ENVIRONMENTAL MICROBIOLOGY

A weean  Applied and Environmental

SOCIETY FOR ' . ®
microsiotoay |[V] ICI’ObIO'Ogy o.)
Check for
updates

Two Novel Bacteriophages Improve Survival in Galleria
mellonella Infection and Mouse Acute Pneumonia Models
Infected with Extensively Drug-Resistant Pseudomonas
aeruginosa
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ABSTRACT Extensively drug-resistant Pseudomonas aeruginosa (XDR-PA) is a life-
threatening pathogen that causes serious global problems. Here, we investigated
two novel P. aeruginosa bacteriophages (phages), B¢-R656 and B$-R1836, in vitro, in
silico, and in vivo to evaluate the potential of phage therapy to control XDR-PA clini-
cal strains. B¢-R656 and B¢-R1836 belong to the Siphoviridae family and exhibited
broad host ranges which could lyse 18 (64%) and 14 (50%) of the 28 XDR-PA strains.
In addition, the two phages showed strong bacteriolytic activity against XDR-PA host
strains from pneumonia patients. The whole genomes of B¢$-R656 and B¢-R1836
have linear double-stranded DNA of 60,919 and 37,714 bp, respectively. The com-
plete sequence of B$-R656 had very low similarity to the previously discovered P.
aeruginosa phages in GenBank, but phage B¢-R1836 exhibited 98% and 91% nucleo-
tide similarity to Pseudomonas phages YMC12/01/R24 and PA1/KOR/2010, respec-
tively. In the two in vivo infection models, treatment with B$-R656 and B$-R1836
enhanced the survival of Galleria mellonella larvae (50% and 60%, respectively) at
72 h postinfection and pneumonia-model mice (66% and 83%, respectively) at 12
days postinfection compared with untreated controls. Treatment with Bd-R656 or
B¢-R1836 also significantly decreased the bacterial load in the lungs of the mouse
pneumonia model (>6 log,, CFU and >4 log,, CFU, respectively) on day 5.

IMPORTANCE In this study, two novel P. aeruginosa phages, B¢-R656 and B¢-R1836,
were evaluated in vitro, in silico, and in vivo for therapeutic efficacy and safety as an
alternative antibacterial agent to control XDR-PA strains collected from pneumonia
patients. Both phages exhibited potent bacteriolytic activity and greatly improved
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contributed to high morbidity and mortality in these patients (3, 4). XDR was defined
as nonsusceptibility to at least one agent in all but two or fewer antimicrobial
categories (i.e., strains remain susceptible to only one or two categories) (5).

These organisms are notoriously difficult to treat and have led to treatment failures
because of their intrinsic (e.g., efflux pumps, B-lactamases, and carbapenemases) and
acquired (e.g., horizontal transfer and mutational resistance) resistance mechanisms to
a wide variety of antibiotics (6, 7). Therefore, novel therapeutic approaches for treating
multidrug-resistant pathogen infections, including P. aeruginosa, are urgently needed.
With the rapid emergence of antibiotic-resistant strains of pathogenic bacteria world-
wide, the use of bacteriophages (phages), which are viruses that infect bacteria, has
been renewed as an alternative therapeutic option.

The application of phages as therapeutic agents to control pathogens is not a new
concept. Since the discovery of phages by Frederick Twort in 1915 and Félix d'Herelle
in 1917, phage therapy was actively performed in the former Soviet Union and in
Eastern Europe for decades, and it is still used today as a promising alternative to treat
several infections, especially in Georgia (8-10). Phages have several advantages over
conventional antibiotics, such as their easy isolation, cost-effectiveness, and absolute
host specificity, as well as the fact that they are obligate bacterial viruses that self-
multiply, do not damage the normal microbiota, and have no known adverse side
effects (11-14).

Various animal studies have been conducted to evaluate the safety and efficacy of
phage therapy for serious clinical pathogens, including Acinetobacter baumannii (15),
Pseudomonas aeruginosa (16, 17), Staphylococcus aureus (18), Enterococcus faecium (19),
Escherichia coli (20), and Klebsiella pneumoniae (21). In 2006, phage cocktails targeting
Listeria monocytogenes were first approved by the U.S. Food and Drug Administration
as antibacterial food additives to be used on ready-to-eat meat and poultry products
(22). Recently, the Phagoburn project (http://www.phagoburn.eu/) of clinical trials
conducted by various European countries and pharmaceutical companies aimed to
develop phage cocktails to treat infectious diseases caused by E. coli and P. aeruginosa
in burn patients. The evolution of phage-resistant bacteria is one of the major hurdles
associated with phage therapies (23). Accordingly, therapeutic use of phage cocktails
has been recently proposed to solve the limitation in phage host ranges and reduce the
development of phage-resistant mutants (23). However, isolation and identification of
novel, well-characterized single phages with a broader antibacterial spectrum and
strong lytic activity are vitally important for generation of phage cocktails (24).

In recent studies, the therapeutic potential of P. aeruginosa phages against
multidrug-resistant P. aeruginosa was investigated in applications using phages in
either single or cocktail treatments (14, 25, 26), synergy of phage therapy with antibi-
otics (27), and disruption of pseudomonal biofilms by phages in both in vitro and in vivo
models (28). Especially, in previous studies for human trials of P. aeruginosa phages as
therapeutic agents, Wright et al. applied phage therapy to treat P. aeruginosa-
associated chronic otitis (29) and Chan et al. reported therapeutic application of phage
on an aortic Dacron graft with chronic infection caused by P. aeruginosa (30).

To date, the complete genomes of approximately 76 Siphoviridae phages infecting
P. aeruginosa are available in the National Center for Biotechnology Information
database (https://www.ncbi.nlm.nih.gov/genome/; 1 October 2018). Several studies
concerning the therapeutic potential of phages against P. aeruginosa have been
reported, including some studies using phage therapy for pulmonary infections caused
by multidrug-resistant (MDR) P. aeruginosa in animal models (26, 31, 32). However,
there have been few studies on the activity of P. aeruginosa phages on XDR-PA isolates
from patients with pneumonia. In this work, we isolated and characterized two novel
P. aeruginosa phages, Bd-R656 and B$-R1836, and evaluated their therapeutic potential
to control XDR-PA in patients with pneumonia using Galleria mellonella infection and a
mouse acute pneumonia model.
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(A)

FIG 1 Morphological images of B$-R656 (A) and B¢p-R1836 (B) acquired using transmission electron
microscopy. Bar = 100 nm.

RESULTS

In vitro characterization of the two phages. The morphological characteristics
determined using TEM indicated that the two P. aeruginosa phages B¢-R656 and
B¢-R1836, isolated from hospital sewage, belong to the Siphoviridae family, and both
phages had an icosahedral head approximately 62 nm in diameter and a tail approx-
imately 195 nm in length (n = 10) (Fig. 1). The host spectra of phages B¢$-R656 and
B¢-R1836 were determined using spot testing and efficiency of plating (EOP) assays,
and the phages formed clear or turbid plaques of 2 to 3 mm against 18 (64%) and 14
(50%) of the 28 XDR-PA clinical strains tested, respectively (see Table S1 in the
supplemental material). Nineteen of 28 XDR-PA clinical isolates formed plaques when
exposed to B$-R656 and B¢p-R1836. The in vitro sensitivities of phages were not equal
in 16 of 28 strains. Nine out of 28 strains were insensitive to both phages. Phages
B¢p-R656 and B¢-R1836 had adsorption rates of 99% within 5 min and 10 min,
respectively (Fig. 2A) and a burst size of 253 and 499 PFU per infected cell, and both
phages had a latent period of 30 min (Fig. 2B).

In cell lysis and stability analyses, phages B$-R656 (Fig. 2C) and B¢$-R1836 (Fig. 2D)
inhibited bacterial growth at all MOls at 6 h, except for B¢$-R1836 at an MOI of 0.1. In
particular, both phages exhibited strong lysis activity at an MOI of 10 (ODg(, = 0.16 and
ODgo, = 0.18, respectively, at 6 h). The phages maintained a high stability of >99% at
4°C for 1 h and exhibited stabilities of 34% and 64%, respectively, at 50°C for 1 h (Fig.
S2). In the pH stability tests, the phages had stabilities of 53% and 84%, respectively, on
day 30 at pH 7. Moreover, phage B$-R1836 retained a notable stability of 52% at pH 4
and 75% at pH 10 on day 30, but phage B¢$-R656 showed relatively low stabilities of
33% at pH 4 and 12% at pH 10 on that day (Fig. S3).

In biofilm-disruption ability, B¢-R656 (Fig. S4A and B) and B¢-R1836 (Fig. S4C and D)
also significantly reduced the host bacterial biofilms from 0.98 to 0.10 and from 1.21 to
0.26 at OD,,, (****, P < 0.0001).

