BD
Bacto, San Jose, CA, USA) with 1.5% agar (Oxoid, Lenexa, KS, USA) for underlays and 0.7% agar for
overlays. Tryptic soy broth (TSB; Difco, Detroit, MI) supplemented with 1% glucose (GSTSB) was used
for biofilm TKAs.

Susceptibility testing. Minimum biofilm inhibitory concentration (MBIC) values were determined in
duplicate using the pin-lid method (formerly referred to as Calgary Biofilm Device) (39, 40). Briefly, bio-
films were grown on plastic pins for 18 to 24 h followed by antibiotic susceptibility testing via the broth
microdilution method (BMD) following Clinical and Laboratory Standards Institute (CLSI) guidelines (41).
Combination MBIC values for DAP in the presence of CPT were determined by supplementing the broth
with concentrations of CPT at half MIC.

Time-kill experiments. Time-kill analyses (TKA) were performed using DAP and CPT at 0.5� MIC or
MBIC (depending on whether it is planktonic or biofilm TKA) values to simulate subinhibitory concentra-
tions. Phage dosing was optimized to a multiplicity of infection (MOIinput) ratio of 1, which represents the
ratio of input phage particles to the target organism. The experiment was performed in duplicate in 24-
well tissue-culture-treated plates with 2 mL of broth and 4 sterile polystyrene beads in each well. Plates
were incubated in a shaker incubator at 37°C for 24 h to allow for biofilm growth on the beads in 1%
glucose supplemented tryptic soy broth (GSTSB). After 24 h of incubation, GSTSB was aspirated and
replaced with MHB. Antibiotic and phage were then added after the first (0 h) sampling. One bead was
taken for sampling and processing at 0, 4, 8, and 24 h to create a growth curve.

Collected samples were washed with 1 mL of sterile saline to remove planktonic bacteria and processed
for 6 min, alternating 1 min each of sonication and vortex to disrupt the attached biofilm. The bead was
removed sterilely and samples containing phage were then centrifuged and filtered to isolate phage and
bacteria from each other for counting. The collected bacterial samples were serially diluted appropriately
and plated using automatic spiral platers (easySpiral, Interscience for Microbiology, Saint Nom la Breteche,
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France) with a detection limit of 102 CFU/mL. Plates were incubated for 18 to 24 h of growth at 37°C and
bacterial colonies were counted using a laser colony counter (Scan 1200, Interscience for Microbiology,
Saint Nom la Breteche, France). Collected phage samples were counted using the phage quantification pro-
tocol described below. Antibiotic and phage carry-over was addressed by centrifugation and/or serial dilu-
tions of the samples.

Bactericidal activity was defined as .3 log10 CFU/mL reduction from baseline. The synergy between
two agents was defined as a .2 log10 CFU/mL reduction at 24 h compared to the most active agent
alone. Regarding triple combinations, simply the log10 CFU/mL reduction was reported.

Bacteriophages, source, and propagation. Sb-1 was isolated on S. aureus D712 from a bacterio-
phage solution purchased from Georgia Eliava Institute (Tbilisi, Georgia). Sb-1 is a myophage that
belongs to the Herelleviridae family according to ICTV Master Species List number 36. Phage genomic
DNA was isolated by treating the filtered lysates with DNase and RNase to remove bacterial nucleic
acids, followed by proteinase K treatment and organic extraction. A PCR-free genomic library was
prepared and sequenced (Illumina MiSeq, PE150 reads). Trimmed reads (adapters removed, minimum
base quality = 30) were assembled using Unicycler. The single-copy genome of our isolate is at least
137,661 bp. Read mapping conducted in Geneious Prime (Biomatters Ltd.) revealed 8076 bp direct
terminal repeats (DTRs) as a region of approximately doubled coverage bounded by sharp cliffs.
Therefore, a packaged genome of at least 145,737 bp is predicted. This is larger than the published
genome of Sb-1 (NC_023009 [42]), almost entirely due to differences in the DTRs. The DTRs in Sb-1
were predicted to be only 3959 bp, missing several genes that are present in the DTRs of our isolate
and closely related phages. Our isolate also differs in the copy number of the iteron repeat.
Additional work is needed to accurately resolve this region in our Sb-1 isolate, but our read data
mapped to NC_0023009 showed substantially increased coverage in this region, indicating that more
copies are present in our isolate.

