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Multidrug-resistant bacterial pathogens are an increasing threat to public health, and lytic bacteriophages have reemerged
as a potential therapeutic option. In this work, we isolated and assembled a five-member cocktail of wild phages against
Acinetobacter baumannii and demonstrated therapeutic efficacy in a mouse full-thickness dorsal infected wound model.
The cocktail lowers the bioburden in the wound, prevents the spread of infection and necrosis to surrounding tissue, and
decreases infection-associated morbidity. Interestingly, this effective cocktail is composed of four phages that do not kill
the parent strain of the infection and one phage that simply delays bacterial growth in vitro via a strong but incomplete
selection event. The cocktail here appears to function in a combinatorial manner, as one constituent phage targets capsu-
lated A. baumannii bacteria and selects for loss of receptor, shifting the population to an uncapsulated state that is then
sensitized to the remaining four phages in the cocktail. Additionally, capsule is a known virulence factor for A. baumannii,
and we demonstrated that the emergent uncapsulated bacteria are avirulent in a Galleria mellonella model. These results
highlight the importance of anticipating population changes during phage therapy and designing intelligent cocktails to
control emergent strains, as well as the benefits of using phages that target virulence factors. Because of the efficacy of this
cocktail isolated from a limited environmental pool, we have established a pipeline for developing new phage therapeutics
against additional clinically relevant multidrug-resistant pathogens by using environmental phages sourced from around

the globe.

he increasing prevalence of multidrug resistant (MDR) bacte-

rial pathogens is a major public health threat. Of particular
concern are the ESKAPE pathogens (Enterococcus faecium, Staph-
ylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.), which are often
nosocomial in nature and can cause severe local and systemic in-
fections (1, 2). Among the ESKAPE pathogens, A. baumannii is a
Gram-negative, capsulated, opportunistic pathogen that is easily
spread in hospital intensive care units (ICU) (3). Many A. bau-
mannii clinical isolates are also MDR, which severely restricts the
available treatment options, with untreatable infections in trau-
matic wounds often resulting in prolonged healing times, the need
for extensive surgical debridement, and in some cases the further
or complete amputation of limbs (4—14). Thus, there is an urgent
need for new therapeutics against the MDR ESKAPE pathogens,
including A. baumannii.

One possible therapeutic against ESKAPE pathogens is bacte-
riophages (phages). Phages are diverse viruses that replicate
within and can kill specific bacterial hosts. The possibility of har-
nessing lytic phages as an antibacterial was investigated following
their initial isolation (15). However, phage therapy was largely
abandoned in the United States by 1934 following the discovery of
penicillin, and only recently has interest in phage therapeutics
been renewed (16-27).

Phages are universally abundant in the environment, making
the isolation of potentially therapeutic phages from sources such
as untreated sewage water very straightforward (20, 22, 28). The
primary factors affecting the successful isolation of such phages
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are the availability of a robust collection of clinically relevant bac-
terial pathogens to serve as hosts and access to diverse environ-
mental sampling sites. With these conditions met, simple screen-
ing methods can be employed to rapidly isolate and amplify lytic
phages specific to a bacterial pathogen(s) of interest, and their
therapeutic potential can be investigated (20, 22, 23, 26-28).

The host range of a given phage is often very specific to the
subspecies level, which may confer an advantage over antibiotics if
infectious bacteria can be targeted without damaging commensal
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members of the host microbial community. However, because of
the specificity of the phage, viable phage therapeutics will also
likely require a significant level of personalization, as each phage
targets its host via a specific receptor on the bacterial surface.
Resistance to a phage can also occur if the receptor mutates or is
lost, and thus it is advantageous to procure multiple phages
against a pathogen, each with as broad and as distinct a host range
for strains of the targeted pathogen as possible. Combining such
phages into a single treatment cocktail may extend the utility of a
personalized cocktail and reduce the frequency of phage cocktail
resistance and therapeutic failure (23).