In silico analysis of the two phages. The whole genomes of phages B¢-R656 and
B¢-R1836 were sequenced using a 454 GS Junior sequencer. The organization of the
genomes is represented in Fig. 3A and B in a circular form using DNAPIotter, and their
putative open reading frames (ORFs) are listed in Tables S2 and S3. The complete
genome of each phage has a linear double-stranded DNA, with B¢-R656 having 60,919
bp (31,270 read lengths and 238-fold coverage) and a G+C content of 58.7% and
B$-R1836 having 37,714 bp (2,498 read lengths and 267-fold coverage) and a G+C
content of 64.25%. Bioinformatics analysis of both phage genomes identified 113 and
59 putative ORFs, respectively, and only 9 ORFs exhibited homology with genes of
other phages with annotated functions in GenBank. The annotated ORFs of both
phages contain morphogenesis genes (phage B¢$-R656: orf 45, orf 63, orf 64, and orf 76;
B¢-R1836: orf 23, orf 30, orf 31, orf 32, orf 40, orf 46, and orf 49), phage DNA replication
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FIG 2 In vitro characterization of B$-R656 and B¢p-R1836. (A and B) Adsorption rates (A) and one-step growth curves (B) of B¢-R656 (@) and
B¢-R1836 (X). (C and D) Kinetics of cell lysis by B¢-R656 (C) and B¢$-R1836 (D) in XDR P. aeruginosa strains YMC11/02/R656 and YMC11/11/R1836,
respectively. The host bacteria were infected with B$-R656 or B¢p-R1836 at MOls of 0.1, 1, and 10. The data represent the mean = standard

deviation from triplicate experiments.

and metabolism genes (phage B$-R656: orf 17, orf 18, orf 23, and orf 80; Bdh-R1836: orf
12 and orf 13), and lysis genes (phage B¢-R656: orf 40). Also, phage B$-R656 had one
predicted tRNA (tRNA-Gly), while phage B$-R1836 had no identified tRNAs. The com-
plete genomes of phages B¢-R656 and B¢$-R1836 were compared to other P. aerugi-
nosa phage genomes using BLASTN from the National Center for Biotechnology
Information (NCBI). The complete sequence of phage B¢$-R656 had <16% sequence
similarity (BLAST E value cutoff of 0.1) with those of P. aeruginosa phage phi1 (GenBank
accession number KT887557.1) and phage D3 (GenBank accession number AF165214.2)
but was not significantly similar to that of other previously reported P. aeruginosa
phages (Fig. 3C). The genome sequence of phage B¢-R1836 had 98% and 91%
nucleotide similarity (BLAST E value cutoff of 0.1) to P. aeruginosa phages YMC12/01/
R24 (GenBank accession number MH643778.1) and PA1/KOR/2010 (GenBank accession
number HM624080.1), respectively (Fig. 3D). Although most of the phage ORFs were
putative genes, genes related to toxin and lysogeny-related genes in the two phage
genomes were not detected by the NCBI database.

In vivo efficacy of the two phages in Galleria mellonella model. Galleria mello-
nella larvae were used as a surrogate animal infection model to evaluate the in vivo
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FIG 3 Genome organization of B$-R656 (A) and B¢-R1836 (B) and genome comparisons of B$-R656 (C) and B¢-R1836 (D) with their closest related
bacteriophages. Circular maps (A and B) prepared using DNAPIlotter. The outer ring shows the ORFs of the phages and their transcription direction. The inner
rings indicate the GC content (black) and GC skew (+, green; —, purple). The genome alignments (C and D) of the bacteriophages were prepared using Easyfig

software, version 2.1.

therapeutic efficacy of two P. aeruginosa phages, B¢-R656 and B¢-R1836, against
XDR-PA clinical strains. As shown in Fig. 4A and B, the G. mellonella larvae infected with
strains YMC11/02/R656 (1 X 10> CFU/ml) and YMC11/11/R1836 (1 X 105 CFU/ml)
showed 100% mortality at 24 h, and treatment with phages B$-R656 (Fig. 4A) and
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FIG 4 In vivo efficacy of B¢-R656 and B¢-R1836 against XDR P. aeruginosa YMC11/02/R656 and YMC11/11/R1836 strains
in a Galleria mellonella infection model. Survival curves of G. mellonella larvae treated with B¢-R656 (A and C) or
B¢-R1836 (B and D) at an MOI of 100 (1 X 107 PFU/ml), 10 (1 X 106 PFU/ml), or 1 (1 X 105 PFU/ml) 1 h postinfection
(1 X 10° CFU/ml). G. mellonella larvae were monitored at 12-h intervals for 48 or 72 h. The percentage of G. mellonella
survival was determined using the log rank (Mantel Cox) test (**, P = 0.0022; ***, P = 0.0003). The data represent the
mean * standard deviations (error bars) from three independent experiments with 10 animals per treatment.

B¢-R1836 (Fig. 4B) (1 X 107 PFU/mI, MOI = 100, 1 h postinfection) resulted in statisti-
cally significantly improvement of the survival rate to 50% (**, P = 0.0022) and 60% (***,
P = 0.0003), respectively, at 72 h against each host XDR-PA strain. The survival rates of
the phage-treated groups at an MOI of 10 were 10% and 27%, respectively, at 72 h but
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FIG 5 Therapeutic efficacy of B¢-R656 (A) and B$-R1836 (B) in a mouse model of acute pneumonia
caused by XDR P. aeruginosa YMC11/02/R656 and YMC11/11/R1836 strains. Female C57BL/6 mice were
divided into the following six groups (n = 6 per group): buffer-only inoculation (PBS + SM) group,
bacterium-only infection (1 X 108 CFU/ml) group, phage-only treatment (1 X 10° PFU/mI) group, and
phage treatment (MOl = 10, 1, and 0.1) groups 4 h postinfection. The black arrow indicates a second
cyclophosphamide (CP) administration and the first bacterial infection. Log rank (Mantel-Cox) test (****,
P < 0.0001).

showed no significant differences from the bacterium-infected groups, and the phage-
treated groups at an MOI of 1 at 1 h postinfection showed 100% mortality at 36 h.
Treatment with phages B¢-R656 (Fig. 4C) and B¢-R1836 (Fig. 4D) at an MOI of 100
against each other’s host P. aeruginosa strain showed survival rates of only 10% and
30%, respectively, at 24 h. The larvae injected with buffer (PBS + SM) or phage only
(1 X 107 PFU) showed no mortality up to 72 h.

The histology of larval tissues was determined by staining at 72 h of in vivo efficacy
assays and was analyzed to determine the therapeutic effects of phages B¢-R656 (Fig.
S5A) and B¢-R1836 (Fig. S5B). Infected larval tissues (1 X 10> CFU/ml) showed
melanized nodules in many areas, including the fat body well and the muscle layer, but
tissues of phage-treated larvae (MOl = 100, 1 h postinfection) did not demonstrate
notable melanization or damage. The tissues of larvae injected with phage only
(1 X 107 PFU/ml) or buffer (PBS + SM) also showed no toxicity or damage (Fig. S5).

Therapeutic efficacy of the two phages in a mouse model of acute pneumonia.
To evaluate the in vivo therapeutic potential and safety of the phages, we used a mouse
model of acute pneumonia caused by XDR-PA host strains. Phages B¢-R656 (Fig. 5A)
and B¢-R1836 (Fig. 5B) significantly improved the survival rate of mice with acute
pneumonia. The phage-treated groups (MOl = 10 at 4 h postinfection) showed high
survival rates of 66% and 83%, respectively, on day 12, but animals in the bacterium-
infected groups all died by day 3 postinfection. The groups injected with phage only
(1 X 107 PFU/ml) or buffer (PBS + SM) exhibited no mortality or loss of body weight
(Fig. S6).

Histological changes and cytokine levels. The histological changes and immune
responses due to phage therapy were assessed using H&E staining and cytokine (TNF-«
and IL-6) analysis, respectively. The bacterium-infected group had more severe hem-
orrhaging in the alveolar space and alveolar wall thickening on days 1 and 5 than the
phage-treated groups. The phage-only-injected group showed histological changes on
days 1 and 5 similar to those of the buffer (PBS + SM)-injected group (Fig. 6).
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FIG 6 Histological analysis of lung sections from mice treated with B$-R656 (A) or B¢-R1836 (B). Mice were sacrificed on
either day 1 or 5. Lung sections were stained with hematoxylin and eosin and observed using an optical microscope at
a magnification of X10.

The levels of TNF-a and IL-6 in the lungs of bacterium-infected or phage-treated
mice were comparatively higher than in the buffer-injected group on day 1 (****, P <
0.0001; **, P = 0.0024). However, these cytokine levels were significantly reduced at day
5, and no significant differences were detected among the experimental groups at that
time point (Fig. S7 and S8).