Sb-1 bacteriophage was propagated to obtain high titer stocks to use in resistance testing and time-
kill analyses. To begin, an underlay layer of 1.5% HIB agar was poured into square Petri plates. A 6 mL
overlay of 0.7% HIB agar was immediately combined with 100mL of an overnight host S. aureus bacterial
culture containing approximately 109 CFU/mL and poured atop the underlay layer. The overlay was
briefly allowed to set, and following this, 750 mL of purified bacteriophage was spread over top and
incubated in a 37°C incubator overnight. The overlay agar was scraped into 3 mL of phosphate-buffered
saline (PBS) 1 10 mM magnesium sulfate and centrifuged at 1000 rpm for 25 min at 4°C. The superna-
tant was filtered and stored covered at 2 to 8°C for experimental use.

Phage sensitivity assays. Bacterial sensitivity to the Sb-1 phage was checked using the small-drop
agar overlay method (43) where 10-fold serial dilutions of phage were spotted onto 0.7% HIB overlay
plates containing an overnight culture of the target bacteria. Plates contained 6 mL of overlay agar
which was briefly mixed with 100 mL of overnight culture and left to dry for 10 min before spotting 5 mL
of purified phage onto the bacterial lawn. Sensitive strains were further evaluated via plaque assay to
determine the efficiency of plating (EOP) as a ratio of PFU on the test strain to PFU on the reference
strain (ATCC 43300) (44).

MV quantification. MV samples were taken at 24 h from corresponding wells in the TKA. Each sam-
ple tube was centrifuged (12000 rpm, 5 min) and the supernatant was filtered (pore size 0.2mm) and fro-
zen –20°C until ready to be tested. Samples from growth control and media control were also tested as
positive and negative controls, respectively. This process was tested and repeated to purify the MVs
from bacterial cells and phage particles present in the sample.

Purified MV suspensions were quantified spectrofluorometrically as described previously (Bolt
method) with modifications (36, 45). MV was detected on a SpectraMax M5 instrument using a mem-
brane-specific dye (FM1-43, Life Technologies Corporation, 5mg/mL, ex/em 485/560 nm).

Resistance tests. Resistance screening was performed using the double-drop method (43, 44).
Briefly bacteriophage insensitive mutants (BIMs) were generated by mixing 100 mL of the bacterial cul-
ture (sample) (at concentration PFU:CFU of about 10:1) with 100 mL of concentrated phage and left to
sit at room temperature for 10 min. Then 3 mL of 0.7% overlay will be added to the plate and incubated
for 48h. The number of colonies in this plate will demonstrate an apparent frequency of resistance. Each
colony will be cultured in a 3 mL snap cap tube for 6 to 8 h and using the double drop method 5 mL of
the resulting culture will be spotted on top of 10 mL high titer phage with PFU/CFU of about 10:1. After
24 h, any emergent colony was counted as resistant. Antibiotic resistance tests were performed as
described previously against DAP and CPT (46, 47).

Statistical analysis. Statistical analysis was performed using one-way analysis of variance with
Tukey’s multiple-comparison test (with P , 0.05 considered significant). All the graphs and statistical
analysis were prepared in Prism 8, Version 8.4.3, GraphPad.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.04 MB.

ACKNOWLEDGMENTS
This work was supported by NIAID R21 AI163726. M.J.R. was partially supported by

NIAID R01AI121400 and R01AI130056.
We thank Allergan Pharmaceuticals for providing ceftaroline powder.

Bacteriophage-Antibiotic Treatments against MRSA Biofilm Infections Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00411-22 8

https://www.ncbi.nlm.nih.gov/nuccore/NC_023009
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00411-22


M.J.R. received research support, consulted for, or spoke on behalf of Allergan,
Contrafect, Melinta, Merck, Paratek, and Tetraphase.

REFERENCES
1. Sutherland I. 2001. Biofilm exopolysaccharides: a strong and sticky frame-

work. Microbiology (Reading) 147:3–9. https://doi.org/10.1099/00221287
-147-1-3.

2. Lam AK, Panlilio H, Pusavat J, Wouters CL, Moen EL, Neel AJ, Rice CV. 2020.
Low-molecular-weight branched polyethyleneimine potentiates ampicillin
against MRSA biofilms. ACS Med Chem Lett 11:473–478. https://doi.org/10
.1021/acsmedchemlett.9b00595.