In this work, we isolated lytic phages specific to A. baumannii
from limited environmental sources and compounded a proof-of-
concept five-member phage cocktail against the model MDR
pathogen A. baumannii AB5075 (29). Further, we successfully
demonstrated the efficacy of this cocktail in a murine full-thick-
ness wound infection model. These results highlight the potential
for developing targeted phage therapeutics to combat the growing
threat of MDR bacterial pathogens.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Two strains were used to isolate
phages in this study. A. baumannii AB5075 is a previously described clin-
ical strain that was isolated at Walter Reed Army Medical Center (29).
AB5075Passaged (AB5075P) was isolated after passage of AB5075 in our
mouse wound model for 14 days (30). The reisolated AB5075 showed
mixed colony morphology on Lennox LB agar (Becton, Dickinson and
Company, Sparks, MD) of opaque (wild-type) and translucent colonies. A
colony that displayed translucent morphology was chosen as a second
target strain for phage isolation and designated AB5075P. In order to
visualize wound bacterial burden during animal studies, the biolumines-
cent strain AB5075 attTn7:luxCDABE (AB5075::lux) was created. Briefly,
a Tn7 plasmid containing the lux operon luxCDABE, pUC18T-mini-
Tn7T-hph-lux, was introduced into AB5075 via conjugation (31), and
integration of the [ux operon into the chromosome at the attTn7 site was
confirmed via PCR. Additionally, two Tn5 isogenic AB5075 mutants,
AB5075 epsA::Tn5 and AB5075 ptk:Tn5, were used in several in vitro
assays (29). A. baumannii strains used to assess differences in host infec-
tivity of phages AB-Navyl to AB-Navy4 (AB-Navyl—-4) are genetically
diverse strains that were obtained from our Wound Infections culture
collection and were originally received via the Army Multidrug-Resistant
Organism Repository and Surveillance Network (MRSN) and the Navy
NAMRU-6. MDR A. baumannii clinical isolates used to assess phage cock-
tail specificity are military-relevant clinical isolates from wounded service
members and were isolated from Landstuhl Regional Medical Center,
National Navy Medical Center, and Walter Reed National Military Med-
ical Center between 2003 and 2010 during the height of the conflicts in
Afghanistan and Iraq (R. Heitkamp, A. Zale, and B. Kirkup, submitted for
publication). Strains were maintained on tryptic soy broth (TSB; Becton,
Dickinson and Company) or Lennox LB broth (Becton, Dickinson and
Company) and stored in 20 to 40% glycerol at —80°C.

Isolation of phage strains from environmental sources. A. bauman-
nii phages were isolated from raw sewage water harvested from the Seneca
Wastewater Treatment Plant located in Germantown, Maryland. Briefly,
powdered TSB medium (Becton, Dickinson and Company) was mixed
with raw sewage to a final concentration of 3% (wt/vol). AB5075 or
AB5075P was grown to exponential phase, and 1 ml of each strain was
added to 100-ml aliquots of the TSB-sewage mixture. The A. baumannii-
inoculated TSB-sewage mixture was incubated at 37°C and 250 rpm over-
night. The following day, 1 ml of the infected TSB-sewage mixture was
harvested and centrifuged at 8,000 X g for 5 min to pellet cells and debris.
The supernatant was transferred to a sterile 0.22-m Spin-X centrifuge
tube filter (Corning, NY) and centrifuged at 6,000 X g to remove any
remaining bacteria. A 10-pl aliquot of the filtrate was mixed with 100 pl of
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exponential-growth culture of AB5075 or AB5075P, incubated at 37°C for
20 min, mixed with 2.5 ml of molten top agar (0.6% agar) tempered to
50°C, and poured over TSB agar plates (1.5% TSB agar). The plates were
incubated overnight at 37°C, and subsequent phage plaques were individ-
ually harvested and purified three times on appropriate A. baumannii
isolates by use of the standard procedures described by Sambrook et al.
(28).

