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ABSTRACT Phage therapy has gained attention due to the spread of antibiotic-resistant
bacteria and narrow pipeline of novel antibiotics. Phage cocktails are hypothesized to
slow the overall development of resistance by challenging the bacteria with more than
one phage. Here, we have used a combination of plate-, planktonic-, and biofilm-based
screening assays to try to identify phage-antibiotic combinations that will eradicate pre-
formed biofilms of Staphylococcus aureus strains that are otherwise difficult to kill. We
have focused on methicillin-resistant S aureus (MRSA) strains and their daptomycin-non-
susceptible vancomycin-intermediate (DNS-VISA) derivatives to understand whether the
phage-antibiotic interactions are altered by the changes associated with evolution from
MRSA to DNS-VISA (which is known to occur in patients receiving antibiotic therapy). We
evaluated the host range and cross-resistance patterns of five obligately lytic S. aureus
myophages to select a three-phage cocktail. We screened these phages for their activity
against 24-h bead biofilms and found that biofilms of two strains, D712 (DNS-VISA) and
8014 (MRSA), were the most resistant to killing by single phages. Specifically, even initial
phage concentrations of 107 PFU per well could not prevent visible regrowth of bacteria
from the treated biofilms. However, when we treated biofilms of the same two strains with
phage-antibiotic combinations, we prevented bacterial regrowth when using up to 4 orders
of magnitude less phage and antibiotic concentrations that were lower than our measured
minimum biofilm inhibitory concentration. We did not see a consistent association between
phage activity and the evolution of DNS-VISA genotypes in this small number of bacterial
strains.

IMPORTANCE The extracellular polymeric matrix of biofilms presents an impediment to
antibiotic diffusion, facilitating the emergence of multidrug-resistant populations. While
most phage cocktails are designed for the planktonic state of bacteria, it is important to
take the biofilm mode of growth (the predominant mode of bacterial growth in nature)
into consideration, as it is unclear how interactions between any specific phage and its
bacterial hosts will depend on the physical properties of the growth environment. In addi-
tion, the extent of bacterial sensitivity to any given phage may vary from the planktonic
to the biofilm state. Therefore, phage-containing treatments targeting biofilm infections
such as catheters and prosthetic joint material may not be merely based on host range
characteristics. Our results open avenues to new questions regarding phage-antibiotic treat-
ment efficiency in the eradication of topologically structured biofilm settings and the extent
of eradication efficacy relative to the single agents in biofilm populations.
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ntibiotic-resistant infections take a staggering toll in the United States and across the
world. Almost 2 million people in the United States develop hospital-acquired infec-
tions, which lead to 99,000 deaths annually, mainly associated with antibacterial-resistant
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pathogens (1-3). Bacteriophage (phage) therapy is utilizing bacterial viruses (the most
abundant microorganisms on earth) as antibacterial agents against external and internal
bacterial infections. Phage cocktails are frequently proposed for phage therapy (4). This
strategy involves the application of more than one phage type and offers potential bene-
fits such as a broader spectrum of activity and lower frequency of resistance (5, 6). One of
the potential limits of phage therapy, specifically monophage therapy, is the development
of resistance. Importantly, phage receptors, such as lipopolysaccharides, outer membrane
proteins, cell wall teichoic acids, etc.,, may also be components of virulence factors, which
may lead to trade-off costs against antibiotics leading to resensitization to antibiotics (7).

There are several reports describing the superior activity of phage-antibiotic combinations
against planktonic bacteria (8-13). We have previously reported on the synergistic effect
of phage Sb-1 in combination with antibiotics daptomycin (DAP), vancomycin (VAN), and
ceftaroline (CPT) both in biofilm and planktonic bacteria (8). We noticed that the synergistic
results achieved in planktonic bacteria were not necessarily translatable to the biofilm state.
Therefore, here, we have focused on synergistic phage-antibiotic combinations against the
biofilm state.

