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Novel Phage Lysin Capable of Killing the Multidrug-Resistant Gram-
Negative Bacterium Acinetobacter baumannii in a Mouse Bacteremia
Model
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Acinetobacter baumannii, a Gram-negative multidrug-resistant (MDR) bacterium, is now recognized as one of the more com-
mon nosocomial pathogens. Because most clinical isolates are found to be multidrug resistant, alternative therapies need to be
developed to control this pathogen. We constructed a bacteriophage genomic library based on prophages induced from 13 A.
baumannii strains and screened it for genes encoding bacteriolytic activity. Using this approach, we identified 21 distinct lysins
with different activities and sequence diversity that were capable of killing A. baumannii. The lysin (PlyF307) displaying the
greatest activity was further characterized and was shown to efficiently kill (>5-log-unit decrease) all tested A. baumannii clini-
cal isolates. Treatment with PlyF307 was able to significantly reduce planktonic and biofilm A. baumannii both in vitro and in
vivo. Finally, PlyF307 rescued mice from lethal A. baumannii bacteremia and as such represents the first highly active therapeu-

tic lysin specific for Gram-negative organisms in an array of native lysins found in Acinetobacter phage.

,VI embers of Acinetobacter are soil bacteria that frequently col-
onize the human skin without harm (1). However, in envi-
ronments in which individuals are immunocompromised or suf-
fer from a variety of wounds (e.g., in hospital settings or on
battlefields), Acinetobacter baumannii can cause severe life-threat-
ening infections (2—4). Symptoms of A. baumannii infections
range from mild skin wounds and urinary tract infections to more
severe conditions, including pneumonia, meningitis, and sepsis
(5). A. baumannii is now one of the most common causes of hos-
pital-acquired pneumonia (2) and sepsis; while not common
(only 1.3% of all sepsis cases), it is associated with mortality rates
of up to 58% (6).

One of the main threats from A. baumannii is the high rate of
resistance to antibiotics commonly used to treat Gram-negative
infections. More than 80% of Acinetobacter species are considered
to be multidrug resistant (MDR) (i.e., resistant to at least three
classes of antibiotics), resulting in infections with poor clinical
outcomes, including high rates of morbidity and death, prolonged
hospital stays, and substantial health care expenses (3, 7). In ad-
dition, several strains of pan-drug-resistant A. baumannii have
been isolated, showing resistance to a wide variety of clinically
used antibiotics (8). A. baumannii is also capable of surviving
treatments with detergents and disinfectants, dehydration, and
UV radiation and thus is difficult to eradicate from surfaces in
hospital environments (9, 10). The organism not only is intrinsi-
cally resistant to many antibiotics (owing to B-lactamases, weak
membrane permeability, and efficient efflux systems) but also can
readily acquire foreign plasmids and is considered to have a high
degree of genetic plasticity (11). Outbreaks caused by MDR Acin-
etobacter have been reported from hospitals worldwide; more re-
cently, they have become a serious problem in military medical
facilities (4). One of the main reasons why A. baumannii is so
persistent is its ability to tolerate desiccation and other stresses
through its ability to form biofilms on solid surfaces, including
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medical implants and catheters (12). For these reasons, new and
better ways of controlling A. baumannii are needed.

One possible approach to the treatment of Gram-negative in-
fections is based on the use of bacteriophage endolysins (lysins,
enzymes that degrade the cell walls of phage-infected bacteria to
release their phage progeny) (13, 14). Lysins can be endo-@3-
N-acetylglucosaminidases or N-acetylmuramidases (lysozymes),
which cleave the sugar moiety of peptidoglycan, endopeptidases,
which act on the peptide backbone or cross-bridge, or N-acetyl-
muramoyl-L-alanine amidases, which hydrolyze the amide bond
connecting the sugar and peptide moieties of peptidoglycans.
Work over the past 14 years has shown that lysins may be recom-
binantly expressed and added exogenously to sensitive bacteria,
resulting in rapid lysis and death. This “lysis from without” is the
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basis of a novel antibacterial strategy that has proven effective for
several different Gram-positive bacterial pathogens (15-18).