Propagation and purification of phage strains. High-titer phage
stocks for in vivo experimentation were propagated and amplified in cor-
responding host bacteria by standard procedures (20). Large-scale phage
preparations were purified by cesium chloride density centrifugation as
previously described (22) and filtered through a 0.22-pm filter (Millipore
Corporation, Billerica, MA) prior to the treatment of animals. Phage
stocks were stored at 4°C indefinitely.

Electron microscopy. Standard methods of sample preparation were
employed for transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). For both methods, samples were fixed in 4%
paraformaldehyde with 1% glutaraldehyde in 0.1 M sodium cacodylate
buffer. For TEM, the fixed and inactivated high-titer phage samples were
spread on a copper grid, washed with water, and negatively stained with
uranyl acetate. These samples were imaged in a FEI Tecnai T12 Spirit TEM
at 100 kV.

For SEM, fixed Tegaderm dressing samples were washed three times
with 0.1 M sodium cacodylate buffer and postfixed with 1% osmium
tetroxide in buffer and then 0.5% uranyl acetate in water. The samples
were subsequently dehydrated through an ethanol series, critically point
dried, and coated with gold-palladium. The coated SEM samples were
imaged in an FEI Quanta 200 FEG SEM at 5 kV.

High-throughputliquid lysis assay to determine host infectivity and
cocktail synergy. An automated, indirect, liquid lysis assay was used to
evaluate the activity of phages against A. baumannii strains (32). Briefly,
an overnight culture of each strain was inoculated into the wells of a
96-well plate containing TSB mixed with 1% (vol/vol) tetrazolium dye.
Phages were added to each well, and plates were incubated in an OmniLog
system (Biolog, Inc., Hayward, CA) at 37°C overnight. The tetrazolium
dye indirectly measures the respiration of the bacterial cells. Respiration
causes reduction of the tetrazolium dye, resulting in a color change to
purple. The color intensity of each well was quantified as relative units of
bacterial growth. For host infectivity determination, bacteria were inocu-
lated at 10° CFU per well and phages were added at a concentration of 10°
PFU per well for a multiplicity of infection (MOI) of 10. For cocktail
synergy studies, bacteria were inoculated at 10° CFU per well and phages
were added at a concentration of 10° PFU per well for an MOI of 100.

Efficiency of plating for phages on the host strain. To determine how
well each phage infected its original host strain, a dilution series spot plate
assay was used to observe plaque formation (28). To do so, 50 pl of an
overnight culture of each A. baumannii strain was used to individually
inoculate 5 ml of molten top agar tempered to 55°C. The inoculated agar
was mixed thoroughly by brief vortexing and then spread over square LB
agar plates. Top agar was allowed to set for approximately 45 min, at
which time 4-pl aliquots of 10'° to 10> PFU in 10-fold dilutions of each
phage were spotted on the surface. Spots were allowed to fully absorb into
the top agar, after which plates were incubated at 37°C for 24 h and plaque
formation was assessed.

Time-kill analysis of A. baumannii AB5075 treated with phages.
Time-kill experiments were used to provide a quantitative analysis of
phage bactericidal activity. Briefly, an overnight culture of AB5075 was
diluted 1:1,000 in fresh LB broth to a final concentration of ~1 X 10° CFU
per ml. Twenty-milliliter aliquots were then transferred to 250-ml Erlen-
meyer flasks and incubated at 37°C with shaking at 200 rpm for 2 h.
Samples were then challenged with either 2 X 10'" PFU per ml of AB-
Army1 or an equal volume of sterile phosphate-buffered saline (PBS) and
returned to incubation as previously described. One-hundred-microliter
aliquots were taken at 0, 2, 4, and 24 h, serially diluted in PBS, and plated
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on LB agar. Plates were incubated at 37°C for 24 h, and colonies were
subsequently enumerated.