Bacterial counts in mouse lungs. To assess the in vivo bacteriolytic activities of the
two phages, the number of viable bacteria in the lungs of mice with acute pneumonia
was measured on days 1 and 5. As shown in Fig. 7, phages B¢-R656 and B$-R1836
exhibited excellent elimination of the XDR P. aeruginosa host strains. The bacterial load
decreased by >2 log,, CFU (from 9.8 to 7.4 log,, CFU; ****, P < 0.0001) after treatment
with phage B$-R656 (Fig. 7A) and by >1 log,, CFU (from 7.7 to 6.4 log,, CFU; **, P =
0.0038) after treatment with phage B¢-R1836 (Fig. 7B) compared to the bacterium-
infected group on day 1. Additionally, the phages decreased the bacterial load by >6
log,, CFU (from 6.6 to 0.8 log,, CFU; ****, P < 0.0001) and >4 log,, CFU (from 5.9 to
1.3 log,, CFU; *™** P < 0.0001), respectively, on day 5. Moreover, complete bacterial
clearance was seen in some mice in the phage-treated group on day 5. No viable
bacteria were detected in the lungs of the buffer- and phage-only groups (data not
shown) on day 1 or 5.
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FIG 7 Bacterial counts in lung sections on days 1 and 5 from mice treated with B¢-R656 (A) or B¢-R1836
(B). One-way ANOVA followed by Tukey’s multiple-comparison test was used to compare the bacterial
counts (****, P < 0.0001; **, P = 0.0038).

DISCUSSION

XDR Pseudomonas aeruginosa is one of the most common Gram-negative patho-
gens causing nosocomial infections and is a major public health concern because it
possesses numerous resistance mechanisms, including beta-lactamases, carbapen-
emases, and efflux pumps (33, 34). As there is renewed interest in phages as therapeutic
tools, we isolated two novel P. aeruginosa phages specifically targeting XDR-PA clinical
isolates. The 28 XDR-PA strains used in this study were collected from various clinical
samples of patients with pneumonia and exhibited resistance to most antibiotics (see
Table S1 in the supplemental material). All of them were resistant to carbapenems, one
of the best choices for treatments of multidrug-resistant Gram-negative bacteria,
including imipenem (MIC, =16 ug/ml) and meropenem (MIC, =16 ug/ml) (Table S1).
These strains showed different PFGE patterns (Fig. S1).
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We initially isolated eight P. aeruginosa phages from sewage water using XDR-PA as
the host bacteria. Morphology determined using TEM revealed that all phages were of
the Siphoviridae family within the Caudovirales order. Two of the 8 phages, B¢-R656 and
B¢$-R1836, exhibited a wide host range and strong bacteriolytic activities against the P.
aeruginosa clinical strains and were examined in detail in vitro, in silico, and in vivo to
evaluate them as potential therapeutic phage agents.

In the in vitro experiments, B¢-R656 and B¢$-R1836 exhibited a relatively broader
host spectrum than other phages targeting MDR P. aeruginosa strains (35-37), and
these phages showed significant growth-inhibitory activity against host XDR-PA strains.
Host range is an important parameter for initial screening of new effective phages
against target bacteria, and this spectrum was confirmed using both spot tests and EOP
assays (38, 39).

In previous studies, the results of EOP assays have not always correlated with those
of spot tests on collected pathogenic strains (38, 40). However, we found that the range
and ratios of EOP values of both phages were relatively similar to the results of the
plaque clarity values in the spot test against the P. aeruginosa strains used in the study
(Table S1). Therefore, we suggest that these two methods may be complementarily
applied to primary selection of new phages that possess broad and strong bacteriolytic
activity.

In the adsorption and one-step kinetics of both phages (B¢-R656 and B¢-R1836),
B$-R1836 presented burst size that was approximately two times higher than that of
B¢$-R1836 (Fig. 2B) while B$-R1836 adsorbed to the host cell more slowly than B¢-R656
(Fig. 2A). Moreover, these two phages exhibited relatively higher burst size than other
P. aeruginosa phages JG024 (180 PFU per infected cell) (41) and C11 (11 PFU per
infected cell) (42). Therefore, B¢-R656 and B$h-R1836 showed better potential to be
used for the control of XDR-PA strains, as both of these phages could infect a large
number of host bacteria at the same time, and this could also reduce the potential for
the emergence of phage-resistant bacteria.

Among the physiological properties of phages, temperature and pH stability could
be considered important factors for the survival of phages during infectivity and
storage (43). Therefore, phages that have high stability at various temperatures and pH
values could be selected as some of the best candidates for application as sanitizers or
alternative therapeutic agents (44). In this study, B¢-R656 and B¢-R1836 showed higher
stability than other Pseudomonas phages (35, 36) at various temperatures (for 1 h) and
pH values (for 30 days) (Fig. S2 and S3). These data can be used for optimizing storage
and therapeutic application of phages under various physiological conditions.

Biofilm formation by pathogens is a major problem, causing chronic infectious
diseases that are difficult to treat in health care settings due to antibiotic resistance (45).
In particular, biofilm-producing P. aeruginosa causes severe chronic lung infections in
immunocompromised individuals and patients with cystic fibrosis (45, 46). Many
phages also possess antibiofilm activity, and several studies on Pseudomonas phages
that eradicate bacterial biofilms have been reported (30, 47-49). Our phages, B¢-R656
and B¢-R1836, could also efficiently remove biofilms of host XDR-PA strains (Fig. S4).
The biofilm disruption ability of these phages could be used as a biocontrol agent, not
only to prevent biofilm formation on medical devices in hospital environments but also
to control biofilm-related infections.

The bioinformatics data of the two phage genomes revealed that phage B$-R656
possesses a novel gene composition with <16% sequence similarity to other known P.
aeruginosa phages in the NCBI database (Fig. 3C). On the other hand, phage B$-R1836
has >91% sequence similarity to the complete genomes of known phages (Fig. 3D).
However, the genomes of both phages include many unknown genes because func-
tional identification of phage genes in the genome databases is inadequate. Neverthe-
less, some of the putative genes of these phages exhibited sequence relatedness and
similar genomic organization to the genomes of other known phages, indicating that
they evolved through horizontal exchange of genes with other phages (50, 51).

In vivo treatment with B¢-R656 and B¢$-R1836 significantly increased the survival
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rate in the G. mellonella larva infection (Fig. 4) and mouse pneumonia (Fig. 5) models
using XDR-PA clinical strains and reduced histologic damage to the bacterium-
challenged larval tissues (Fig. 6; also Fig. S5). Recent studies have demonstrated the
therapeutic efficacy of phages against P. aeruginosa strains using G. mellonella larvae
(13, 52, 53). Especially, Beeton et al. (13) and Forti et al. (53) reported assessments of in
vivo phage therapy by phage cocktails. In the application of monophages, phage K728
at an MOI of 100 also increased the survival of G. mellonella against both non-CF and
CF pseudomonas strains (52); however, the survival rates of phage K728 were signifi-
cantly lower than those of two phages in our study.

In our study, we found that B¢$-R656 and B$-R1836 were less effective against each
other’s strains than their original host strains (Fig. 4C and D). Moreover, this result was
notably similar to that of the clarity of host spectrum and EOP values of the two phages
against their host strains (Table S1). These data indicate that G. mellonella larvae can be
used as a surrogate model to initially screen effective phages before mouse experi-
ments. Furthermore, because the innate immune responses of G. mellonella to patho-
genic infections are very similar to those of mammals (54), G. mellonella larvae can be
used as a more simplistic and manageable system than vertebrate models to evaluate
infections with various pathogens (55).

To date, several studies on the therapeutic efficacy of phages against P. aeruginosa
clinical strains using mouse lung infection models have been reported (26, 32, 53,
56-59). Our results also showed that treatment with the two novel phages significantly
increased survival in the mouse acute pneumonia model (Fig. 5). In previous studies
using monophages, treatments with PAK-P3 (56) and PAK-P1 (32) led to higher survival
rates (MOI of 10 at 2 h postinfection) than our phages; however, it should be noted that
the mice were treated with phage (MOI of 10) at 4 h postinfection.

In the mouse acute pneumonia model, phages B¢$-R656 and B¢-R1836 significantly
reduced the bacterial loads of the host bacteria in the lungs (Fig. 7). Additionally, the
histologic features of each group accurately reflected the therapeutic effects of each
phage in terms of survival and bacterial clearance (Fig. 6). Moreover, there were no
adverse effects observed due to phage treatment in this study.

Conclusions. In the present study, two novel siphoviridal P. aeruginosa phages,
B¢$-R656 and B¢-R1836, were investigated for their in vitro physiological characteristics,
in silico bioinformatic properties, and in vivo therapeutic effects against XDR-PA isolates
from pneumonia patients using two animal models. Overall, both phages showed
strong bacteriolytic activity and therapeutic efficacy in vitro and in vivo against the
XDR-PA clinical strains, as well as pseudomonal biofilm disruption. This work strongly
suggests that these two novel phages can be used for treating patients with pulmonary
infections caused by clinical P. aeruginosa strains. Furthermore, the physiological and
genetic studies of both phages provide insights to further the application of phages as
therapeutic alternatives for XDR-PA infections.