Unfortunately, Gram-negative bacteria are largely resistant to
the addition of exogenously added lysins, due to their protective
outer membranes. A small fraction of lysins, however, display low
innate ability to kill Gram-negative bacteria (19), an ability that is
improved in the presence of membrane-destabilizing factors (20,
21). This innate ability could be driven by highly positively
charged N- or C-terminal domains in the native sequences (19),
which enable the lysins to bind to the anionic outer membrane
and access their peptidoglycan substrate. Recently, researchers
have used this knowledge to create “artilysins,” engineered lysins
with added cationic peptides and EDTA for improved antibacte-
rial activity (22). In contrast to this, we have used a broad, expres-
sion-based, screening approach to identify the antibacterial lysins
present in the bacteriophages of Gram-negative bacteria. Such an
approach takes advantage of the vast amount of genetic material
accumulated by the phages (i.e., lysins) used to kill Gram-negative
bacteria. Here, we identified and isolated several lysins active
against A. baumannii, and we used one to demonstrate antibacte-
rial activity for planktonic and biofilm cells both in vitro and in
vivo.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. baumannii strains with num-
bers between 1775 and 1798 were clinical isolates from the clinical labo-
ratory of Weill Cornell Medical Center (New York, NY). Environmental
strains 1490 and 1498 were from soil, while strains 2198 and 2204 were
from marine sediment; all were verified as Acinetobacter by 16S rRNA
sequencing. Bacteria were cultured in trypticase soy broth (TSB) (Thermo
Fischer Scientific, Waltham, MA) at 37°C, with shaking at 200 rpm.
Strains for determination of the specificity of the lysin were cultured un-
der the same conditions, at the following temperatures: Escherichia coli
DHb5aq, 37°C; Pseudomonas aeruginosa PAO1, 30°C; Staphylococcus aureus
RN4220, 30°C.

Generation of phage DNA library. Thirteen isolates of A. baumannii
(isolates 1490, 1498, 2198, 2204, 1775, 1776, 1777, 1788, 1790, 1792, 1794,
1796, and 1798) were treated with 2 pg/ml mitomycin C for 16 h to induce
prophages. Growth curves for each strain were monitored, and all 13 were
consistent with phage induction and lysis (verified by electron micros-
copy); uninduced strains yielded no phage. The supernatants were sterile
filtered (0.22 pm) and treated with DNase and RNase to remove host
nucleic acids. Next, the phages were collected by polyethylene glycol
(PEG) precipitation, and DNA was extracted by phenol-chloroform ex-
traction and ethanol precipitation. The purified phage DNA was then
used to construct and to screen expressible linker amplified shotgun li-
braries (E-LASLs) generated on an individual basis for all of the identified
phages, to detect lysins (8, 23).

MIC:s for antibiotics. To generate a homogeneous layer of bacteria,
agar plates were overlaid with soft agar (7 g/liter agar) containing A. bau-
mannii strains (100 pl overnight culture mixed with 3 ml soft brain heart
infusion [BHI] agar). Etest strips (bioMérieux, Durham, NC) with ampi-
cillin, ceftazidime, levofloxacin, minocycline, or polymyxin B were ap-
plied on top of the soft agar layer, and the plates were incubated for 24 h at
room temperature. The MIC values were determined from the gradient
markings, according to the manufacturer’s instructions.

Activity screen of lysins on plates. All lytic clones (n = 21) were
recombinantly expressed in E. coli DH5a. Cells were cultured at 30°C in
LB supplemented with 50 pg/ml ampicillin, with shaking at 200 rpm, and
induction was performed by adding 0.2% arabinose once the mid-log
phase had been reached. Incubation was continued overnight, after which
cells were collected by centrifugation, washed with 50 mM sodium phos-
phate buffer (pH 7.0), and homogenized in an Emulsiflex-C5 homoge-
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nizer (Avestin, Ottawa, Ontario, Canada). Cellular debris was removed by
centrifugation (16,000 X g for 45 min) and the lysate was passed through
a 0.22-pm sterile filter to generate the crude lysate.