The purpose of this study was to (i) identify phage combinations with a broader host
range and potentially lower frequency of resistance than single phages, (ii) test these com-
binations against biofilms of methicillin-resistant Staphylococcus aureus (MRSA), and (iii) evalu-
ate the impact of phage-antibiotic combinations against biofilms of MRSA. The phages were
selected from our existing libraries of sequenced, obligately lytic double-stranded DNA
(dsDNA) S. aureus phages. The phage library included myophages belonging to two genera
within the Herelleviridae family and Twortvirinae subfamily, as well as podophages belonging
to a single genus within the Rountreeviridae family and Rakietenvirinae subfamily (per the
taxonomy reflected in ICTV Master Species List number 37). A shortlist of 5 phages was chosen
based on their collective host range and genetic diversity. None of the tested podophages
were included in this shortlist because they had a very narrow host range and resistance arises
very readily, presumably because of their specificity for B-glycosylated wall teichoic acid
(WTA) over other forms of WTA (7). These phages were tested for their ability to infect sponta-
neously occurring phage-resistant bacterial mutants, and a cocktail of three phages was ulti-
mately chosen based on a balance of these characteristics. The three selected phages were
individually tested for their ability to inhibit biofilm. These biofilm experiments used strain
pairs consisting of an MRSA or heteroresistant vancomycin-intermediate S. aureus (hVISA)
parent strain and a derivative that is genetically identical except for the mutations that make it
into a DNS-VISA strain. We then evaluated combinations of the phage cocktail with antibiotics
against biofilms of two strains that were least sensitive to phages alone.

RESULTS

Phage cocktail selection. Previous host range screening using 24 S. aureus phages
and >70 S. aureus strains narrowed down our phage selection to the 5 phages that, taken
together, yielded the broadest host range (plaquing on 71 of 72 strains) with the fewest
phages (Fig. 1). These five phages were individually tested against some of the daptomycin-
nonsusceptible vancomycin-intermediate (DNS-VISA) S. aureus or hVISA S. aureus strains
being considered for subsequent phage-antibiotic synergy testing. Two main questions
were explored using both plate and broth-based assessments, (i) which phages had activity
against the MRSA and DNS-VISA strain pairs to be used for subsequent phage-antibiotic
synergy testing, and (ii) if bacterial resistance to any of the phages could be countered by
other phages.

In plate-based sensitivity tests (Table 1), phages K, Sb-1, Intesti13, and Stab21 plaqued
equally well on the three tested strain pairs, whereas Romulus only formed plaques on
one of the three strain pairs. Phage activity differed slightly when we investigated the ability
of these phages to suppress planktonic bacterial growth in broth over 48 h. As indicated in
the column headings of Fig. 2, phages were initially present in the broth at either 1/10th or
1/100th of the concentration of bacteria. In some cases, both concentrations of phage were
able to suppress bacterial growth; in other cases, the lower concentration of phage was less
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FIG 1 Host ranges of 5 phages on 72 S. aureus strains, as determined by dilution spotting on HIB agar. All phages were standardized to 1 x 10% PFU/mL
on their respective growth hosts. LZD-R, linezolid-resistant; TZD-R, tedizolid-resistant. Green cells indicate obvious productive infection (i.e, plaquing) by the main
population of the tested phage. Blue-gray cells indicate very faint plaques that might not be discernible in full-plate titration. Only green and blue-gray cells were
considered positive for phage infection. Pink cells indicate that the phage suspension had an effect on the bacteria at high concentration(s), but no plaques were
observed as the phage was diluted, suggesting lysis without other phenomena. Red cells indicate no effect of phage at all.

effective (e.g., Romulus versus D712, or K, Sb-1, and Intesti13 versus 8015). The most notable
differences between plaque and broth assays involved phage Stab21. For example, phages
K, Sb-1, Intesti13, and Stab21 appeared to have equivalent activity in plaque assays (Table 1),
but Stab21 was clearly less able to suppress bacterial growth in broth (Fig. 2). However,
within this small sample of strains, there was no association between phage sensitivity in
planktonic cells and the evolution from MRSA to DNS-VISA genotypes.