MATERIALS AND METHODS

Bacterial strains. The 28 XDR-PA strains were isolated from sputum, urine, and endotracheal aspirate
clinical samples from pneumonia patients at a university hospital in South Korea. The XDR clinical isolates
were identified using matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF; Vitek MS system; bioMérieux, Marcy I'Etoile, France). Antimicrobial susceptibility testing of
the isolates was performed using the VitekN132 system (bioMérieux) and the Clinical and Laboratory
Standards Institute (CLSI) disk diffusion method (76). Pulsed-field gel electrophoresis (PFGE) with the
CHEF-DR-Il system (Bio-Rad Laboratories, Hercules, CA, USA) was used to determine the genomic DNA
clonality of the clinical isolates, and the PFGE patterns were analyzed using InfoQuest FP software
(version 4.50; Bio-Rad Laboratories, Inc.) (see Fig. S1 in the supplemental material). All collected XDR-PA
clinical strains were resistant to most antibiotics tested, including the carbapenems (imipenem and
meropenem). In particular, XDR-PA strains YMC11/02/R656 and YMC11/11/R1836, isolated from sputum
samples of patients with pneumonia, were used as the host strains to evaluate the in vitro and in vivo
therapeutic potential of phages B$-R656 and B¢$-R1836. The antimicrobial susceptibility profiles of all
XDR-PA strains used in this study are listed in Table S1.

Isolation and purification of phage infecting XDR-PA strains. Phages capable of lysing XDR-PA
clinical strains were isolated from sewage water at a hospital in South Korea as described previously (60).
Briefly, a suspension of host strains, P. aeruginosa YMC11/02/R656 and YMC11/11/R1836, in 4 ml of
Luria-Bertani broth (LB) medium (Difco, Detroit, MI, USA) adjusted to an OD,, of 0.5 was mixed with 1
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ml of sewage solution and incubated at 37°C for 12 h with shaking. The lysate was centrifuged at
12,000 X g for 10 min at 4°C and filtered using a 0.22-um membrane (Millipore Corporation, Bedford, MA,
USA) to remove cell debris. Phage plaques were obtained using the double layer method (61). Purifica-
tion of phages from single plaques was repeated at least three times using the process described above
until homogeneous plaques were obtained. To concentrate the purified phages, the phage solution was
treated with NaCl (final concentration, 1 M; Merck) and polyethylene glycol 8000 (final concentration,
10%; Sigma, St. Louis, MO, USA) and incubated at 4°C for 12 h. The concentrated phages were collected
through ultracentrifugation at 12,000 X g for 1 h at 4°C and resuspended in 1 ml of sterilized sodium
chloride-magnesium sulfate (SM) buffer (100 mM NaCl, 8 mM MgSO,, 2% gelatin, 50 mM Tris-HCl, pH 7.5).
The phage stocks were titrated through plaque assays using the double layer method (61). The
concentrated phage stocks in SM buffer were stored at 4°C and used for in vitro and in vivo experiments.
Among the eight XDR-PA-lysing phages (B$-P54, B$-R24, Bp-R656, Bp-R960, BpH-R1561, BpH-R1836,
B¢-R2928, and B¢-R3040) which were isolated in this study, two phages (B¢-R656 and B$-R1836) were
selected and further evaluated for their in vitro and in vivo therapeutic effects, as they exhibited wider
host range and stronger bacteriolytic activity.

Transmission electron microscopy. The morphology of the purified phage particles was analyzed
using transmission electron microscopy (TEM) as described previously (60). Briefly, concentrated phage
solution was mounted on 300-mesh copper grids, stained with uranyl acetate, and analyzed using TEM
(JEOL JEM-1011; Tokyo, Japan) at 80 kV.

Adsorption and one-step growth kinetic analyses of phages. The adsorption rate and one-step
growth kinetic analyses of B¢-R656 and B¢-R1836 were performed as previously described, with some
modifications (62). Briefly, for the adsorption rate test, host bacterial suspension (105 CFU/ml) was mixed
with phage solution at an MOI of 0.001 and incubated at 37°C. Samples of the mixture (100 ul) were
taken at 1, 2, 3, 4, 5, and 10 min and centrifuged immediately (12,000 X g, 10 min). The titer of
unadsorbed phages of supernatants was determined using the double-layer agar plate method (61). For
one-step growth kinetics, host bacterial cells were cultured in 5 ml LB medium (105 CFU/ml) and added
to phage solutions at an MOI of 0.001. After incubation for 5 min, supernatant including free phages was
removed by centrifugation (12,000 X g, 10 min), and pellet was resuspended in 5 ml fresh LB medium.
Subsequently, culture samples (100 ul) were collected at 5-min intervals for 100 min. Phage titration of
samples was immediately examined using the double-layer agar plate method (61).

Host range of phages. To determine the host range of isolated phages (P. aeruginosa phages
B¢-R656 and B¢-R1836) against the XDR-PA clinical isolates, the spot test was used as described
previously with some modifications (62). Briefly, aliquots of 5 ul phage solution (a final titer of 1 X 10°
PFU/mlI) were serially diluted with SM buffer and spotted on lawns of various XDR-PA strains growing on
Luria-Bertani (LB) agar plates, which were then incubated at 37°C for 12 h. The plaques were classified
into one of three categories according to degree of clarity: clear (++), turbid (+), and no plaque (—). The
efficiency of plating (EOP) for each phage on XDR-PA strains was determined using the double-layer agar
plate method and was calculated as the ratio of PFU of test strain (remaining 26 XDR-PA strains) to PFU
of host strain (YMC11/02/R656 and YMC11/11/R1836) (63).

Host cell lysis and stability of phages. Lysis assays using P. geruginosa phages B¢-R656 and
B$-R1836 were performed as described previously (60). Briefly, the cultured host bacteria (ODg,, = 0.2)
in fresh LB medium were mixed with the phage in SM buffer at a multiplicity of infection (MOI) of 0.1,
1, or 10. The bacterial turbidity was measured at 1-h intervals for 6 h using spectrophotometry at 600 nm.
The thermal and pH stabilities of the phages were determined as described previously (60), and phage
titers were determined using the double-layer agar method. The thermal stability of phages was
measured after incubation at 4°C, 40°C, 50°C, 60°C, or 70°C for 1 h, and pH stability was measured after
1,2, 3,4, or5 days and 1 month at pH 4, 5, 6, 7, 8, 9, and 10 at 4°C. Data are presented as percentage
of surviving phages, and tests were performed in triplicate.

Biofilm formation and crystal violet assay. Assays for biofilm formation and activity of phages
against biofilms were performed as previously described, with modifications (64). For biofilm formation
of host XDR-PA strains, 200 ul of YMC11/02/R656 or YMC11/11/R1836 bacterial suspension was diluted
to an ODg,, of 0.2 in LB broth, dispensed into each well of a sterile 96-well flat-bottomed polystyrene
plate (Corning, New York, USA), and cultured for 48 h at 37°C. Negative-control wells were filled with LB
broth only. Plates were sealed to avoid water loss by evaporation, and medium was renewed every 12 h.
After incubation for 48 h, plates were gently washed three times with PBS to remove cell debris, and
200 wl of LB broth, either alone or containing phage at 1 X 107 PFU/ml, was applied to each well and
incubated at 37°C for 12 h. Supernatant was then removed, and each well was gently washed three times
with PBS and air dried for 1 h. Plates were stained with 200 ul of 0.1% crystal violet solution (Merck) in
PBS for 10 min, washed with PBS, and air dried for 1 h. Crystal violet dye was then eluted with 125 ul of
30% (vol/vol) glacial acetic acid for 10 min. The absorbance of each well was measured at 590 nm using
UV spectrophotometry, and each experiment was repeated three times.

Phage whole-genome sequencing and bioinformatics analysis. The phage DNA was extracted
and purified according to the standard phenol-chloroform extraction protocol as described previously
(65). Whole-genome sequencing was conducted at ChunLab, Inc. (Seoul, South Korea), using a 454 GS
Junior genome analyzer (Roche Life Sciences, Branford, CT, USA), and de novo assembly was carried out
using Roche gsAssembler (version 2.6; Roche) and CLC Genomics Workbench (version 4.8; CLC bio,
Aarhus, Denmark). Open reading frames (ORFs) were predicted using the NCBI ORF finder (66) and
GenMark.hmm software (67). The putative functions of the predicted ORFs were identified using BLASTP
(E values of <0.1) (68) and PSI-BLAST (E value of <0.005) (http://www.ebi.ac.uk/Tools/sss/fasta/) from the
NCBI database (https://www.ncbi.nlm.nih.gov/). Genomic organizations and comparisons of phages were
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generated using DNAPIotter (69) and Easyfig software (version 2.1) (70), respectively. The tRNA genes
were predicted using the tRNAscan-SE program (71).