A. baumannii grown overnight in TSB was mixed with 50°C TSB soft
agar (100 pl bacteria to 5 ml soft agar) and poured onto a TSB agar plate
as a top agar layer. The agar was allowed to solidify at room temperature,
after which 10 pl of crude lysate was spotted on the plate. Plates were
incubated for 1.5 h at 20°C, after which they were stored overnight at 4°C.
This procedure (1.5 hat room temperature and then overnight at 4°C) was
repeated until a bacterial lawn could be detected on the plates. Lytic ac-
tivity was scored based on the size of any clearing zone and the general lysis
of the clearing zones (e.g., reduction in turbidity).

Expression and purification of PlyF307. Overnight cultures of E. coli
DH5a with the pBAD24-PlyF307 construct were diluted 1:100 in pre-
heated LB containing 50 pg/ml ampicillin and were incubated at 30°C,
with shaking at 200 rpm, until reaching an optical density at 595 nm
(ODsys5) 0f 0.5. The expression of PlyF307 was induced by the addition of
0.2% arabinose, and expression continued overnight at 30°C. The cells
were collected, washed in 50 mM sodium phosphate (pH 8.0), and ho-
mogenized using an Emulsiflex-C5 homogenizer (Avestin). The lysate
was cleared of cellular debris by centrifugation (16,000 X g for 45 min at
4°C) followed by sterile filtration (0.22 pm) to generate a crude lysate.

The crude lysate of PlyF307 in 50 mM sodium phosphate (pH 8.0) was
applied to a HiTrap SP FF column (GE Healthcare Life Sciences, Uppsala,
Sweden) using the Akta fast protein liquid chromatography (FPLC) sys-
tem (GE Healthcare Life Sciences), and fractions were eluted with a linear
gradient of 2 M NaCl. Peaks of interest were pooled, concentrated using
an Amicon Ultra Ultracel-3K filter (EMD Millipore, Billerica, MA), and
then applied to a HiPrep 26/60 Sephacryl S-200 high resolution size ex-
clusion column (GE Healthcare Life Sciences) using 50 mM sodium phos-
phate buffer (pH 8.0) as the running buffer. Peaks containing the protein
of interest were pooled and concentrated using Amicon Ultra Ultracel-
10K filters (EMD Millipore).

PlyF307 enzymatic activity. For all activity measurements, bacteria
grown in TSB overnight (stationary phase) or to early exponential phase
(OD4y5 0f 0.2 to 0.4) were washed in double-distilled water before being
resuspended to approximately 10° CFU/ml. The resuspended bacteria
were incubated with 100 wg/ml PlyF307 for 2 h at 37°C. Factors affecting
the activity of the lysin, as well as the spectra of activity, were analyzed with
early exponentially growing bacteria using the aforementioned condi-
tions, including pH (20 mM sodium phosphate [pH 6.0 to 8.0]) and NaCl
(0 to 500 mM). All experiments were performed in triplicate, and results
are shown as mean * standard deviation (SD).

In vitro treatment of catheter-adherent A. baumannii with PlyF307.
Catheter tubing (CareFusion) was cut into 3-cm sections using a sterile
scalpel. An overnight culture of A. baumannii strain 1791 was diluted
1:1,000 in TSB supplemented with 0.2% glucose (~1 X 10> CFU/ml).
Each catheter section was seeded with 300 pl of the diluted overnight
culture, clamped shut, and incubated for 3 days at 37°C to allow biofilm
formation. At that time, the catheters were washed with phosphate-buft-
ered saline (PBS) before 300 wl PlyF307 (1 mg/ml) was added to the tube
sections. After incubation at 37°C for 2 h, the catheters were washed with
50 mM sodium phosphate buffer (pH 7.5). Biofilms were mechanically
removed from the catheters by being thoroughly resuspended in 50 mM
sodium phosphate buffer (pH 7.5) and scraped with a pipette tip. Subse-
quent crystal violet staining of the catheter confirmed the absence of any
remaining attached biofilm. The samples were then vortex-mixed for 1
min, serially diluted, and plated on TSB agar plates to determine the CFU.