Cross-resistance testing was conducted to understand which phage combinations
might help prevent phage-resistant bacteria from arising. In order to isolate bacteriophage-
insensitive mutants (BIMs) that spontaneously arise in the absence of phages, fresh cultures
of the DNS-VISA strains were grown in heart infusion broth (HIB) and then exposed to an

TABLE 1 Phage sensitivity of MSSA control and MRSA strains, as assessed by plaque formation®

Phage titer on each strain [log,,(1 + PFU/mL)]

Lineage of strain pair Strain ID Phenotype K Sh-1 Intesti13 Stab21 Romulus
ST30 (control) ATCC 19685 MSSA 7.89 7.82 7.97 7.52 5.80
USA100 ST5 D712 DNS-VISA 7.83 7.73 8.00 7.26 0.00

D592 hVISA 7.83 7.63 7.91 7.56 0.00
USA100 ST5 8015 DNS-VISA 7.73 7.76 7.86 7.50 0.00

8014 MRSA 7.74 7.72 7.77 7.37 0.00
USA300 ST8 306 DNS-VISA 7.72 7.44 7.54 7.49 7.75

305 MRSA 7.91 7.83 7.80 7.62 7.89
USA100 ST5 684 DNS 7.76 8.02 7.86 7.45 7.74

675 MRSA 7.88 8.13 7.91 7.50 7.29

aValues are the mean of three to five replicates. All standard deviations were =<0.50. The titer of each phage was standardized to 1 x 10® PFU/mL on its propagation host;
therefore, values close to 8.0 indicate that the indicate the phage plaques on the listed S. aureus strain as well as its propagation host. Bold cells indicate obvious
productive infection (i.e., plaquing) by the main population of the tested phage. Light gray shading indicates that the phage suspension had an effect on the bacteria at high
concentration(s), but no plaques were observed as the phage was diluted, suggesting lysis from without other phenomena. Dark gray shading indicates no effect of phage at all.
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FIG 2 Phage activity on MSSA control (ATCC 19685) and DNS strains, as assessed by bacterial population
suppression in broth. Each plot is a 48-h growth curve of ODy,, versus time. PFU/CFU ratios are initial values at the
time of plate inoculation.

excess of each phage in an agar overlay. Colonies that appeared after 48 h of incubation
at 37°C were counted as apparent BIMs, and a selection of these were subcultured for
follow-up phage sensitivity testing. The frequency of BIMs (Table 2) was generally con-
sistent with the plate-based host range data (Table 1), with discrete, countable BIMs
being isolated from all phage-host pairings that yielded plaques in previous testing and
confluent bacterial growth being observed when Romulus was mixed with the strains on
which it did not plaque. The frequency of resistance experiment was only conducted
once, to estimate the order of magnitude at which spontaneous resistance to these
phages occurs in vitro. The values in Table 2 are comparable to previously reported fre-
quencies for related phages (14). Some of the BIMs isolated in these experiments were
sensitive to the original phage when rechallenged using the spot titer assay, suggesting
that their growth on the BIM plate may have been the result of a transient tolerance phe-
notype (e.g., from gene expression changes, such as in reference 15) or simple evasion of
phage by chance. BIMs that proved truly resistant to the original phage when rechal-
lenged had various patterns of cross-resistance to the other 4 phages in our test set (see
Tables S1 through S3 in the supplemental material). In general, cross-resistance to Romulus
and any of the other phages was rare; cross-resistance among K, Sb-1, and Intesti13 was
more common but did not always occur. BIM challenge experiments were also conducted
in broth, and the cross-resistance results were generally consistent with plaque assay results
(data not shown).

To choose the final phage cocktail for this study, the following parameters were
considered: (i) phages having broad but different host ranges (Fig. 1), (ii) evidence that
spontaneous resistance to one phage does not always cause cross-resistance to the other
phage(s) (Tables S1 through S3), and (i) minimal genome similarity at least between 2 out
of the 3 phages selected for this cocktail (Fig. S1). In this context, several observations

TABLE 2 Frequency of BIMs appearing after 48 h exposure to each phage®

Frequency of BIMs appearing after 48-h exposure to:

Strain or phage K Sb-1 Intesti13 Stab21 Romulus
ATCC 19685 22x10°8 <2x10°% 22 x10°8 3.8x10°° 1.7 x107°
D712 1.5 x 1077 12 x 1077 ND 6.3 x107° NA

