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ABSTRACT Enterococcus faecium is a significant multidrug-resistant pathogen.
Bacteriophage cocktails are being proposed to complement antibiotic therapy. After a
screen of 8 E. faecium strains against 4 phages, 2 phages (113 and 9184) with the broadest
host ranges were chosen for further experiments. Transmission electron microscopy, whole-
genome sequencing, comparative genome analyses, and time-kill analyses were performed.
Daptomycin (DAP) plus the phage cocktail (113 [myophage] and 9184 [siphopage]) showed
bactericidal activity in most regimens, while DAP addition prevented phage 9184 resistance
against daptomycin-nonsusceptible E. faecium.
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The World Health Organization has warned of a “postantibiotic era,” in which 10 million
persons could die annually from antimicrobial-resistant infections (1, 2). During the past

5 decades, enterococci have surfaced as significant health care-associated pathogens.
Among the enterococcal species that are most clinically relevant in the United States,
Enterococcus faecium has the highest prevalence of resistance to first-line antibiotics, is more
difficult to treat, and has been classified as one of the “ESKAPE” pathogens due to its intrin-
sic and/or acquired resistance to antimicrobials and its ability to “escape” the action of anti-
biotics (3, 4). Obligately lytic bacteriophages (phages), which are viruses that specifically tar-
get, infect, and kill bacterial cells, have been proposed as an alternative to or in combination
with antibiotics as a rescue approach in cases of recalcitrant infections caused by multidrug-
resistant (MDR) organisms (5). Phage-antibiotic combinations have shown promise in vitro
against MDR pathogens. However, limited evaluations have been conducted against drug-
resistant E. faecium (6). Therefore, further preclinical assessments of phage-antibiotic combi-
nations against drug-resistant E. faecium could help assess the potential of this strategy and
identify biological factors that might drive optimal phage and antibiotic combinations.

Both monophage therapy (single phage) and “phage cocktails” (multiple phages) have
been proposed, with cocktails potentially offering a broader spectrum of activity that might
better enable empirical treatment. Both approaches may have the ability to reduce the

Copyright © 2022 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Michael J. Rybak,
m.rybak@wayne.edu.

*Present address: Taylor Morrisette,
Department of Clinical Pharmacy and
Outcomes Sciences, Medical University of
South Carolina College of Pharmacy,
Charleston, South Carolina, USA.

Received 16 August 2021
Returned for modification 10 September
2021
Accepted 21 October 2021

Accepted manuscript posted online
1 November 2021
Published

January 2022 Volume 66 Issue 1 e01623-21 Antimicrobial Agents and Chemotherapy aac.asm.org 1

EXPERIMENTAL THERAPEUTICS

18 January 2022

https://orcid.org/0000-0002-1094-043X
https://orcid.org/0000-0003-4030-9822
https://orcid.org/0000-0003-2220-0081
https://doi.org/10.1128/ASMCopyrightv2
https://aac.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/aac.01623-21&domain=pdf&date_stamp=2021-11-1


emergence of resistant mutants, by either combining phages with complementary infection
capabilities or sequentially using phages that force evolutionary trade-offs in which the
emergence of phage resistance leads to reduced pathogen fitness or reacquired antibiotic
susceptibility (7–10). Our group has previously demonstrated in vitro synergistic effects and
alterations of resistance development of monophage in combination with several antibiotics
against E. faecium strains harboring liaFSR (encoding a three-component regulatory system
involved in the cellular membrane stress response) mutations with various susceptibilities to
antibiotics and phage (11). However, given the potential advantages of phage cocktails, the
objective of this study was to evaluate and compare the abilities of daptomycin (DAP) in
addition to monophage and phage cocktails to improve bacterial eradication and prevent
resistance development in DAP-nonsusceptible (DNS) E. faecium.