Mouse in vivo catheter model. The Rockefeller University institu-
tional animal care and use committee approved all in vivo protocols. A.
baumannii catheter biofilms were formed as described above. The backs of
20 female BALB/c mice (6 to 8 weeks of age; Charles River Laboratories)
were shaved and sterilized with three applications of betadine solution
and 70% ethanol wipes. A small incision was made in the skin, sufficient to
insert a 3-cm catheter section (containing a 2-day preformed biofilm)
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TABLE 1 MICs of different antibiotics against clinical isolates of A.
baumannii

MIC (p.g/ml)"
Isolate Ampicillin Ceftazidime Levofloxacin Minocycline Polymyxin B
1775 2 12 0.125 0.125 0.064
1776 2 12 0.125 0.125 0.5
1777 2 8 0.125 0.125 4
1788 16 64 >32 8 0.75
1789 12 48 >32 12 1
1790 16 96 8 4 0.5
1791 24 128 8 1.5 0.75
1792 64 64 8 2 0.75
1793 32 64 12 2 0.5
1794 32 96 6 1.5 0.64
1795 14 96 4 1.5 0.125
1796 128 96 4 2 0.125
1797 256 128 4 2 0.38

“ The antibiotic class, target, dose range tested, and susceptibility breakpoints for the
tested drugs were as follows: ampicillin, B-lactam, cell wall, 0.016 to 256 p.g/ml,
susceptibility at =8 pg/ml and resistance at =32 wg/ml; ceftazidime, B-lactam, cell
wall, 0.016 to 256 pg/ml, susceptibility at =16 wg/ml and resistance at =64 pg/ml;
levofloxacin, fluoroquinolone, topoisomerases, 0.002 to 32 wg/ml, susceptibility at =2
prg/ml and resistance at =8 pg/ml; minocycline, tetracycline, protein synthesis, 0.016 to
256 pg/ml, susceptibility at =4 pg/ml and resistance at =16 wg/ml; polymyxin B,
polypeptide, outer membrane, 0.064 to 1,024 pg/ml, susceptibility at =2 pg/ml and
resistance at =8 pg/ml. Bold numbers indicate resistance.

under the dermis, 1 cm from the opening. The incision was then closed
with surgical staples. After 24 h, two doses (4 h apart) of 1 mg PlyF307 (250
l) or PBS were injected directly into the catheter under the skin. Three
hours later, the mice were euthanized with CO,, and the catheters were
removed from the mice, washed twice with PBS, and treated as described
above to remove residual biofilm bacteria. Serial dilutions were plated on
BHI agar plates. The plates were incubated overnight at 37°C, and CFU
were counted.

Spreading of A. baumannii in mouse organs. Two C57BL/6 mice
were infected intraperitoneally (i.p.) with a washed overnight culture of A.
baumannii strain 1791 (~10® CFU). The mice were euthanized 2 h postin-
fection, and the liver, spleen, kidney, and heart were dissected from the
mice. The organs were homogenized in PBS, and dilutions were plated on
BHI agar plates to determine the number of CFU per organ.

Mouse Acinetobacter sepsis model. Twenty female C57BL/6 mice (6
to 8 weeks of age; Charles River Laboratories) were injected i.p. with A.
baumannii (~10® CFU). Two hours after injection, animals were treated
i.p. with either PlyF307 (1 mg; n = 10) or PBS (n = 10), and survival was
tracked for 2 weeks.

Nucleotide sequence accession numbers. Identified sequences have
been deposited in GenBank with accession numbers KJ740393 to
KJ740413.

RESULTS
Determination of MICs for clinical A. baumannii isolates. Since
the resistance patterns of our A. baumannii clinical isolates were
unknown, we tested them against antibiotics commonly used to treat
Gram-negative infections. Thirteen documented clinical strains were
tested for their antibiotic resistance profiles to five antibiotics (ampi-
cillin, ceftazidime, levofloxacin, minocycline, and polymyxin B) af-
fecting different molecular targets (the cell wall, topoisomerases, pro-
tein synthesis, and the outer membrane). Results revealed that the
strains had different degrees of resistance, with some being resistant
to more than one drug (Table 1).