8015 83x10°8 1.3x1077 42x10°8 2.1 %1077 NA

306 42 x 108 23 x 1077 52 x 1077 46 x 1077 <2x10°8

9In most pairings, a 10-fold excess of phages (or more) was used. Romulus plates were used a 2- to 5-fold excess.
If no BIMs were observed, the frequency is shown as being less than the limit of detection for that strain based
on the total number of cells that were plated. NA, the strain was not sensitive to the phage; ND, not determined.
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FIG 3 Minimum phage concentration required to prevent detectable bacterial regrowth from bead
biofilms. All experiments are done in duplicate. The plus sign indicates that even the highest tested
concentration of phage (107 PFU/well) failed to prevent bacterial regrowth.

emerged: (i) phage K has been reported to have poor activity against some bacterial strains
at 37°C (16-18), although it had reasonable activity in these experiments; (i) Sb-1 and Intesti13
had similar behavior in the BIMs tests but have different host ranges; (i) Romulus had a more
limited host range than the other phages; however, it was often able to kill bacteria that had
become resistant to other phages; and (iv) Stab21 did not add much to cocktail host range
or to BIM killing if Romulus and one of Sb-1 or Intesti13 were present. A 3-phage cocktail of
Intesti13, Sb-1, and Romulus was therefore selected for our phage-antibiotic experiments.
This cocktail was able to completely suppress bacterial growth by all strain pairs in Table 1.
It was also able to prevent the planktonic growth of at least one BIM that could not be sup-
pressed by any single phage (Fig. S3). We did not explicitly consider phage receptors in our
choice of cocktail components because, unlike with most bacterial species, all known lytic
S. aureus phages use WTA as their cell surface receptor, with the myophages typically being
much less sensitive to biochemical modifications of WTA than the podophages (7, 19). We
have therefore relied on the empirical data from BIM cross-resistance experiments to indi-
cate which phages have complementary mechanisms of evading bacterial defenses.

Antibiofilm activity of individual antibiotics and phages. The strain pairs used
during phage cocktail selection were chosen because they exhibited biofilm formation
of =25% of our in-house reference strain in a crystal violet assay (Fig. S2). Fig. 3 shows
the antibiofilm effects of single phages. To test this property, we grew 24-h bead bio-
films, transferred the beads into fresh medium in 96-well plates, and exposed them to
individual phages from our chosen cocktail in concentrations ranging from 10 PFU/
well to 107 PFU/well for 24 h. Wells that did not become turbid after 24 h of incubation
were deemed a treatment success because bacterial growth was substantially inhib-
ited. An inherent limitation of this experimental approach is that it did not quantify
biofilm CFU and therefore does not support claims of biofilm eradication. It remains
possible that bacteria survived or grew while remaining below the limit of detection
offered by turbidity measurements. However, our prior experience has suggested that
well turbidity is a reasonable proxy for more quantitative outcomes, making this a use-
ful screening method for studies such as this one, in which testing multiple multiplic-
ities of infection (MOIs), phages, and strains required more than 200 test combinations,
all of which were run in duplicate.

Some of the strains (such as D592 and 675) demonstrated high sensitivity to single-phage
treatments, and complete eradication of bacterial biofilms was observed with single phages at
low concentrations. Within isogenic strain pairs, the DNS-VISA mutant was substantially less
phage sensitive in one case (D712 versus D592), slightly less phage sensitive in one case
(684 versus 675), and moderately more phage-sensitive in one case (8015 versus 8014).
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FIG 4 Minimum phage concentration required to prevent detectable bacterial regrowth from bead
biofilms. All experiments were done in duplicate. The plus sign indicates that even the highest tested
concentration of phage (107 PFU/well) was unable to prevent bacterial regrowth. VAN, vancomycin;
DAP, daptomycin; CPT, ceftaroline; RIF, rifampin. The combination of three phages, Intesti13, Sb-1, and
Romulus, showed the same minimal phage concentration values. VAN4 and DAP4 refer to concentrations
equal to half the MBIC. VAN8 and DAP8 refer to concentrations equal to minimum biofilm inhibitory
concentration (MBIC) values, CPT2 refers to concentrations equal to MBIC, and | refers to Intesti13, which
was present in all displayed treatment groups.