3. Arciola CR, Campoccia D, Speziale P, Montanaro L, Costerton JW. 2012. Bio-
film formation in Staphylococcus implant infections. A review of molecular
mechanisms and implications for biofilm-resistant materials. Biomaterials
33:5967–5982. https://doi.org/10.1016/j.biomaterials.2012.05.031.

4. Sharma D, Misba L, Khan AU. 2019. Antibiotics versus biofilm: an emerg-
ing battleground in microbial communities. Antimicrob Resist Infect Con-
trol 8:76. https://doi.org/10.1186/s13756-019-0533-3.

5. Akbari-Ayezloy E, Hosseini-Jazani N, Yousefi S, Habibi N. 2017. Eradication
of methicillin resistant S. aureus biofilm by the combined use of fosfomy-
cin and b-chloro-L-alanine. Iran J Microbiol 9:1–10.

6. Piechota M, Kot B, Frankowska-Maciejewska A, Gru_zewska A, Wo�zniak-
Kosek A. 2018. Biofilm formation by methicillin-resistant andmethicillin-sen-
sitive Staphylococcus aureus strains from hospitalized patients in Poland.
Biomed Res Int 2018:4657396. https://doi.org/10.1155/2018/4657396.

7. Wenzel RP. 2004. The antibiotic pipeline–challenges, costs, and values. N
Engl J Med 351:523–526. https://doi.org/10.1056/NEJMp048093.

8. Luepke KH, Mohr JF. 2017. The antibiotic pipeline: reviving research and
development and speeding drugs to market. Expert Rev Anti Infect Ther
15:425–433. https://doi.org/10.1080/14787210.2017.1308251.

9. Ferriol-González C, Domingo-Calap P. 2020. Phages for biofilm removal.
Antibiotics (Basel ) 9:268. https://doi.org/10.3390/antibiotics9050268.

10. Bacteriophage.news. 2019. Bacteriophages and biofilms. https://www
.bacteriophage.news/bacteriophages-and-biofilms/. Retrieved April 7,
2020.

11. Harper DR, Parracho HMRT, Walker J, Sharp R, Hughes G, Werthén M,
Lehman S, Morales S. 2014. Bacteriophages and biofilms. Antibiotics
(Basel ) 3:270–284. https://doi.org/10.3390/antibiotics3030270.

12. Tkhilaishvili T, Lombardi L, Klatt A-B, Trampuz A, Di Luca M. 2018. Bacte-
riophage Sb-1 enhances antibiotic activity against biofilm, degrades exo-
polysaccharide matrix and targets persisters of Staphylococcus aureus.
Int J Antimicrob Agents 52:842–853. https://doi.org/10.1016/j.ijantimicag
.2018.09.006.

13. Hughes KA, Sutherland IW, Clark J, Jones MV. 1998. Bacteriophage and
associated polysaccharide depolymerases–novel tools for study of bacte-
rial biofilms. J Appl Microbiol 85:583–590. https://doi.org/10.1046/j.1365
-2672.1998.853541.x.

14. Parasion S, Kwiatek M, Gryko R, Mizak L, Malm A. 2014. Bacteriophages as
an alternative strategy for fighting biofilm development. Pol J Microbiol
63:137–145. https://doi.org/10.33073/pjm-2014-019.

15. Caflisch KM, Patel R. 2021. Phage activity against planktonic and biofilm
Staphylococcus aureus periprosthetic joint infection isolates. Antimicrob
Agents Chemother 66:e0187921. https://doi.org/10.1128/AAC.01879-21.

16. Luong T, Salabarria A-C, Roach DR. 2020. Phage therapy in the resistance
era: where do we stand and where are we going? Clin Ther 42:1659–1680.
https://doi.org/10.1016/j.clinthera.2020.07.014.

17. Oechslin F. 2018. Resistance development to bacteriophages occurring
during bacteriophage therapy. Viruses 10:351. https://doi.org/10.3390/
v10070351.

18. Torres-Barceló C, Hochberg ME. 2016. evolutionary rationale for phages
as complements of antibiotics. Trends Microbiol 24:249–256. https://doi
.org/10.1016/j.tim.2015.12.011.

19. Zhvania P, Hoyle NS, Nadareishvili L, Nizharadze D, Kutateladze M. 2017.
Phage therapy in a 16-year-old boy with Netherton Syndrome. Front Med
(Lausanne) 4:94. https://doi.org/10.3389/fmed.2017.00094.