Generation and characterization of A. baumannii phage ly-
sin library. We exploited the knowledge that A. baumannii is
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polylysogenized (24, 25) by identifying novel phage lysins from
prophages induced from 13 clinical and environmental isolates
with mitomycin C. Based on electron microscopy, all 13 strains
produced phage, and all were tailed (Caudovirales) and could be
classified as either siphoviruses or myoviruses based on their dis-
tinct morphologies. Examples of three isolated phages are pre-
sented in Fig. 1A. Phage DNA was isolated and genomic expres-
sion libraries were constructed in E. coli. The libraries were plated,
induced with 0.2% arabinose, and overlaid with a top agar layer
containing A. baumannii (strain 1794). Clones that generated a
clearing zone after overnight incubation at 37°C were subcultured
and rescreened, to confirm lytic activity (Fig. 1B). In preliminary
experiments, a few libraries were screened with strains 1794, 1490,
and 1796; since the three strains yielded similar clearing zones,
strain 1794 was used to screen all clones.

Homology and activity of identified lysins. All plasmid inserts
from stable clones able to generate clearing zones on A. baumannii
(n = 21) were sequenced. The sequences were all annotated as
phage lysins and clustered in three distinct groups based on do-
main organization (Fig. 2A; also see Fig. S1 in the supplemental
material). Seven constructs had a single TIGR02594 domain,
with or without a preceding region of unknown domain struc-
ture. Five constructs had a single lysozyme domain, and nine
had a two-domain organization, consisting of an N-terminal
catalytic domain (domain GH_108) and a C-terminal binding
domain (domain PGB_3) (Fig. 2A) typical of lysins from
Gram-positive phages.

All constructs were expressed, and crude unpurified lysates
were generated for an initial screening of activity against all 13 A.
baumannii isolates (see Materials and Methods). The lysates were
spotted on the surface of soft agar overlays containing A. bauman-
nii, and the plates were allowed to incubate at 20°C for 1.5 h, after
which they were kept at 4°C overnight to reduce the growth rate of
A. baumannii, allowing better resolution of clearing zones. This

FIG 1 Examples of inducible phages from A. baumannii and generation of a
phage lysin library. (A) Inducible bacteriophages from A. baumannii clinical
isolates were negatively stained with 2% uranyl acetate and visualized by elec-
tron microscopy. They are typical of siphoviruses (strains 1790 and 1796) or
myoviruses (strain 1794). Bars, 100 nm. (B) DNA was extracted from the
phages, and a phage genomic library was established. Clones were screened for
their ability to generate clearing zones on soft agar plates containing A. bau-
mannii (arrows).
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FIG 3 Purification and activity of A. baumannii phage lysin PlyF307. (A) A. baumannii phage lysin PlyF307 (arrow) was purified by a combination of
ion-exchange chromatography and size exclusion chromatography, which resulted in purity of ~95%, as observed visually. (B) PlyF307 is composed of a single
lysozyme domain, involving amino acids 3 to 141. The C-terminal part of the lysin has a high positive net charge (charge of +7), while the N-terminal part is
closer to a neutral net charge (charge of +1). (C) The activity of PlyF307 was investigated by determining its effects against both exponentially growing cells (Log)
and stationary-phase cells (Stat), by incubating the samples for 2 h at 37°C with 100 pg/ml PlyF307. Black bars, samples without the addition of PlyF307; gray bars,

samples with the addition of PlyF307.

procedure was repeated daily until alawn of bacteria could be seen
on the plates, after which clearing zones were analyzed based on
size and turbidity. Most lysates generated clearing zones at the site
of the initial spot, while others (PlyF307) also generated halo-like
clearing zones (see Fig. S2 in the supplemental material). In this
setting, PlyF311 was able to clear all 13 isolates of A. baumannii,
followed by PlyF307 (its close relative) (Fig. 2A), which cleared
12/13 strains (Fig. 2B). In general, however, PlyF307 displayed
greater activity than the other lysins, as judged by the size and
turbidity of the clearing zones, and better lytic activity against
seven of the tested A. baumannii isolates, while PlyF311 was the
most active lysin against only 2 of the 13 strains (Fig. 2B). PlyF307
was derived from phage induced from A. baumannii strain 2198.

Expression and purification of PlyF307. Based on the speci-
ficity and lytic activity results, we elected to continue working with
PlyF307. Its relatively small size (16.1 kDa) and high pI (pI =
10.12) enabled us to purify it to near homogeneity (>95%, based
on visual observation) through a combination of ion-exchange
and size exclusion chromatographic steps (Fig. 3A). We consis-
tently produced 4 to 6 mg of purified lysin per liter of induced E.
coli clone.