Raman spectroscopic analysis of A. baumannii strains. Changes in
AB5075 strains due to phage exposure were monitored using Raman spec-
troscopy. Each sample was obtained from LB agar plates and directly
transferred into a disposable weigh dish for spectral collection. Raman
spectra were collected using an 830-nm Raman PhAT system (Kaiser Op-
tical Systems, Inc., Ann Arbor, MI, USA). Spectra were collected using a
3-mm spot size lens with 100 s of total acquisition time and a 1-mm spot
size lens with 100 s of total acquisition time for time-kill assay samples.
Spectra were then preprocessed by baseline removal using a sixth-order
polynomial and intensity normalization to the 1,445 cm ' Raman vibra-
tional band prior to analysis.

Assessment of A. baumannii virulence in a Galleria mellonella
worm model. Colonies of AB5075 bacteria previously exposed to AB-
Army]1 phages display a translucent phenotype similar to A. baumannii
epsA and ptk capsule mutants known to be attenuated for virulence (33,
34). To determine if AB5075 previously exposed to AB-Armyl phage is
attenuated, we assessed bacterial virulence in a wax worm model of infec-
tion (35). A. baumannii strains were grown to exponential phase, washed
in PBS, and resuspended in PBS to ~1 X 107 CFU per ml. Galleria mello-
nella worms (Vanderhorst, Inc., St. Marys, OH) in the final-instar larval
stage and between 200 and 300 mg were inoculated with 5 pl of resus-
pended bacteria into their last left proleg using a 10-pl Hamilton syringe
(Fisher Scientific, Pittsburgh, PA). After infection, worms were incubated
in plastic petri dishes at 37°C and monitored for death over 5 days. Worms
were considered dead when they displayed no movement in response to
tactile stimuli.

Efficacy of phages as a therapeuticin an A. baumannii mouse wound
model. Phage treatment was assessed in a previously described mouse
wound model (30), with some modifications. Briefly, 6-week-old female
BALB/c mice were rendered neutropenic via cyclophosphamide injection,
their backs were shaved, and a full-thickness wound was created on the
dorsal side of each mouse. Each wound was inoculated with ~5 X 10*
CFU of AB5075::lux, and a Tegaderm bandage was placed over the
wound. Mice were housed singly from day 0 (inoculation) through day 6.
For phage treatments, mice received 4 X 10° PFU of phages in PBS via an
intraperitoneal injection and 5 X 10° PFU of phages in PBS topically
under the Tegaderm dressing, on top of the wound. Treatments were
given simultaneously at 4, 24, and 48 h postinfection. On day 3 postinfec-
tion, each Tegaderm dressing was removed and the wounds were left
exposed to air for the remainder of the experiment. Select Tegaderm
dressings were submitted for scanning electron microscopy (SEM) to
compare biofilm formations among treatment groups. Mouse weights
and clinical scores were monitored and recorded through day 6 of the
experiment. An IVIS in vivo imaging system (PerkinElmer, Waltham,
MA) was used to measure the bioluminescent signal of AB5075::lux as a
means to visualize and perform relative quantification of bacterial bur-
dens in the wound beds over the course of the experiment. To do so, mice
were anesthetized with isoflurane gas and placed dorsal side up, inside the
IVIS chamber. Bioluminescence measurements were taken with exposure
times of 1, 5, and 10 s on days 1, 3, and 5, respectively. Using Living Image
Software version 4.2 (PerkinElmer), pictures were analyzed and biolumi-
nescence was quantified. To determine the average radiance, each wound
was measured using a region of interest (ROI) of 2.8 cm”. The area of
bioluminescence was measured using the Auto ROI function with a
threshold of 20%. The physical wound size was measured using a Silhou-
ette wound measurement device (Aranz Medical Ltd., Christchurch, New
Zealand) on days 3, 7, 9, and 13 postinfection.