Phage therapy assay in a G. mellonella infection model. To evaluate the therapeutic efficacy of
B¢-R656 and Bh-R1836 against XDR-PA strains, a Galleria mellonella larva infection was used as described
previously, with some modifications (72). G. mellonella larvae weighing 200 to 250 mg were selected
randomly and swabbed with 70% ethanol. They were fasted in a 90-mm petri dish in darkness at 37°C
for 24 h prior to the test. The larvae were divided into the following 6 groups of 10 larvae each: (i) control,
PBS (phosphate-buffered saline; Invitrogen) + SM; (i) bacterial infection, 1 X 105 CFU/ml; (iii) phage-only,
1 X 10'° PFU/m; (iv), phage treatment at an MOI of 100, 1 X 107 PFU/ml; (v) phage treatment at an MOI
of 10, 1 X 10¢ PFU/ml; and (vi) phage treatment at an MOI of 1, 1 X 10° PFU/ml. A bacterial amount of
5 wl (5 X 102 CFU) was injected into the last right-side proleg of the larvae using a 10-ul Hamilton syringe
(701RN; Hamilton Bonaduz AG, Bonaduz, Switzerland), and the phages at 5 ul (5 X 10* PFU) were
injected into the last left-side proleg at 1 h postinfection. The larvae were then incubated in the dark at
37°C in 90-mm plastic petri dishes. To compare the therapeutic efficacies between B¢-R656 and
B¢-R1836, larvae injected with host bacteria at the same concentration were treated with different
phages, and the survival of the larvae was determined every 8 h for 72 h. The larvae were considered
dead when there was no movement in response to touch. All experiments were repeated three times.

Histological analysis of larvae was performed as previously described, with modifications (73). Briefly,
G. mellonella larvae at 72 h were fixed in 10% formalin for 5 days and embedded in paraffin. Tissues were
stained with hematoxylin and eosin (H&E), and morphological features of tissues were observed using an
optical microscope.

Phage therapy assay in a mouse acute pneumonia model. The efficacy of phage therapy in a
mouse acute pneumonia model caused by XDR-PA clinical strains was determined as previously
described (74). Briefly, C57BL/6 mice (female, aged 7 to 8 weeks) were randomly divided into the
following six groups (n = 5 per group): buffer-only inoculation (PBS + SM) group, bacterium-only
infection (1 X 108 CFU/mI) group, phage-only treatment (1 X 10° PFU/ml) group, and phage treatment
(1 X10° to 1 X 107 PFU/ml for MOIs of 10, 1, and 0.1). All mice were intraperitoneally injected with
cyclophosphamide (200 mg/kg of body weight; Sigma-Aldrich) at 48-h intervals before infection (75).
Mice were intranasally treated with 30 ul of phage (MOl = 10, 1 and 0.1) or SM buffer at 4 h after either
administration of 30 wl of bacteria (1 X 108 CFU/ml) or PBS via the same route. All mice were anesthe-
tized via intraperitoneal injection of Zoletil-Rompun before each intranasal procedure. The mortality and
body weights of the mice were recorded for 12 days.

For bacterial counts in the lung, histology, and cytokine analyses, non-cyclophosphamide-treated
mice were randomly divided into the following four groups (n = 10 per group): buffer-only inoculation
(PBS + SM) group, bacterium-only infection (1 X 108 CFU/ml) group, phage-only treatment (1 X 10°
PFU/mI) group, and phage treatment (1 X 10° PFU/ml for MOI = 10). None of the groups was injected
with cyclophosphamide, and their body weights were measured for 12 days. After bacterial infection or
phage treatment, five mice from each group were sacrificed on day 1 and the remaining five on day 5.
To determine the number of viable bacteria in the lungs, homogenates of the collected lungs were
serially diluted in PBS and plated on LB agar plates containing ampicillin (50 wg/ml). Lung histology
assays were performed as previously described with modifications (56). Briefly, the right lung tissues were
fixed in 10% formalin for 48 h and embedded in paraffin. The 3-um-thick tissue sections were stained
with H&E and analyzed using an optical microscope. To evaluate immunogenicity against the bacteria
and phages, the levels of tumor necrosis factor alpha (TNF-@) and interleukin 6 (IL-6) in the lung lysates
were quantified with the commercial DuoSet kit (R&D Systems).

Ethics statement. All animal experiments followed the regulations of the Institutional Animal Care
and Use Committee of Yonsei University College of Medicine, Seoul, South Korea (IACUC approval no.
2014-0031-2).

Statistical analysis. Statistical analyses were performed with GraphPad Prism software (version 6;
San Diego, CA, USA). The log rank (Mantel-Cox) test was used for survival curves. One-way ANOVA
followed by Tukey’s test was used to compare bacterial counts and cytokine levels. Differences in biofilms
were analyzed using the two-tailed t test, and P values of <0.05 were considered significant.

Accession number(s). The complete genomes of B¢-R656 and B¢$-R1836 were deposited into the
GenBank database under accession numbers KT968831.1 and KT968832.1, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.02900-18.

SUPPLEMENTAL FILE 1, PDF file, 0.02 MB.

SUPPLEMENTAL FILE 2, XLSX file, 2.5 MB.

ACKNOWLEDGMENTS

This work was supported by the Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of Education
(NRF-2017R1D1A1B03034730); by the Korea Institute of Planning and Evaluation for
Technology in Food, Agriculture, Forestry and Fisheries (IPET) through the Agricultural
Microbiome R&D Program; and by the Nano Material Technology Development Pro-

May 2019 Volume 85 Issue 9 e02900-18

Applied and Environmental Microbiology

aem.asm.org 13


https://www.ncbi.nlm.nih.gov/nuccore/KT968831.1
https://www.ncbi.nlm.nih.gov/nuccore/KT968832.1
https://doi.org/10.1128/AEM.02900-18
https://doi.org/10.1128/AEM.02900-18
https://aem.asm.org

Jeon and Yong

Applied and Environmental Microbiology

gram through the National Research Foundation of Korea (NRF) funded by the Ministry
of Science and ICT (no. 2017M3A7B4039936).
JJ. and D.Y. designed the study. JJ. performed the experiments and wrote the
manuscript. J.J. and D.Y. contributed to manuscript discussion and revision.

We declare that we have no competing interests.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

May 2019 Volume 85

Pendleton JN, Gorman SP, Gilmore BF. 2013. Clinical relevance of the
ESKAPE pathogens. Expert Rev Anti Infect Ther 11:297-308. https://doi
.org/10.1586/eri.13.12.

. Wroblewska M. 2006. Novel therapies of multidrug-resistant Pseudomo-

nas aeruginosa and Acinetobacter spp. infections: the state of the art.
Arch Immunol Ther Exp 54:113-120. https://doi.org/10.1007/s00005-006
-0012-4.

. Murray TS, Egan M, Kazmierczak Bl. 2007. Pseudomonas aeruginosa

chronic colonization in cystic fibrosis patients. Curr Opin Pediatr 19:
83-88. https://doi.org/10.1097/MOP.0b013e3280123a5d.

. Souli M, Galani I, Giamarellou H. 2008. Emergence of extensively drug-

resistant and pandrug-resistant Gram-negative bacilli in Europe. Euro
Surveill 13(47):19045.

. Basak S, Singh P, Rajurkar M. 2016. Multidrug resistant and extensively

drug resistant bacteria: a study. J Pathog 2016:4065603. https://doi.org/
10.1155/2016/4065603.

. Planquette B, Timsit J-F, Misset BY, Schwebel C, Azoulay E, Adrie C, Vesin

A, Jamali S, Zahar J-R, Allaouchiche B, Souweine B, Darmon M, Dumenil
A-S, Goldgran-Toledano D, Mourvillier BH, Bédos J-P. 2013. Pseudomonas
aeruginosa ventilator-associated pneumonia. predictive factors of treat-
ment failure. Am J Respir Crit Care Med 188:69-76. https://doi.org/10
.1164/rccm.201210-18970C.

. Ruppe E, Woerther PL, Barbier F. 2015. Mechanisms of antimicrobial

resistance in Gram-negative bacilli. Ann Intensive Care 5:61. https://doi
.org/10.1186/513613-015-0061-0.

. Sulakvelidze A, Alavidze Z, Morris JG, Jr. 2001. Bacteriophage therapy.

Antimicrob Agents Chemother 45:649-659. https://doi.org/10.1128/
AAC.45.3.649-659.2001.

. Reardon S. 2014. Phage therapy gets revitalized. Nature 510:15-16.

https://doi.org/10.1038/510015a.