PlyF307 is composed of a single lysozyme domain, involving
amino acids 3 to 141 of the 147 amino acids constituting the full
PlyF307 protein. Its C-terminal region has a considerably higher
pI than the N-terminal region (pI values of 10.74 and 8.91, respec-
tively), as well as a higher positive net charge (z values of +7 and
+1, respectively) (Fig. 3B).

Activity of PlyF307. Lysins are generally less active against sta-
tionary-phase bacteria than against exponentially growing (log-
phase) bacteria, a phenomenon widely seen for Gram-positive
lysins (26). With a large inoculum of bacteria (> 10® CFU/ml), the
addition of PlyF307 (100 jLg/ml) was able to reduce the viability of
exponentially growing cells (ODg,, = 0.4) by >3 log units, while
reducing the viability of stationary-phase bacteria by little more
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than 1 log unit (Fig. 3C). Thus, we continued our further analysis
using exponentially growing A. baumannii.

PlyF307 was highly active across a broad pH range (pH 6.0 to
8.0), reducing the amount of A. baumannii isolate 1791 to below
the limit of detection (<100 CFU/ml) under all experimental con-
ditions and resulting in a decrease of >4 log units at pH 6.0 (Fig.
4A). Due to the greater stability of the bacteria at lower pH, we
continued the experiments at pH 6.0. PlyF307 was most active in
the absence of NaCl, resulting in a >5-log-unit decrease to below
the limit of detection (<10 CFU/ml) (Fig. 4B). The addition of 50
to 500 mM NaCl reduced the efficiency of PlyF307, although there
were still decreases of 3 to 4 log units under all experimental con-
ditions. Finally, PlyF307 was able to clear (>5-log-unit decreases)
all clinical strains of A. baumannii (Fig. 4C), with no significant
activity against E. coli, Pseudomonas aeruginosa, or Staphylococcus
aureus (data not shown). PlyF307 was able to kill clinical strain
1792, the only strain that it did not kill in the initial screen using
the plate assay. This may be attributed to both the concentration
of lysin (being lower in the plate assay) and the buffer conditions,
with the presence of salts in the agar plate.

PlyF307 is able to kill A. baumannii in biofilms in vitro and
in vivo. A. baumannii commonly forms biofilms on catheters and
replacement joints (27). Therefore, we investigated whether
PlyF307 also had antibiofilm activity. Catheter sections were in-
cubated with A. baumannii for 3 days in vitro to establish biofilms,
which were then washed and treated with PlyF307. After 2 h, re-
maining biofilm bacteria were removed and resuspended in buffer
for enumeration. We observed an approximately 1.6-log-unit de-
crease in the number of A. baumannii after treatment with
PlyF307 (Fig. 5A). More importantly, a marked reduction in total
biofilm biomass on the catheters was confirmed using scanning
electron microscopy (Fig. 5B).

To better mimic in vivo conditions, we implanted catheter sec-
tions, colonized with 2-day-old A. baumannii biofilms, subcuta-
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tal lines, limits of detection in the different experiments. All experiments were
conducted in triplicate, and results are presented as mean = SD.
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neously in the backs of mice. The catheters were left undisturbed
for 24 h, after which treatment began with 1.0 mg of PlyF307 or
PBS control delivered subcutaneously at the site of the implant. A
total of two doses were delivered in a 4-h period. The catheters
were removed 3 h later, and the residual organisms on the catheter
sections were enumerated. In this in vivo setting, we found ~2-
log-unit decreases in bacterial viability (Fig. 5A).

PlyF307 rescues mice from lethal bacteremia. Since lethal
bacteremia is a common outcome of A. baumannii infections, we
investigated the ability of the PlyF307 lysin to work systemically
and to rescue mice from this type of infection. Mice received 10°
CFU of A. baumannii i.p., and they were treated 2 h later with a
single dose of 1.0 mg PlyF307 lysin or buffer by the same route. In
preliminary experiments, we found that, by 2 h, all organs in the
mice were heavily infected with A. baumannii, suggesting that the
infection was systemic (see Fig. S3 in the supplemental material).
While most (90%) buffer-treated mice died within 1 to 2 days, the
F307-treated mice had a significantly higher rate of survival, with
50% being rescued from this highly lethal dose of A. baumannii
(Fig. 5C).