Minimal sensitivity to individual phages was our inclusion criteria for further investigating
cotreatment with antibiotics and the phage cocktail. Therefore, additional investigation
focused on D712 (DNS-VISA) and 8014 (MRSA), and minimum biofilm inhibitory concentra-
tions (MBIC) of daptomycin, vancomycin, and ceftaroline were measured for these two strains
(Table S4).

Antibiofilm activity of phage-antibiotic combinations. Antibiotics were added to
phage treatments, using phage and antibiotic concentrations below or equal to those
previously found to prevent bacterial regrowth. Results are shown in Fig. 4. Data are shown
for Intesti13 alone and in combination with various antibiotics. Identical results were obtained
with the 3-phage cocktail. Results combining antibiotics with Romulus or Sb-1 were generally
poorer and are not shown. Regarding the DNS-VISA S. aureus D712, both Intesti13 and the
3-phage cocktail were effective at concentrations as low as 10 PFU/well adjunctive to anti-
biotics. While single-phage treatment was only effective at 107 PFU/well of Intesti13, the
combination of vancomycin with ceftaroline or rifampin and either Intesti13 or the cocktail
was effective at phage concentrations as low as 103 PFU/well, implying phage-antibiotic
synergy. Similarly, biofilms of the MRSA strain 8014 demonstrated no sensitivity to any of
the single phages at concentrations as high as 107 PFU/well but showed clearance of bio-
films at concentrations as low as 103 PFU/well with adjunctive phage-antibiotic treatments.
Most combinations of Intesti13 (or phage cocktail) with antibiotics were more effective
than the phage alone, except for phage with ceftaroline against D712 and phage with van-
comycin against 8014.

DISCUSSION

Phage-antibiotic combinations are a potential alternative against biofilm-forming
pathogens. Existing in a compact biofilm structure can potentially increase the overall target
size for phage-mediated predation, while phage-antibiotic combinations can potentially
reduce resistance (16, 20, 21). Biofilms are potentially capable of using phenotypically
phage-resistant cells to surround and protect sensitive cells (22). In addition, previous
studies have shown that biofilm matrix-degrading enzymes, such as various hydrolytic
enzymes, are encoded on phage genomes and can improve phage diffusion inside the
matrix barrier (6, 9, 23). Our primary hypothesis was that the addition of antibiotics to the
phages and phage cocktails would introduce an independent secondary killing mechanism
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to eradicate surviving phage-tolerant and -resistant populations. Previous microscopy data
have shown that subinhibitory concentrations of Sb-1 can degrade the extracellular polysac-
charide component of ATCC 43300, possibly due to the presence of degrading tail enzymes
(24). Similarly, Romulus was able to degrade biofilms of PS47 by 34.4% at the end of 24 h at
concentrations equal to 10° PFU/mL (25), although the exact mechanisms associated with
this degradation are unknown.

At the outset of this study, our fundamental question was whether certain combinations
of phages and antibiotics could improve biofilm clearance, given the prevalence of biofilms
in difficult-to-treat pathological states such as prosthetic bone and joint infections (26). Our
intention to use a phage cocktail in these experiments was based on frequent reports pro-
posing cocktails for broadening activity and reducing resistance in phage therapy. We there-
fore set out to identify a cocktail that showed evidence of these properties. This was done
through a series of plaque assays, planktonic growth assays, and cross-resistance tests with
spontaneously phage-resistant mutants. Assessing these experiments, the following themes
emerged.