20. Chan BK, Turner PE, Kim S, Mojibian HR, Elefteriades JA, Narayan D. 2018.
Phage treatment of an aortic graft infected with Pseudomonas aerugi-
nosa. Evol Med Public Health 2018:60–66. https://doi.org/10.1093/emph/
eoy005.

21. Rodriguez-Gonzalez RA, Leung CY, Chan BK, Turner PE, Weitz JS. 2020.
Quantitative models of phage-antibiotic combination therapy. mSystems
5:e00756-19. https://doi.org/10.1128/mSystems.00756-19.

22. Schooling SR, Beveridge TJ. 2006. Membrane vesicles: an overlooked com-
ponent of the matrices of biofilms. J Bacteriol 188:5945–5957. https://doi
.org/10.1128/JB.00257-06.

23. György B, Szabó TG, Pásztói M, Pál Z, Misják P, Aradi B, László V, Pállinger
�E, Pap E, Kittel Á, Nagy G, Falus A, Buzás EI. 2011. Membrane vesicles, cur-
rent state-of-the-art: emerging role of extracellular vesicles. Cell Mol Life
Sci 68:2667–2688. https://doi.org/10.1007/s00018-011-0689-3.

24. Drago L, ToscanoM. 2017. 2 - Biofilm formation and the biological response,
p 25–39. In Arts JJC, Geurts J (ed), Management of Periprosthetic Joint Infec-
tions (PJIs). Woodhead Publishing.

25. Kebriaei R, Lev K, Morrisette T, Stamper K, Abdul-Mutakabbir JC, Lehman
SM, Morales S, Rybak MJ. 2020. Bacteriophage-antibiotic combination
strategy: an alternative against methicillin-resistant phenotypes of Staph-
ylococcus aureus. Antimicrob Agents Chemother 64:e00461-20. https://
doi.org/10.1128/AAC.00461-20.

26. Kirby AE. 2012. Synergistic action of gentamicin and bacteriophage in a
continuous culture population of Staphylococcus aureus. PLoS One 7:
e51017. https://doi.org/10.1371/journal.pone.0051017.

27. Kebriaei R, Lev KL, Stamper KC, Lehman SM, Morales S, Rybak MJ. 2020.
Bacteriophage AB-SA01 cocktail in combination with antibiotics against
MRSA-VISA strain in an in vitro pharmacokinetic/pharmacodynamic
model. Antimicrob Agents Chemother 65:e01863-20. https://doi.org/10
.1128/AAC.01863-20.

28. Morrisette T, Lev KL, Kebriaei R, Abdul-Mutakabbir J, Stamper KC, Morales
S, Lehman SM, Canfield GS, Duerkop BA, Arias CA, Rybak MJ. 2020. Bacte-
riophage-antibiotic combinations for Enterococcus faecium with varying
bacteriophage and daptomycin susceptibilities. Antimicrob Agents Che-
mother 64:e00993-20. https://doi.org/10.1128/AAC.00993-20.

29. Simon K, Pier W, Krüttgen A, Horz H-P. 2021. Synergy between Phage Sb-
1 and oxacillin against methicillin-resistant Staphylococcus aureus. Anti-
biotics (Basel ) 10:849. https://doi.org/10.3390/antibiotics10070849.

30. Simmons M, Drescher K, Nadell CD, Bucci V. 2018. Phage mobility is a
core determinant of phage–bacteria coexistence in biofilms. ISME J 12:
531–543. https://doi.org/10.1038/ismej.2017.190.

31. Abraham S, Kaufman Y, Perreault F, Young R, Bar-Zeev E. 2021. Bursting
out: linking changes in nanotopography and biomechanical properties of
biofilm-forming Escherichia coli to the T4 lytic cycle. NPJ Biofilms Micro-
biomes 7:26. https://doi.org/10.1038/s41522-021-00195-7.

32. Potera C. 1999. Forging a link between biofilms and disease. Science 283:
1837–1839. https://doi.org/10.1126/science.283.5409.1837.

33. González S, Fernández L, Gutiérrez D, Campelo AB, Rodríguez A, García P.
2018. Analysis of different parameters affecting diffusion, propagation
and survival of staphylophages in bacterial biofilms. Front Microbiol 9:
2348. https://doi.org/10.3389/fmicb.2018.02348.