Kutateladze M. 2015. Experience of the Eliava Institute in bacteriophage
therapy. Virol Sin 30:80-81. https://doi.org/10.1007/s12250-014-3557-0.
Mai V, Ukhanova M, Reinhard MK, Li M, Sulakvelidze A. 2015. Bacterio-
phage administration significantly reduces Shigella colonization and
shedding by Shigella-challenged mice without deleterious side effects
and distortions in the gut microbiota. Bacteriophage 5:1088124.
https://doi.org/10.1080/21597081.2015.1088124.

Wittebole X, De Roock S, Opal SM. 2014. A historical overview of
bacteriophage therapy as an alternative to antibiotics for the treatment
of bacterial pathogens. Virulence 5:226-235. https://doi.org/10.4161/
viru.25991.

Beeton ML, Alves DR, Enright MC, Jenkins AT. 2015. Assessing phage
therapy against Pseudomonas aeruginosa using a Galleria mellonella
infection model. Int J Antimicrob Agents 46:196-200. https://doi.org/10
.1016/j.ijantimicag.2015.04.005.

Chan BK, Abedon ST, Loc-Carrillo C. 2013. Phage cocktails and the future
of phage therapy. Future Microbiol 8:769-783. https://doi.org/10.2217/
fmb.13.47.

Soothill JS. 1992. Treatment of experimental infections of mice with
bacteriophages. J Med Microbiol 37:258-261. https://doi.org/10.1099/
00222615-37-4-258.

Soothill JS. 1994. Bacteriophage prevents destruction of skin grafts by
Pseudomonas aeruginosa. Burns 20:209-211. https://doi.org/10.1016/
0305-4179(94)90184-8.

Wang J, Hu B, Xu M, Yan Q, Liu S, Zhu X, Sun Z, Reed E, Ding L, Gong J,
Li QQ, Hu J. 2006. Use of bacteriophage in the treatment of experimental
animal bacteremia from imipenem-resistant Pseudomonas aeruginosa.
Int J Mol Med 17:309-317.

Wills QF, Kerrigan C, Soothill JS. 2005. Experimental bacteriophage
protection against Staphylococcus aureus abscesses in a rabbit model.
Antimicrob Agents Chemother 49:1220-1221. https://doi.org/10.1128/
AAC.49.3.1220-1221.2005.

Biswas B, Adhya S, Washart P, Paul B, Trostel AN, Powell B, Carlton R,

Issue 9 e02900-18

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

Merril CR. 2002. Bacteriophage therapy rescues mice bacteremic from a
clinical isolate of vancomycin-resistant Enterococcus faecium. Infect Im-
mun 70:204-210. https://doi.org/10.1128/1A1.70.1.204-210.2002.

Smith HW, Huggins MB. 1982. Successful treatment of experimental
Escherichia coli infections in mice using phage: its general superiority
over antibiotics. J Gen Microbiol 128:307-318. https://doi.org/10.1099/
00221287-128-2-307.

Vinodkumar CS, Neelagund YF, Kalsurmath S. 2005. Bacteriophage in the
treatment of experimental septicemic mice from a clinical isolate of
multidrug resistant Klebsiella pneumoniae. J Commun Dis 37:18-29.
Lang LH. 2006. FDA approves use of bacteriophages to be added to
meat and poultry products. Gastroenterology 131:1370. https://doi.org/
10.1053/j.gastro.2006.10.012.

Chan BK, Abedon ST. 2012. Phage therapy pharmacology phage cock-
tails. Adv Appl Microbiol 78:1-23. https://doi.org/10.1016/B978-0-12
-394805-2.00001-4.

Cooper CJ, Khan Mirzaei M, Nilsson AS. 2016. Adapting drug approval
pathways for bacteriophage-based therapeutics. Front Microbiol 7:1209.
https://doi.org/10.3389/fmicb.2016.01209.

Pabary R, Singh C, Morales S, Bush A, Alshafi K, Bilton D, Alton EW,
Smithyman A, Davies JC. 2016. Antipseudomonal bacteriophage reduces
infective burden and inflammatory response in murine lung. Antimicrob
Agents Chemother 60:744-751. https://doi.org/10.1128/AAC.01426-15.
Chang RYK, Chen K, Wang J, Wallin M, Britton W, Morales S, Kutter E, Li
J, Chan HK. 2018. Proof-of-principle study in a murine lung infection
model of antipseudomonal activity of phage PEV20 in a dry-powder
formulation. Antimicrob Agents Chemother 62:01714-17. https://doi
.org/10.1128/aac.01714-17.

Lin Y, Chang RYK, Britton WJ, Morales S, Kutter E, Chan HK. 2018. Synergy
of nebulized phage PEV20 and ciprofloxacin combination against Pseu-
domonas aeruginosa. Int J Pharm 551:158-165. https://doi.org/10.1016/
jijpharm.2018.09.024.

Danis-Wlodarczyk K, Vandenheuvel D, Jang HB, Briers Y, Olszak T, Arabski
M, Wasik S, Drabik M, Higgins G, Tyrrell J, Harvey BJ, Noben JP, Lavigne
R, Drulis-Kawa Z. 2016. A proposed integrated approach for the preclin-
ical evaluation of phage therapy in Pseudomonas infections. Sci Rep
6:28115. https://doi.org/10.1038/srep28115.

Wright A, Hawkins CH, Anggard EE, Harper DR. 2009. A controlled
clinical trial of a therapeutic bacteriophage preparation in chronic
otitis due to antibiotic-resistant Pseudomonas aeruginosa; a prelimi-
nary report of efficacy. Clin Otolaryngol 34:349-357. https://doi.org/
10.1111/j.1749-4486.2009.01973 .

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.

Yang M, Du C, Gong P, Xia F, Sun C, Feng X, Lei L, Song J, Zhang L, Wang
B, Xiao F, Yan X, Cui Z, Li X, Gu J, Han W. 2015. Therapeutic effect of the
YH6 phage in a murine hemorrhagic pneumonia model. Res Microbiol
166:633-643. https://doi.org/10.1016/j.resmic.2015.07.008.

Debarbieux L, Leduc D, Maura D, Morello E, Criscuolo A, Grossi O, Balloy
V, Touqui L. 2010. Bacteriophages can treat and prevent Pseudomonas
aeruginosa lung infections. J Infect Dis 201:1096-1104. https://doi.org/
10.1086/651135.

Gaynes R, Edwards JR. 2005. Overview of nosocomial infections caused
by gram-negative bacilli. Clin Infect Dis 41:848-854. https://doi.org/10
.1086/432803.

Meletis G, Exindari M, Vavatsi N, Sofianou D, Diza E. 2012. Mechanisms
responsible for the emergence of carbapenem resistance in Pseudomo-
nas aeruginosa. Hippokratia 16:303-307.

El Didamony G, Askora A, Shehata AA. 2015. Isolation and characteriza-
tion of T7-like lytic bacteriophages infecting multidrug resistant Pseu-

aem.asm.org 14


https://doi.org/10.1586/eri.13.12
https://doi.org/10.1586/eri.13.12
https://doi.org/10.1007/s00005-006-0012-4
https://doi.org/10.1007/s00005-006-0012-4
https://doi.org/10.1097/MOP.0b013e3280123a5d
https://doi.org/10.1155/2016/4065603
https://doi.org/10.1155/2016/4065603
https://doi.org/10.1164/rccm.201210-1897OC
https://doi.org/10.1164/rccm.201210-1897OC
https://doi.org/10.1186/s13613-015-0061-0
https://doi.org/10.1186/s13613-015-0061-0
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://doi.org/10.1128/AAC.45.3.649-659.2001
https://doi.org/10.1038/510015a
https://doi.org/10.1007/s12250-014-3557-0
https://doi.org/10.1080/21597081.2015.1088124
https://doi.org/10.4161/viru.25991
https://doi.org/10.4161/viru.25991
https://doi.org/10.1016/j.ijantimicag.2015.04.005
https://doi.org/10.1016/j.ijantimicag.2015.04.005
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.1099/00222615-37-4-258
https://doi.org/10.1099/00222615-37-4-258
https://doi.org/10.1016/0305-4179(94)90184-8
https://doi.org/10.1016/0305-4179(94)90184-8
https://doi.org/10.1128/AAC.49.3.1220-1221.2005
https://doi.org/10.1128/AAC.49.3.1220-1221.2005
https://doi.org/10.1128/IAI.70.1.204-210.2002
https://doi.org/10.1099/00221287-128-2-307
https://doi.org/10.1099/00221287-128-2-307
https://doi.org/10.1053/j.gastro.2006.10.012
https://doi.org/10.1053/j.gastro.2006.10.012
https://doi.org/10.1016/B978-0-12-394805-2.00001-4
https://doi.org/10.1016/B978-0-12-394805-2.00001-4
https://doi.org/10.3389/fmicb.2016.01209
https://doi.org/10.1128/AAC.01426-15
https://doi.org/10.1128/aac.01714-17
https://doi.org/10.1128/aac.01714-17
https://doi.org/10.1016/j.ijpharm.2018.09.024
https://doi.org/10.1016/j.ijpharm.2018.09.024
https://doi.org/10.1038/srep28115
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.1093/emph/eoy005
https://doi.org/10.1016/j.resmic.2015.07.008
https://doi.org/10.1086/651135
https://doi.org/10.1086/651135
https://doi.org/10.1086/432803
https://doi.org/10.1086/432803
https://aem.asm.org

Characterization of Novel Pseudomonas Bacteriophages

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

May 2019 Volume 85

domonas aeruginosa isolated from Egypt. Curr Microbiol 70:786-791.
https://doi.org/10.1007/500284-015-0788-8.