DISCUSSION

Antibiotic-resistant A. baumannii is a growing concern, with sev-
eral strains being resistant to all currently used antibiotics in hos-
pital settings (5). Since bacteriophages have coevolved with bac-
teria for nearly 1 billion years, we sought to investigate whether
phage products (e.g., lysins) could be used to kill A. baumannii. In
previous studies, Gram-negative bacteria have been shown to be
resistant to exogenous phage lysins because their outer mem-
branes prevent the lysins from reaching the peptidoglycan sub-
strate. However, recent published data support the idea that some
lysins (natural or engineered) do have activity against Gram-neg-
ative bacteria (14, 19).

A. baumannii strains are polylysogenic in nature, usually har-
boring several inducible prophages in their genomes (24, 25). We
took advantage of this and extracted DNA from mitomycin C-in-
duced prophages from several clinical and environmental isolates.
We developed an expressible recombinant genomic library with
this DNA to screen for phage-encoded proteins with bacteriostatic
or bactericidal activity against A. baumannii (23). In doing so, we
identified 21 unique lytic clones from 13 strains with three distinct
domain organizations (Fig. 2A), highlighting the abundance of
distinct prophages in this limited group of A. baumannii isolates
and the strength of using such an approach to identify lysins. The
two-domain organization found in several of the lysins, with a
C-terminal catalytic domain and an N-terminal binding domain,
is worth noting. While this domain organization is dominant
among lysins active against Gram-positive bacteria, it is rarely
found among lysins active against Gram-negative bacteria, for
which single catalytic domains (lacking binding domains) are
usually found (28).

One striking aspect of the identified lysins is their diversity.
Although a limited number of strains were examined (most from
New York) and only inducible phages were tested, we still gener-
ated 21 unique clones in our library screen. BLAST analysis of the
publically available A. baumannii genomes confirmed that a wide
variety of lysins are present in this bacterial species (data not
shown). With the exception of mycobacteriophage endolysins,
which also display wide diversity in terms of modular domain
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FIG 5 Ability of PlyF307 to degrade A. baumannii biofilms in vitro and in vivo and to rescue mice from lethal bacteremia. (A) A. baumannii biofilms were formed
in vitro on catheters for 24 h before being treated in vitro with PlyF307 for 2 h. For the in vivo samples, whole catheter pieces with 2-day-old biofilms were
implanted subcutaneously in the backs of mice. After 24 h, two doses of 1 mg of PlyF307 or buffer were administered subcutaneously, 4 h apart, at the implanted
site. Two hours after the last dose, the catheter was removed and sonicated, and the dislodged A. baumannii organisms were plated for CFU enumeration. Black
bars, controls; light gray bars, samples treated with PlyF307. (B) A 3-day-old A. baumannii biofilm was established on a catheter and treated for 30 min with 250
g PlyF307 before being analyzed using scanning electron microscopy. Magnification, X20,000. (C) Mice were infected i.p. with 10® CFU of A. baumannii. They

received a single dose of PlyF307 (1 mg) or buffer i.p. 2 hours later, and they were monitored for survival for 14 days.

organization (29), such diversity of phage lysins is rarely seen
within a species.

In Acinetobacter, it seems rather unusual that the lysogens
would evolve a large diverse group of lysins for the sole purpose of
releasing their phage progeny. We speculate that these lysins
might in some way be harnessed by the bacteria to control their
environment. Being a soil organism, A. baumannii shares a highly
competitive niche with other bacteria, including Bacillus and
Pseudomonas. Those bacteria do have a distinct advantage over A.
baumannii, however, with their ability to produce several bacte-
riocins, molecules that are used to efficiently kill bacteria in close
proximity and usually target strains of the same species (30, 31).
Although no bacteriocins from A. baumannii have been identified,
we suspect that they might in some way use phage lysins to control
their niche with respect to other A. baumannii strains. How this is
accomplished is under investigation.