34. Pader V, Hakim S, Painter KL, Wigneshweraraj S, Clarke TB, Edwards AM.
2016. Staphylococcus aureus inactivates daptomycin by releasing mem-
brane phospholipids. Nat Microbiol 2:16194. https://doi.org/10.1038/
nmicrobiol.2016.194.

35. Toyofuku M, Cárcamo-Oyarce G, Yamamoto T, Eisenstein F, Hsiao C-C,
Kurosawa M, Gademann K, Pilhofer M, Nomura N, Eberl L. 2017. Pro-
phage-triggered membrane vesicle formation through peptidoglycan
damage in Bacillus subtilis. Nat Commun 8:481. https://doi.org/10.1038/
s41467-017-00492-w.

36. Dey S, Gudipati S, Giuliano C, Zervos MJ, Monk JM, Szubin R, Jorgensen
SCJ, Sakoulas G, Berti AD. 2019. Reduced production of bacterial mem-
brane vesicles predicts mortality in ST45/USA600 methicillin-resistant
Staphylococcus aureus bacteremia. Antibiotics (Basel) 9:2. https://doi
.org/10.3390/antibiotics9010002.

37. Gaidhani SV, Raskar AV, Poddar S, Gosavi S, Sahu PK, Pardesi KR, Bhide SV,
Chopade BA. 2014. Time dependent enhanced resistance against antibi-
otics & metal salts by planktonic & biofilm form of Acinetobacter haemo-
lyticus MMC 8 clinical isolate. Indian J Med Res 140:665–671.

38. Davies J, Davies D. 2010. Origins and evolution of antibiotic resistance.
Microbiol Mol Biol Rev 74:417–433. https://doi.org/10.1128/MMBR.00016-10.

Bacteriophage-Antibiotic Treatments against MRSA Biofilm Infections Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00411-22 9

https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1021/acsmedchemlett.9b00595
https://doi.org/10.1021/acsmedchemlett.9b00595
https://doi.org/10.1016/j.biomaterials.2012.05.031
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1155/2018/4657396
https://doi.org/10.1056/NEJMp048093
https://doi.org/10.1080/14787210.2017.1308251
https://doi.org/10.3390/antibiotics9050268
https://www.bacteriophage.news/bacteriophages-and-biofilms/
https://www.bacteriophage.news/bacteriophages-and-biofilms/
https://doi.org/10.3390/antibiotics3030270
https://doi.org/10.1016/j.ijantimicag.2018.09.006
https://doi.org/10.1016/j.ijantimicag.2018.09.006
https://doi.org/10.1046/j.1365-2672.1998.853541.x
https://doi.org/10.1046/j.1365-2672.1998.853541.x
https://doi.org/10.33073/pjm-2014-019
https://doi.org/10.1128/AAC.01879-21
https://doi.org/10.1016/j.clinthera.2020.07.014
https://doi.org/10.3390/v10070351
https://doi.org/10.3390/v10070351
https://doi.org/10.1016/j.tim.2015.12.011
https://doi.org/10.1016/j.tim.2015.12.011
https://doi.org/10.3389/fmed.2017.00094
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.1128/mSystems.00756-19
https://doi.org/10.1128/JB.00257-06
https://doi.org/10.1128/JB.00257-06
https://doi.org/10.1007/s00018-011-0689-3
https://doi.org/10.1128/AAC.00461-20
https://doi.org/10.1128/AAC.00461-20
https://doi.org/10.1371/journal.pone.0051017
https://doi.org/10.1128/AAC.01863-20
https://doi.org/10.1128/AAC.01863-20
https://doi.org/10.1128/AAC.00993-20
https://doi.org/10.3390/antibiotics10070849
https://doi.org/10.1038/ismej.2017.190
https://doi.org/10.1038/s41522-021-00195-7
https://doi.org/10.1126/science.283.5409.1837
https://doi.org/10.3389/fmicb.2018.02348
https://doi.org/10.1038/nmicrobiol.2016.194
https://doi.org/10.1038/nmicrobiol.2016.194
https://doi.org/10.1038/s41467-017-00492-w
https://doi.org/10.1038/s41467-017-00492-w
https://doi.org/10.3390/antibiotics9010002
https://doi.org/10.3390/antibiotics9010002
https://doi.org/10.1128/MMBR.00016-10
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00411-22


39. Ceri H, Olson ME, Stremick C, Read RR, Morck D, Buret A. 1999. The Cal-
gary biofilm device: new technology for rapid determination of antibiotic
susceptibilities of bacterial biofilms. J Clin Microbiol 37:1771–1776.
https://doi.org/10.1128/JCM.37.6.1771-1776.1999.