Phage sensitivity in the planktonic state is not necessarily translatable to phage
sensitivity in the biofilm state. Plaque assay results did not always match phage activity
in broth, but the results were often similar. In contrast, much bigger differences were
observed when we transitioned from plaque assay and planktonic time-kill experiments to
experiments in the biofilm state. For instance, DNS-VISA isolate D712 was highly susceptible
to Intesti13 in plaque and planktonic assays but nearly unaffected in biofilm assays unless
combined with daptomycin and ceftaroline. A similar pattern was observed for MRSA strain
8014. Phage Intesti13 was not effective against this strain in the biofilm state at concentra-
tions as high as 107. Differing phage sensitivities of planktonic and biofilm bacteria have
been reported many times (21, 27), and our data affirm the importance of incorporating
this consideration into the design and testing of antibacterial regimens.

Phage concentration makes a difference both in single treatments and in combina-
tion with antibiotics. Although phages are sometimes discussed as being self-dosing
entities (28), the input concentration of phage in 24-h time-kill wells made a difference.
For instance, phage Intesti13 did not clear the bacterial biofilms at starting concentration
of 106, while it caused clearance at 107. This concentration-based killing pattern was also
observed in combinations with antibiotics or the two other phages. Dose dependency
was previously reported in rodents and chickens where minimum effective phage con-
centration was 107 to 10° PFU/animal (14, 29-31). Considering the fact that the biofilm
matrix can contain phage-inactivating enzymes (32), perhaps low phage concentrations
(<107 in this case) are being inactivated before infecting the bacteria and replicating
(32). Another challenge regarding the biofilm environment is that diffusion inside the
biofilm matrix and phage entrapment may not lead to successful infection (23, 33, 34).

Phage-antibiotic combinations can enhance efficacy. Phage-antibiotic combina-
tions led to eradication of biofilms at lower phage concentrations than by phage alone.
Antimicrobial synergy of phage-antibiotic combinations was previously reported for
various strains (9, 35). Comeau et al. used the term phage-antibiotic synergy, or PAS, for the
first time in 2007 (36, 37). They reported larger phage plaques and increased phage produc-
tion after exposure to sublethal amounts of antibiotics. Although we did not observe
increased phage production in the presence of antibiotics (8), we noticed enhanced sup-
pression of bacterial biofilms in phage-antibiotic regimens at lower phage concentrations.

Antibiotics in combination with single phages versus cocktails. Our results high-
light the details regarding the breakdown of single phages versus double- and triple-phage
cocktails. We selected a cocktail containing phages Intesti13, Romulus, and Sb-1 based on
our initial host range screening experiments and the frequency of resistance obtained from
our resistance tests. However, biofilm experiments with DNS-VISA strain D712 and MRSA
strain 8014 showed that the Intesti13 phage in combination with antibiotics (Fig. 4) was as
effective as the 3-phage cocktail in combination with antibiotics. The combination of any
two phages did not demonstrate enhancement in comparison to Intesti13 alone or the
three-phage cocktail (data not shown). For these two strains, the phage cocktail did not add
value beyond the activity of the best single phage. However, we expect that the cocktail
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would be important for achieving antibiofilm activity across a wider range of strains. In addi-
tion, our planktonic growth curves showed that some strains of S. aureus can be more sus-
ceptible to the cocktail than to any of its component phages, which might also sometimes
occur in biofilms. Finally, we hypothesize that phage resistance might arise less often with
the cocktail than with single phages. Of note, we did not observe resistance to Romulus in the
cocktail treatments, while resistance was very frequent with Romulus alone or Romulus-
antibiotic regimens (data not shown).

This study has several limitations. It was based on static experiments and plaque assays
without humanized dose testing or dynamic pharmacokinetic/pharmacodynamic models. It
is important to investigate phage-antibiotic efficacy in a dynamic setting mimicking release
rates similar to the human body (38). Also, biofilm age is reported as a key factor for phage
diffusion and efficacy (33). Here, we only worked with biofilms formed over the course of 18
to 24 h, and we did not investigate biofilms with various maturity profiles. Additionally, our
final biofilm experiments were performed only with two isolates. We did not investigate spe-
cific phage parameters such as burst size, attachment rate, and latent period in the presence
of antibiotics. While based on previous literature, sublethal amounts of antibiotics can
potentially enhance attachment rate and increase burst size (37). Our experiments only
incorporate the aggregate effects of these factors. As we collect data from more strains and
in more complex models, we hope to learn more about the importance of specific phage
traits when determining the effects of adjunctive phage-antibiotic regimens.