To evaluate and compare the abilities of the lysins to kill A.
baumannii, we employed a soft agar plate assay in which we spot-
ted crude E. coli lysates (containing the induced lysins) on top of a
soft agar plate containing A. baumannii. Based on the comparison
of activities, lysin PlyF307 was distinguished not only by clearing
A. baumannii exceedingly well on agar plates but also by the halo-
like semiclear zone around the initial spot on the plate (see Fig. S2
in the supplemental material). These halo-like clearing zones have
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been attributed to an ability of cell wall hydrolases to degrade
extracellular polymeric substances (e.g., biofilms) (32); therefore,
this finding was of particular interest for a novel therapeutic agent.

PlyF307 had a significant lethal effect on exponentially growing
cells in vitro, resulting in a >3-log-unit decrease over 2 h when a
large inoculum (10® CFU/ml, with 100 pg/ml) was used, while it
was less effective against stationary-phase cells, resulting in an
~1.5-log-unit decrease (Fig. 3C). However, optimizing the con-
ditions (20 mM sodium phosphate buffer [pH 6] and 10° CFU/
ml) resulted in >5-log-unit decreases for all A. baumannii clinical
isolates tested (Fig. 4C). Thus, this enzyme is comparable to or
more effective than other characterized A. baumannii lysins (e.g.,
LysAB2) or artilysins (19, 22). The mechanism behind this lytic
effect is for further studies to determine; however, one study sug-
gested that the presence of a potential positively charged outer
membrane-destabilizing domain found within the C-terminal re-
gion of these lysins could be playing a role (19). Importantly,
PlyF307 is highly positively charged in its C-terminal region,
which suggests that this part may be involved in interacting with
the outer membrane (Fig. 3B).

One of the reasons A. baumannii is a widespread nosocomial
pathogen involves its ability to form biofilms (33). The ability of
PlyF307 to kill A. baumannii and its ability to form halo-like clear-
ing zones suggested that PlyF307 could be used to clear biofilms.
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In an in vitro setting using A. baumannii biofilms on catheters, the
addition of PlyF307 resulted in decreases in colonizing bacteria of
approximately 1.6 to 1.7 log units (Fig. 5A). Similar decreases (~2
log units) could be seen in an in vivo model in which 2-day-old
biofilms on catheter sections were placed beneath the skin of mice
(Fig. 5A) and treated in situ. Along with the reduction in bacterial
viability, much of the extracellular polymeric matrix was degraded
after this treatment (Fig. 5B), suggesting that direct lysin treat-
ment of infected implants in human patients, without surgical
removal, may be a possible strategy.

To study the lysin’s ability to function under physiological con-
ditions to control infection, we developed a mouse bacteremia
model based on intraperitoneal injection of 10° CFU of A. bau-
mannii. The mice developed systemic infection within 2 h (see Fig.
S3 in the supplemental material), at which time treatment was
initiated by injecting 1 mg PlyF307 (or buffer) intraperitoneally.
Due to the rapid onset and progression of the disease, almost all
control animals died within 24 h, whereas treatment with PlyF307
was able to rescue 50% of the infected mice (Fig. 5C). The success
rate in rescuing mice from systemic infection is somewhat lower
than rates for lysins active against Gram-positive pathogens,
which usually rescue 80 to 95% of infected mice under similar
conditions (15, 18). This effect is commensurate with the in vitro
activity of PlyF307, which decreased the bacterial burden by ~2
log units in the presence of physiological concentrations of NaCl,
while the in vitro effects of Gram-positive lysins are 4 to 5 log units
under similar conditions (15, 18). Nevertheless, this is the first
study successfully using an intact native lysin (without additional
factors) for Gram-negative infections in a mammalian infection
model (22).

In conclusion, we have shown here that bacteriophage lysins
from Acinetobacter prophages can be used to efficiently reduce the
bacterial burden of Gram-negative multidrug-resistant A. bau-
mannii, both in vitro and in vivo. Our studies emphasize the po-
tential therapeutic role of phage lysins for the treatment of Gram-
positive and now Gram-negative bacterial infections. We are
currently exploring the mode of action of PlyF307 in order to
engineer more effective Gram-negative lysins. In one such study,
we have managed to use the information we have acquired to date
to create a significantly more effective agent against Acinetobacter
(R. Lood, M. Thandar, B. Y. Winer, D. R. Deutsch, C. W. Euler,
and V. A. Fischetti, unpublished data).
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