Research was conducted in compliance with the Animal Welfare Act
and other federal statutes and regulations relating to animals and experi-
ments involving animals and adheres to principles stated in the Guide for
the Care and Use of Laboratory Animals (36). The study protocol was
reviewed and approved by the Walter Reed Army Institute of Research/
Naval Medical Research Center Institutional Animal Care and Use Com-
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mittee in compliance with all applicable Federal regulations governing the
protection of animals in research.

RESULTS

Characterization of Acinetobacter baumannii phages isolated
from sewage water. To develop and test a customized phage ther-
apeutic for the treatment of an MDR A. baumannii wound infec-
tion, the model clinical isolate AB5075 was selected (29). This
MDR A. baumannii strain has been used successfully in our mu-
rine wound model and causes a severe skin and soft tissue infec-
tion in mice (30). In vitro cultures of A. baumannii AB5075 show
mixed opaque and translucent colonies at a ratio of 100:1 (data
not shown). Because wound healing is a lengthy process that likely
exerts unknown selection pressures on A. baumannii, we passaged
AB5075 in the aforementioned wound model, and when it was
reisolated, we chose a translucent colony to approximate a murine
clinical isolate with a rare colony morphology (see Materials and
Methods). This passaged strain with a translucent morphology
was chosen as a second target for phage isolation and was named
AB5075P. Lytic phages were then isolated from local sewage water
using AB5075 or AB5075P as a host. From the AB5075 sewage
water culture supernatant, one phage was isolated and designated
AB-Armyl (Fig. 1A), and it produced clear point plaques (Fig.
1B). Interestingly, immediately surrounding the AB-Armyl
plaque, there was a large zone of AB5075 that was phenotypically
distinct from AB5075 in the adjacent lawn. Halos of this kind
implicate a diffusible phage-encoded protein causing an enzy-
matic change to the surface of the bacteria, a well-recognized phe-
nomenon of phages that infect capsular bacteria (37-44). An effi-
ciency-of-plating assay showed that when a dilution series from
10" to 10* of AB-Armyl was spotted on an overlay plate of
AB5075, AB-Army1 could infect at a concentration as low as 10°
PFU per ml. From AB5075P sewage water culture supernatants,
four unique phages were isolated and designated AB-Navyl—4. All
four phages displayed gross morphologies similar to each other
but much larger than that of AB-Army! (Fig. 1A) and produced
clear point plaques (Fig. 1B). An efficiency-of-plating assay
showed that when a dilution series of 10'° to 10 of all four indi-
vidual phages was spotted on an overlay plate of AB5075P, all four
phages could infect at a concentration as low as 10° PFU per ml. To
demonstrate that phages AB-Navyl—4 were each unique, each was
tested against a genetically diverse set of A. baumannii strains to
compare host ranges by use of a Biolog system (32). The host range
of each phage was distinct, not only when the strains infected were
compared but also when the numbers of hours each phage could
prevent growth of the bacterial host in liquid (hold time) were
compared (Table 1). Thus, each of these phages to AB5075P ap-
pears to be unique.

AB-Army1 infection leads to a putative loss-of-capsule phe-
notype in A. baumannii AB5075. The infection of AB5075 with
AB-Armyl was monitored in liquid cultures via a time-kill assay.
In the absence of AB-Armyl, AB5075 grows well, with a largely
uniform opaque colony morphology indicative of capsule pro-
duction. However, when AB-Army1 was present, there was a 3-log
reduction in the number of CFU at the 2-h time point compared
to that of the uninfected culture (Table 2). Additionally, 98% of
the surviving AB5075 bacteria in the AB-Armyl-infected culture
now had a translucent colony morphology at 2 h, suggesting a loss
of capsule production. It should be noted that phages were not
inactivated or removed from the culture before plating, so phage
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AB-Navy3 AB-Navy?2 AB-Navyl AB-Army]1
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FIG 1 (A) Electron micrographs of AB-Armyl and AB-Navyl—4. Scale bar,
100 nm. (B) Plaque morphologies of AB-Army! and each of the AB-Navyl—4
phages on AB5075 and AB5075P LB top agar plates, respectively.