MATERIALS AND METHODS

Antimicrobial agents and media. Daptomycin was purchased from Merck & Co., Inc, (Whitehouse
Station, NJ), and ceftaroline powder was provided by AbbVie, Inc. (North Chicago, IL). Colony counts were
determined using tryptic soy agar (TSA). Mueller-Hinton broth Il (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 daptomycin,
an additional 25 mg/L of calcium was added to the broth due to the dependency of daptomycin on calcium
for antimicrobial 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 assays. Salt
magnesium buffer (SMB; Boston Bioproducts; catalog no. BM-342) was used for all the dilutions.

Bacterial strains. Seventy-two well-characterized S. aureus strains were used for initial phage host
range screening. An additional 8 clinical MRSA strains were selected for additional cocktail selection experi-
ments, biofilm formation quantification, and antibiofilm activity experiments. These consisted of three clinical
strain pairs, with each pair, including an MRSA or hVISA parent and a mutant, having the DNS-VISA pheno-
type. These strain pairs used are patient derived, meaning that the parent isolate was recovered from a patient
upon hospital admission and the mutant isolate was isolated after a period of antibiotic exposure; the mutants
were subsequently confirmed to be descendants of the parent. The characteristics of these strains are shown
in Fig. 1 and Table 1.

Bacteriophages, source, and amplification. All phages used in this study belong to the Herelleviridae
family and Twortvirinae subfamily, as defined in ICTV Master Species List no. 37. Phage K was obtained
from ATCC (39, 40) and grown on S. aureus strain ATCC 19685. Sb-1 (41) and Intesti13 are myophages belong-
ing to the Kayvirus genus that were isolated from bacteriophage solutions purchased from Eliava Institute
(Thilisi, Georgia); they were grown on S. aureus D712 and ATCC 19685, respectively. Stab21 was isolated in
Albania and also belongs to the Kayvirus genus (42); it was grown on Staphylococcus xylosus 6743. Romulus
was isolated in Belgium and belongs to the Silviavirus genus (43); it was grown on S. aureus PS47. The ge-
nome sequences and biological characteristics of phages K, Stab21, and Romulus are described in detail in
the cited references. All of these phages possess long, fixed terminal repeats in their packaged form and are
therefore unlikely to mediate transduction. Our isolates of phages Sb-1 and Intesti13 were 96.7% and 96.8%
identical to phage K, respectively (see Fig. S1 in the supplemental material). Our isolate of Sb-1 reflects the
sequence reported by Sergueev et al. (GenBank accession no. MN336262) (44) rather than the sequence
reported in 2010 (GenBank accession no. HQ163896), although our isolate contains more copies of the region
1 iteron repeat than the isolates described by Sergueev et al.

Phages were 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 100 uL of an overnight host S. aureus bacterial culture containing
approximately 10° CFU/mL and poured atop the underlay layer. The overlay was briefly allowed to set, and
following this, 750 uL of purified bacteriophage was spread over the top and incubated in a 37°C incubator
overnight. The overlay agar was scraped into 3 mL of phosphate-buffered saline (PBS) plus 10 mM magne-
sium sulfate and centrifuged at 1,000 rpm for 25 min at 4°C. The supernatant was filtered and stored covered
at 2 to 8°C for experimental use. All phage stocks have been sequenced to confirm their identities.

Antibiotic susceptibility testing. Minimum biofilm inhibitory concentration (MBIC) values were
determined in duplicate using the pin-lid method (formerly referred to as the Calgary biofilm device)
(45, 46). Briefly, biofilms were grown on plastic pins for 18 to 24 h followed by antibiotic susceptibility testing
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via the broth microdilution method (BMD) following Clinical and Laboratory Standards Institute (CLSI) guide-
lines (47). Combination MBIC values for DAP in the presence of CPT were determined by supplementing the
broth with concentrations of CPT at 0.5% or 1x MBIC. Table S4 shows the MIC and MBIC values for the two iso-
lates used in final time-kill experiments.