Enterococcus faecium phage 113 (ATCC 19950-B1) and propagating organism E. faecium
(ATCC 19950) were purchased commercially from the American Type Culture Collection
(ATCC) (Manassas, VA). The recently characterized and previously sequenced E. faecium
phages 9181, 9183, and 9184, isolated from a wastewater treatment facility located near
Denver, CO, and the propagating organisms E. faecium Com12 (for phage 9181) (isolated
from feces of a healthy human volunteer) and 1,141,733 (for phages 9183 and 9184)
(clinical isolate) were provided by the Duerkop laboratory (10, 12). DAP was purchased
commercially from Sigma Chemical Company (St. Louis, MO). Mueller-Hinton broth II
(MHB) (Difco, Detroit, MI) with 50 mg/L calcium and 12.5 mg/L magnesium was used for
susceptibility testing and time-kill analyses (TKAs). All MIC determinations were performed
according to Clinical and Laboratory Standards Institute (CLSI) guidelines (13). The suscepti-
bility of the above-mentioned four phages against eight randomly selected E. faecium strains
was evaluated as previously described (14, 15). Following phage quantification, high, me-
dium, and low phage susceptibilities were defined as phage counts of .107, between 103

and 107, and ,103 PFU/mL, respectively. Phage nonsusceptibility was defined as no visual
detection of individual plaques and/or no bacterial lawn clearance (11). The two phages
with the broadest host ranges (phages 113 and 9184) were chosen for further experiments.
Overall, phages 113 and 9184 exhibited cumulative susceptibility against 56.2% of the eval-
uated strains. Furthermore, a complementary host range was observed as these two phages
demonstrated susceptibility against 87.5% of evaluated isolates, promoting further evalua-
tion of their use as a cocktail.

The transmission electron microscopy (TEM) methodology can be found in Text S1A in
the supplemental material. TEM on phage 113 demonstrated an icosahedral head and a
contractile tail consistent with a myophage morphotype (Fig. 1A), while phage 9184 has an
icosahedral head and a noncontractile tail consistent with a siphophage morphotype (previ-
ously reported [10, 16]). Whole-genome sequence analysis was performed as previously
described (10, 17). DNA sequence analysis demonstrated that phage 113 is 155,715 bp long
and is predicted to harbor 192 open reading frames (ORFs). The genome was defined as par-
tial on the basis of partial ORFs on the 59 and 39 termini of the genome. The genome is
modular in organization except for host cell lysis genes (Fig. 1A). Functional classifications,
consisting of intron-associated genes, replication, transcriptional regulation, structural mor-
phogenesis, host cell lysis, phosphate metabolism, and endonuclease or exonuclease, could
be predicted for approximately 45% of the phage 113 ORFs. The genome is predicted to
encode 21 tRNAs or transfer-messenger RNAs (tmRNAs). Initial genome analysis using the
functional annotation workflow, v2021.01, on Phage Galaxy did not detect genes annotated
as encoding toxins, antibiotic resistance determinants, or integrases (17). It is generally
agreed that phages should lack such genes if they might be considered for therapeutic use
(18). DNA sequence analysis of phage 9184 has been previously reported (10).

The methodology for the comparative genome analysis can be found in Text S1B.
Proteome analysis of the E. faecium phage 113 genome using ViPTree revealed clustering with
other enterococcal myophages (Fig. 1B). Whole-genome alignments revealed approximately
40 to 80% nucleotide identity between phage 113 and other enterococcal myophages
(Fig. 1C). These results suggest that phage 113 is a myophage that belongs to enterococcal
phage orthocluster II, the only enterococcal phage orthocluster containing myophages (19).
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FIG 1 (A) Whole-genome sequencing reveals a modular organization of phage 113 intermixed with group I introns (bright green). Open reading frames for
each phage were determined by the Texas A&M Center for Phage Therapy structural analysis workflow, version 2021.02 (17). Colored open reading frames

(Continued on next page)
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Genomic alignment of phage 113 with phage EFDG1, the nearest neighbor from the proteo-
mic tree (Fig. 1B), demonstrates high protein homology and a similar arrangement of genes
(Fig. 1D) (20). Despite this altered genome arrangement, the gene order remains consistent
between phages 113 and EFDG1. Accession numbers can be found in Text S1C.