40. Macià MD, Rojo-Molinero E, Oliver A. 2014. Antimicrobial susceptibility
testing in biofilm-growing bacteria. Clin Microbiol Infect 20:981–990.
https://doi.org/10.1111/1469-0691.12651.

41. CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 30th
Edition. Clinical & Laboratory Standards Institute. M100. 2020. Retrieved
April 1, 2020.

42. Sergueev KV, Filippov AA, Farlow J, Su W, Kvachadze L, Balarjishvili N,
Kutateladze M, Nikolich MP. 2019. Correlation of host range expansion of
therapeutic bacteriophage Sb-1 with allele state at a hypervariable repeat
locus. Appl Environ Microbiol 85:e01209-19. https://doi.org/10.1128/AEM
.01209-19.

43. Mazzocco A, Waddell TE, Lingohr E, Johnson RP. 2009. Enumeration of
bacteriophages using the small drop plaque assay system. Methods Mol
Biol 501:81–85. https://doi.org/10.1007/978-1-60327-164-6_9.

44. Lehman SM, Mearns G, Rankin D, Cole RA, Smrekar F, Branston SD,
Morales S. 2019. Design and preclinical development of a phage product
for the treatment of antibiotic-resistant Staphylococcus aureus infections.
Viruses 11:88. https://doi.org/10.3390/v11010088.

45. Bolte S, Talbot C, Boutte Y, Catrice O, Read ND, Satiat-Jeunemaitre B. 2004.
FM-dyes as experimental probes for dissecting vesicle trafficking in living
plant cells. J Microsc 214:159–173. https://doi.org/10.1111/j.0022-2720.2004
.01348.x.

46. Kebriaei R, Rice SA, Singh KV, Stamper KC, Dinh AQ, Rios R, Diaz L, Murray
BE, Munita JM, Tran TT, Arias CA, Rybak MJ. 2018. Influence of inoculum
effect on the efficacy of daptomycin monotherapy and in combination
with b-lactams against daptomycin-susceptible Enterococcus faecium
harboring LiaSR substitutions. Antimicrob Agents Chemother 62:e00315-
18. https://doi.org/10.1128/AAC.00315-18.

47. Kebriaei R, Rice SA, Stamper KC, Rybak MJ. 2019. Dalbavancin alone and in
combination with ceftaroline against four different phenotypes of Staphylo-
coccus aureus in a simulated pharmacodynamic/pharmacokinetic model.
Antimicrob Agents Chemother 63:e01743-18. https://doi.org/10.1128/AAC
.01743-18.

Bacteriophage-Antibiotic Treatments against MRSA Biofilm Infections Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.00411-22 10

https://doi.org/10.1128/JCM.37.6.1771-1776.1999
https://doi.org/10.1111/1469-0691.12651
https://doi.org/10.1128/AEM.01209-19
https://doi.org/10.1128/AEM.01209-19
https://doi.org/10.1007/978-1-60327-164-6_9
https://doi.org/10.3390/v11010088
https://doi.org/10.1111/j.0022-2720.2004.01348.x
https://doi.org/10.1111/j.0022-2720.2004.01348.x
https://doi.org/10.1128/AAC.00315-18
https://doi.org/10.1128/AAC.01743-18
https://doi.org/10.1128/AAC.01743-18
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.00411-22

	RESULTS
	More treatment regimens were effective against the VISA parent strain than an isogenic DNS-VISA mutant strain
	The synergistic regimens in the planktonic state are not necessarily synergistic in the biofilm state (Fig. 2).
	Titration of phage particles at the end of 24 h treatment was higher in the biofilm state than the planktonic state (Fig. 3A and B).
	Higher accumulation of membrane vesicles in biofilm state versus planktonic state for most regimens (Fig. 3C and D).

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains.
	Antimicrobial agents and media.
	Susceptibility testing.
	Time-kill experiments.
	Bacteriophages, source, and propagation.
	Phage sensitivity assays.
	MV quantification.
	Resistance tests.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