Jamal M, Andleeb S, Jalil F, Imran M, Nawaz MA, Hussain T, Ali M, Das CR.
2017. Isolation and characterization of a bacteriophage and its utilization
against multi-drug resistant Pseudomonas aeruginosa-2995. Life Sci 190:
21-28. https://doi.org/10.1016/}.1fs.2017.09.034.

Kwiatek M, Mizak L, Parasion S, Gryko R, Olender A, Niemcewicz M. 2015.
Characterization of five newly isolated bacteriophages active against
Pseudomonas aeruginosa clinical strains. Folia Microbiol 60:7-14. https://
doi.org/10.1007/s12223-014-0333-3.

Khan Mirzaei M, Nilsson AS. 2015. Isolation of phages for phage therapy:
a comparison of spot tests and efficiency of plating analyses for deter-
mination of host range and efficacy. PLoS One 10:e0118557. https://doi
.0rg/10.1371/journal.pone.0118557.

Kim JH, Son JS, Choi YJ, Choresca CH, Shin SP, Han JE, Jun JW, Kang DH,
Oh C, Heo SJ, Park SC. 2012. Isolation and characterization of a lytic
Myoviridae bacteriophage PAS-1 with broad infectivity in Aeromonas
salmonicida. Curr Microbiol 64:418-426. https://doi.org/10.1007/500284
-012-0091-x.

Kutter E. 2009. Phage host range and efficiency of plating. Methods Mol
Biol 501:141-149. https://doi.org/10.1007/978-1-60327-164-6_14.
Garbe J, Wesche A, Bunk B, Kazmierczak M, Selezska K, Rohde C, Sikorski
J, Rohde M, Jahn D, Schobert M. 2010. Characterization of JG024, a
Pseudomonas aeruginosa PB1-like broad host range phage under simu-
lated infection conditions. BMC Microbiol 10:301. https://doi.org/10
.1186/1471-2180-10-301.

Cui X, You J, Sun L, Yang X, Zhang T, Huang K, Pan X, Zhang F, He Y, Yang
H. 2016. Characterization of Pseudomonas aeruginosa phage C11 and
identification of host genes required for virion maturation. Sci Rep
6:39130. https://doi.org/10.1038/srep39130.

Silva YJ, Costa L, Pereira C, Cunha A, Calado R, Gomes NC, Almeida A.
2014. Influence of environmental variables in the efficiency of phage
therapy in aquaculture. Microb Biotechnol 7:401-413. https://doi.org/10
.1111/1751-7915.12090.

Cha K, Oh HK, Jang JY, Jo Y, Kim WK, Ha GU, Ko KS, Myung H. 2018.
Characterization of two novel bacteriophages infecting multidrug-
resistant (MDR) Acinetobacter baumannii and evaluation of their thera-
peutic efficacy in vivo. Front Microbiol 9:696. https://doi.org/10.3389/
fmicb.2018.00696.

Hoiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. 2010. Antibiotic
resistance of bacterial biofilms. Int J Antimicrob Agents 35:322-332.
https://doi.org/10.1016/j.ijantimicag.2009.12.011.

Hoiby N, Ciofu O, Bjarnsholt T. 2010. Pseudomonas aeruginosa biofilms in
cystic fibrosis. Future Microbiol 5:1663-1674. https://doi.org/10.2217/
fmb.10.125.

Danis-Wlodarczyk K, Olszak T, Arabski M, Wasik S, Majkowska-Skrobek G,
Augustyniak D, Gula G, Briers Y, Jang HB, Vandenheuvel D, Duda KA,
Lavigne R, Drulis-Kawa Z. 2015. Characterization of the newly isolated
lytic bacteriophages KTN6 and KT28 and their efficacy against Pseu-
domonas aeruginosa biofilm. PLoS One 10:e0127603. https://doi.org/10
.1371/journal.pone.0127603.

Oliveira A, Sousa JC, Silva AC, Melo LDR, Sillankorva S. 2018. Chestnut
honey and bacteriophage application to control Pseudomonas aerugi-
nosa and Escherichia coli biofilms: evaluation in an ex vivo wound model.
Front Microbiol 9:1725. https://doi.org/10.3389/fmicb.2018.01725.

Fong SA, Drilling A, Morales S, Cornet ME, Woodworth BA, Fokkens WJ,
Psaltis AJ, Vreugde S, Wormald PJ. 2017. Activity of bacteriophages in
removing biofilms of Pseudomonas aeruginosa isolates from chronic
rhinosinusitis patients. Front Cell Infect Microbiol 7:418. https://doi.org/
10.3389/fcimb.2017.00418.

Hendrix RW, Smith MC, Burns RN, Ford ME, Hatfull GF. 1999. Evolutionary
relationships among diverse bacteriophages and prophages: all the
world’s a phage. Proc Natl Acad Sci U S A 96:2192-2197. https://doi.org/
10.1073/pnas.96.5.2192.

Botstein D. 1980. A theory of modular evolution for bacteriophages. Ann
N Y Acad Sci 354:484-490. https://doi.org/10.1111/j.1749-6632.1980
tb27987 x.

Olszak T, Zarnowiec P, Kaca W, Danis-Wlodarczyk K, Augustyniak D,
Drevinek P, de Soyza A, McClean S, Drulis-Kawa Z. 2015. In vitro and in
vivo antibacterial activity of environmental bacteriophages against Pseu-
domonas aeruginosa strains from cystic fibrosis patients. Appl Microbiol
Biotechnol 99:6021-6033. https://doi.org/10.1007/s00253-015-6492-6.
Forti F, Roach DR, Cafora M, Pasini ME, Horner DS, Fiscarelli EV, Rossitto M,
Cariani L, Briani F, Debarbieux L, Ghisotti D. 2018. Design of a broad-range

Issue 9 e02900-18

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Applied and Environmental Microbiology

bacteriophage cocktail that reduces Pseudomonas aeruginosa biofilms and
treats acute infections in two animal models. Antimicrob Agents Che-
mother 62:€02573-17. https://doi.org/10.1128/aac.02573-17.

Kavanagh K, Reeves EP. 2004. Exploiting the potential of insects for in
vivo pathogenicity testing of microbial pathogens. FEMS Microbiol Rev
28:101-112. https://doi.org/10.1016/j.femsre.2003.09.002.

Peleg AY, Jara S, Monga D, Eliopoulos GM, Moellering RC, Jr, Mylonakis
E. 2009. Galleria mellonella as a model system to study Acinetobacter
baumannii pathogenesis and therapeutics. Antimicrob Agents Che-
mother 53:2605-2609. https://doi.org/10.1128/AAC.01533-08.

Morello E, Saussereau E, Maura D, Huerre M, Touqui L, Debarbieux L.
2011. Pulmonary bacteriophage therapy on Pseudomonas aeruginosa
cystic fibrosis strains: first steps towards treatment and prevention. PLoS
One 6:16963. https://doi.org/10.1371/journal.pone.0016963.

Waters EM, Neill DR, Kaman B, Sahota JS, Clokie MRJ, Winstanley C,
Kadioglu A. 2017. Phage therapy is highly effective against chronic lung
infections with Pseudomonas aeruginosa. Thorax 72:666 —667. https://doi
.0rg/10.1136/thoraxjnl-2016-209265.

Alemayehu D, Casey PG, McAuliffe O, Guinane CM, Martin JG, Shanahan
F, Coffey A, Ross RP, Hill C. 2012. Bacteriophages phiMR299-2 and
phiNH-4 can eliminate Pseudomonas aeruginosa in the murine lung and
on cystic fibrosis lung airway cells. mBio 3:e00029-12. https://doi.org/10
.1128/mBi0.00029-12.

Henry M, Lavigne R, Debarbieux L. 2013. Predicting in vivo efficacy of
therapeutic bacteriophages used to treat pulmonary infections. Antimi-
crob Agents Chemother 57:5961-5968. https://doi.org/10.1128/AAC
.01596-13.

Jeon J, D'Souza R, Pinto N, Ryu CM, Park J, Yong D, Lee K. 2016.
Characterization and complete genome sequence analysis of two myo-
viral bacteriophages infecting clinical carbapenem-resistant Acinetobac-
ter baumannii isolates. J Appl Microbiol 121:68-77. https://doi.org/10
1111/jam.13134.