Time-kill analyses were performed as previously described, with duplicate samples
obtained at each time point and DAP tested at subinhibitory concentrations (11).
Subinhibitory DAP concentrations (0.25� MIC) were used to be able to measure
potential synergistic effects with phages. Given that phage-induced bacterial killing
is strain specific, phage cocktail dose optimization was performed to evaluate the
theoretical multiplicity of infection (tMOI) that produced optimal observations of
synergistic effects (21). Any phage-containing samples were centrifuged at a relative
centrifugal force (RCF) of 15,322 for 2 min, with the supernatant removed and replaced
with normal saline to reduce the concentration of unadsorbed phages that might alter
CFU counts during plating. Synergy was defined as $2-log10(CFU/mL) killing compared to
the most effective agent (or double-combination regimen) alone at 24 h. Bactericidal activ-
ity was defined as a $3-log10(CFU/mL) reduction from the baseline. The emergence of
DAP and phage resistance (against both phages) was evaluated as previously described by
using the 24-h TKA liquid sample (9, 11, 14, 15). Phage counts were assessed as previously
described (to determine if the presence or absence of antibiotics had an impact on phage
growth) (11, 14, 15).

R497 is a DNS isolate harboring mutations in liaFSR (DAP MIC of 16 mg/L) that
exhibited high susceptibility to both phage 113 and phage 9184 (22). DAP alone or the
single phages did not lead to meaningful bacterial eradication. The phage cocktail
caused an ;2-log10(CFU/mL) reduction at a tMOI of 1.0. However, ;3.0- to 3.5-log10(CFU/
mL) reductions (deemed bactericidal) were noted in nearly all combination regimens with
DAP plus phage cocktails, while synergistic effects were observed with the phage
cocktail and DAP combination at a tMOI of 0.1 (Fig. 2). Resistance to both phages
was observed in isolates collected and rescreened after TKA for all monophage and
phage cocktail regimens without DAP. In contrast, phage 9184 resistance was not
observed after the addition of DAP (DAP plus phage 9184 and DAP plus phage cock-
tails). No meaningful differences were observed in phage counts among treatment
regimens following the end of TKA.

Although DAP combinations with beta-lactams have shown promise in the clinical
realm for E. faecium infections, some strains of E. faecium are nonresponsive, and other
patient-specific factors (e.g., true allergies) may preclude their use (23–25). We have
shown that a phage cocktail in combination with DAP improved the bacterial eradica-
tion of a DNS E. faecium strain and that DAP was able to prevent the emergence of
phage resistance against one phage. While these data are currently limited to a single
strain of E. faecium, this strain is a prototypical isolate with well-characterized genetic altera-
tions (liaFSR mutations) that are often observed in other difficult-to-treat E. faecium clinical
strains (26). Furthermore, phage 113 shared genetic similarities with phage EFDG1, which
has been shown to have the ability to clear biofilms off abiotic surfaces (20). Further research
should evaluate the mechanisms underlying these effects and examine phages against bio-
film-producing E. faecium.

Data availability. The Illumina DNA sequencing reads have been deposited in the
National Center for Biotechnology Information under accession number SAMN19047785
(phage 113) and the European Nucleotide Archive under accession number PRJEB39873
(phage 9184). The assembled bacteriophage genomes were submitted to GenBank and

FIG 1 Legend (Continued)
correspond to functional predictions. The bottom right portion demonstrates the myophage morphotype of phage 113 by TEM. (B) Comparative genome
analysis demonstrates that Enterococcus phage 113 clusters with Enterococcus phages of the orthocluster II myophages and most closely resembles phage
EFDG1 (19, 20). A proteomic tree was constructed by submitting the Enterococcus phage 113 nucleotide sequence to ViPTree (27). (C) Heat map
demonstrating phage 113 nucleotide identity compared to other Enterococcus myophages. The nucleotide identity matrix was determined with
progressiveMauve using the Texas A&M Center for Phage Therapy Phage Comparative Genomics workflow, version 2021.01 (17, 28). (D) Enterococcus
phages 113 and EFDG1 have high protein sequence homology and similar genome organizations. Colored lines connecting genomes indicate percent
protein identity along the length of each genome. The protein-coding sequence alignment was performed using ViPTree (27). nt, nucleotides.
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were assigned the following accession numbers: MZ147816 (phage 113), MT939240 (phage
9181), MT939241 (phage 9183), and MT939242 (phage 9184).

SUPPLEMENTAL MATERIAL

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