Phage activity assays. Phage activity was tested using the (i) plate-based method (efficiency of plating),
and (i) broth-based method. The plate-based method was performed as reported previously (11, 14, 38).
Briefly, 100 uL of a 16- to 18-h HIB culture was transferred to a 14-mL snap-cap tube, 6 mL of molten HIB
(melted and then held at 50°C) was added to the tube, and then the tube contents were poured evenly over a
100- by 100-mm square Hearth infusion broth agar (HIBA) plate. Tenfold serial dilutions of each phage were
spotted onto the overlays. Plaques were counted after 20 to 24 h of incubation at 37°C.

The broth-based method compared 48-h bacterial growth curves in the presence or absence of
phage using a BioTek LogPhase 600 plate reader with incubation at 37°C and orbital shaking at 500 rpm
except during optical density at 600 nm (ODy,,) readings, which were collected every 20 min. Growth
curves were constructed using 96-well, U-bottom, non-tissue-culture-treated plates containing ~10°
CFU/well at time zero. Wells with phage initially contained ~10° PFU or 10* PFU per well. HIB was used
instead of phage in bacteria-only control wells. An automated blank adjustment was applied to all ODy,
readings using the Gen5 software.

BIM generation. This experiment used ATCC 19685 and three DNS-VISA strains. In order to isolate
bacteriophage-insensitive mutants (BIMs) that spontaneously arise in the absence of phages, a single
colony of each strain was picked into 10 mL of HIB broth and incubated at 37°C on a shaker at 200 rpm. When
the cultures reached an ODy,, of approximately 0.8, 100 L of the bacterial culture was mixed with 100 L of
concentrated phage and left to sit for 10 min at room temperature. Then, 3 mL molten HIBA was added to
each sample, and the mixture was poured over a round HIBA plate. Plates were incubated for 48 h at 37°C.
The number of colonies on each plate was recorded. Up to 8 BIMs per plate were picked and subcultured onto
HIBA in order to separate the bacteria from residual phages on the overlay plate. BIMs that could be recovered
in this way were retested for phage sensitivity using the spot dilution method.

Biofilm formation assay. Biofilm formation quantification was carried out in clear flat-bottom 96-
well plates as reported previously (48). Briefly, in order to produce biofilms, stationary-phase cultures
were inoculated to the fresh culture medium (1:100 ratio). All samples were assayed in triplicate to
ensure reproducibility. We transferred 200 uL of this culture into a 96-well microtiter plate. Blank wells
with fresh broth (not inoculated) were included as control. The 96-well plate was incubated in a shaker
incubator for 16 to 18 h. After incubation and biofilm formation, planktonic bacteria were discarded,
and the adherent bacteria (biofilms) were stained with 125 uL of 0.1% crystal violet solution. The plate
was inverted to the waste tray to remove liquid and then washed with water. The best washing results
were achieved by submerging the plate in the water so the biofilm structure remained intact. To allow
evaporation of excess water, the 96-well plate was left to dry for 6 h. One hundred fifty microliters of
30% acetic acid was added to each well to solubilize the biofilm and mixed by pipetting in and out. The
optical density of all samples was measured at 550 nm.

Antibiofilm activity experiments. Antibiofilm activity was tested using daptomycin, vancomycin,
and ceftaroline at 0.5x MBIC or 1x MBIC values to simulate conditions under which antibiotic treatment
of these strains would fail. Rifampin was used at peak concentration since the MBICs to rifampin were higher
than peak (free maximum concentration of drug in serum [fC_, ] = 0.002) for all strains. The concentration of
phage in time-kill plates ranged between 10 and 107 PFU/well. The experiment was performed in duplicate in
24-well tissue culture-treated plates with 2 mL of broth and 4 sterile polystyrene beads (3 mm; Fisher
Scientific) 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 aspi-
rated and replaced with MHB. Antibiotic and phage were then added. Plates were incubated for 18 to 24 h of
growth at 37°C, and, depending on the turbidity of the plate (based on initial screening, we used an optical
density of 0.4 as our cutoff value after normalization with media control wells), the corresponding treatment
was characterized as successful inhibition of biofilms versus no effect.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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