Kropinski AM, Mazzocco A, Waddell TE, Lingohr E, Johnson RP. 2009.
Enumeration of bacteriophages by double agar overlay plaque assay.
Methods Mol Biol 501:69-76. https://doi.org/10.1007/978-1-60327-164
-6_7.

Lin NT, Chiou PY, Chang KC, Chen LK, Lai MJ. 2010. Isolation and
characterization of phi AB2: a novel bacteriophage of Acinetobacter
baumannii. Res Microbiol 161:308-314. https://doi.org/10.1016/j.resmic
.2010.03.007.

Frampton RA, Taylor C, Holguin Moreno AV, Visnovsky SB, Petty NK,
Pitman AR, Fineran PC. 2014. Identification of bacteriophages for bio-
control of the kiwifruit canker phytopathogen Pseudomonas syringae pv.
actinidiae. Appl Environ Microbiol 80:2216-2228. https://doi.org/10
.1128/AEM.00062-14.

Guo Z, Huang J, Yan G, Lei L, Wang S, Yu L, Zhou L, Gao A, Feng X, Han
W, Gu J, Yang J. 2017. Identification and characterization of Dpo42, a
novel depolymerase derived from the Escherichia coli phage vB_EcoM_
ECOO078. Front Microbiol 8:1460. https://doi.org/10.3389/fmicb.2017
.01460.

Wilcox SA, Toder R, Foster JW. 1996. Rapid isolation of recombinant
lambda phage DNA for use in fluorescence in situ hybridization. Chro-
mosome Res 4:397-398. https://doi.org/10.1007/BF02257276.

Wheeler DL, Church DM, Federhen S, Lash AE, Madden TL, Pontius JU,
Schuler GD, Schriml LM, Sequeira E, Tatusova TA, Wagner L. 2003.
Database resources of the National Center for Biotechnology. Nucleic
Acids Res 31:28-33. https://doi.org/10.1093/nar/gkg033.

Besemer J, Lomsadze A, Borodovsky M. 2001. GeneMarkS: a self-training
method for prediction of gene starts in microbial genomes. Implications
for finding sequence motifs in regulatory regions. Nucleic Acids Res
29:2607-2618. https://doi.org/10.1093/nar/29.12.2607.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403-410. https://doi.org/10.1016/
50022-2836(05)80360-2.

Carver T, Thomson N, Bleasby A, Berriman M, Parkhill J. 2009.
DNAPIotter: circular and linear interactive genome visualization. Bioin-
formatics 25:119-120. https://doi.org/10.1093/bioinformatics/btn578.
Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome compar-
ison visualizer. Bioinformatics 27:1009-1010. https://doi.org/10.1093/
bioinformatics/btr039.

Lowe TM, Eddy SR. 1997. tRNAscan-SE: a program for improved detec-
tion of transfer RNA genes in genomic sequence. Nucleic Acids Res
25:955-964. https://doi.org/10.1093/nar/25.5.955.

Abbasifar R, Kropinski AM, Sabour PM, Chambers JR, MacKinnon J, Malig

aem.asm.org 15


https://doi.org/10.1007/s00284-015-0788-8
https://doi.org/10.1016/j.lfs.2017.09.034
https://doi.org/10.1007/s12223-014-0333-3
https://doi.org/10.1007/s12223-014-0333-3
https://doi.org/10.1371/journal.pone.0118557
https://doi.org/10.1371/journal.pone.0118557
https://doi.org/10.1007/s00284-012-0091-x
https://doi.org/10.1007/s00284-012-0091-x
https://doi.org/10.1007/978-1-60327-164-6_14
https://doi.org/10.1186/1471-2180-10-301
https://doi.org/10.1186/1471-2180-10-301
https://doi.org/10.1038/srep39130
https://doi.org/10.1111/1751-7915.12090
https://doi.org/10.1111/1751-7915.12090
https://doi.org/10.3389/fmicb.2018.00696
https://doi.org/10.3389/fmicb.2018.00696
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.2217/fmb.10.125
https://doi.org/10.2217/fmb.10.125
https://doi.org/10.1371/journal.pone.0127603
https://doi.org/10.1371/journal.pone.0127603
https://doi.org/10.3389/fmicb.2018.01725
https://doi.org/10.3389/fcimb.2017.00418
https://doi.org/10.3389/fcimb.2017.00418
https://doi.org/10.1073/pnas.96.5.2192
https://doi.org/10.1073/pnas.96.5.2192
https://doi.org/10.1111/j.1749-6632.1980.tb27987.x
https://doi.org/10.1111/j.1749-6632.1980.tb27987.x
https://doi.org/10.1007/s00253-015-6492-6
https://doi.org/10.1128/aac.02573-17
https://doi.org/10.1016/j.femsre.2003.09.002
https://doi.org/10.1128/AAC.01533-08
https://doi.org/10.1371/journal.pone.0016963
https://doi.org/10.1136/thoraxjnl-2016-209265
https://doi.org/10.1136/thoraxjnl-2016-209265
https://doi.org/10.1128/mBio.00029-12
https://doi.org/10.1128/mBio.00029-12
https://doi.org/10.1128/AAC.01596-13
https://doi.org/10.1128/AAC.01596-13
https://doi.org/10.1111/jam.13134
https://doi.org/10.1111/jam.13134
https://doi.org/10.1007/978-1-60327-164-6_7
https://doi.org/10.1007/978-1-60327-164-6_7
https://doi.org/10.1016/j.resmic.2010.03.007
https://doi.org/10.1016/j.resmic.2010.03.007
https://doi.org/10.1128/AEM.00062-14
https://doi.org/10.1128/AEM.00062-14
https://doi.org/10.3389/fmicb.2017.01460
https://doi.org/10.3389/fmicb.2017.01460
https://doi.org/10.1007/BF02257276
https://doi.org/10.1093/nar/gkg033
https://doi.org/10.1093/nar/29.12.2607
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/btn578
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/nar/25.5.955
https://aem.asm.org

Jeon and Yong

73.

74.

May 2019 Volume 85

T, Griffiths MW. 2014. Efficiency of bacteriophage therapy against Crono-
bacter sakazakii in Galleria mellonella (greater wax moth) larvae. Arch
Virol 159:2253-2261. https://doi.org/10.1007/s00705-014-2055-x.
Perdoni F, Falleni M, Tosi D, Cirasola D, Romagnoli S, Braidotti P, Clem-
enti E, Bulfamante G, Borghi E. 2014. A histological procedure to study
fungal infection in the wax moth Galleria mellonella. Eur J Histochem
58:2428. https://doi.org/10.4081/ejh.2014.2428.

Jeon J, Ryu CM, Lee JY, Park JH, Yong D, Lee K. 2016. In vivo application
of bacteriophage as a potential therapeutic agent to control OXA-66-like

Issue 9 e02900-18

75.

76.

Applied and Environmental Microbiology

carbapenemase-producing Acinetobacter baumannii strains belonging
to sequence type 357. Appl Environ Microbiol 82:4200-4208. https://
doi.org/10.1128/AEM.00526-16.

Manepalli S, Gandhi JA, Ekhar WV, Asplund MB, Coelho C, Martinez LR. 2013.
Characterization of a cyclophosphamide-induced murine model of immu-
nosuppression to study Acinetobacter baumannii pathogenesis. J Med Mi-
crobiol 62:1747-1754. https://doi.org/10.1099/jmm.0.060004-0.

CLSI. 2017. Performance standards for antimicrobial susceptibility test-
ing. M100-S27. Clinical and Laboratory Standards Institute, Wayne, PA.

aem.asm.org 16


https://doi.org/10.1007/s00705-014-2055-x
https://doi.org/10.4081/ejh.2014.2428
https://doi.org/10.1128/AEM.00526-16
https://doi.org/10.1128/AEM.00526-16
https://doi.org/10.1099/jmm.0.060004-0
https://aem.asm.org

	RESULTS
	In vitro characterization of the two phages. 
	In silico analysis of the two phages. 
	In vivo efficacy of the two phages in Galleria mellonella model. 
	Therapeutic efficacy of the two phages in a mouse model of acute pneumonia. 
	Histological changes and cytokine levels. 
	Bacterial counts in mouse lungs. 

	DISCUSSION
	Conclusions. 

	MATERIALS AND METHODS
	Bacterial strains. 
	Isolation and purification of phage infecting XDR-PA strains. 
	Transmission electron microscopy. 
	Adsorption and one-step growth kinetic analyses of phages. 
	Host range of phages. 
	Host cell lysis and stability of phages. 
	Biofilm formation and crystal violet assay. 
	Phage whole-genome sequencing and bioinformatics analysis. 
	Phage therapy assay in a G. mellonella infection model. 
	Phage therapy assay in a mouse acute pneumonia model. 
	Ethics statement. 
	Statistical analysis. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