Phage Cocktail Rescues Mice from Wound Infections

TABLE 2 AB-Army]1 phage infection leads to a putative loss-of-capsule
phenotype in A. baumannii AB5075

Time of % of capsule- % of capsule- Total no. of

infection (h) Treatment positive bacteria negative bacteria CFU

0 Untreated 100 0 8.9E + 06
AB-Armyl 99 1 8.2E + 06

2 Untreated 98 2 2.2E + 09
AB-Armyl 2 98 3.5E + 06

4 Untreated 93 7 1.7E + 10
AB-Armyl 3 97 6.1E + 08

24 Untreated 85 15 1.3E + 11
AB-Armyl 1 99 3.5E + 11

infection and lysis might have occurred in liquid and/or on the
agar plate; however, lysis occurring under either circumstance
would result in the same outcome observed here. In contrast, the
uninfected AB5075 culture showed a frequency of only 2% trans-
lucent colonies at 2 h (Table 2). The surviving translucent AB5075
bacteria in the AB-Armyl-infected culture then grew over time, as
indicated by the increase in number of CFU (titer) at the 4- and
24-h time points (Table 2). This observed translucent morphology
of AB5075 bacteria previously exposed to AB-Armyl is stable for
at least 10 restreaks and does not appear to be the transient phase
variation observed by Tipton et al. (45). Because the AB-Army1-
treated culture still contained phages and grew at 4 and 24 h, we
hypothesized that the translucent morphology of the surviving
AB5075 bacteria was associated with an insensitivity to the AB-
Armyl phage. This phenomenon is consistent with selection for
the loss of receptor and suggests that the receptor for AB-Army1 is
a capsule component.

When further investigated, it was confirmed that the translu-
cent colony morphology observed in AB5075 previously exposed
to AB-Armyl was similar to the colony morphology of isogenic
AB5075 mutants harboring Tn5 insertions in genes known to be
involved in capsule biosynthesis. The genes epsA and ptk, encod-
ing a putative polysaccharide export protein and a protein ty-
rosine kinase, respectively, are essential for capsule biosynthesis in
A. baumannii (33, 34, 46). Notably, the translucent colony mor-
phology was also similar to the translucent phenotype of
AB5075P, the strain used to isolate phages AB-Navyl—-4. When
the host ranges of AB-Armyl and the AB-Navyl—4 phages were
assessed against the capsule-positive AB5075 and the capsule-neg-
ative AB5075P, AB5075 epsA::Tn5, AB5075 ptk::Tn5, and a streak-
purified strain of AB5075 previously exposed to the AB-Armyl
phage, AB-Armyl could form plaques only on capsule-positive
AB5075 bacteria, while the AB-Navyl-4 phages could form

TABLE 1 Host ranges of phages AB-Navyl—4 tested against a genetically diverse set of A. baumannii strains

Host infectivity of indicated strain®

Phage N0326 P0360 Q0683 Q0668 W0053 W4448 W4932 W5256
AB-Navyl 48 DNI DNI 4 20 DNI 48 DNI
AB-Navy2 48 DNI DNI DNI 18 DNI 20 36
AB-Navy3 48 12 6 6 22 16 48 38
AB-Navy4 12 16 22 DNI 24 12 38 DNI

“ Host infectivity is given in hours of hold time (i.e., time that the phage could prevent bacterial growth in liquid). DNI, does not infect.
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plaques only on the capsule-negative strains. Thus, it appears that
exposure of AB5075 to AB-Army1 not only has a strong bacteri-
cidal effect but also imposes a selection that results in a population
of insensitive bacteria displaying a phenotype consistent with loss
of capsule production by AB5075.

Raman spectroscopy links capsule changes among phage-
treated and untreated AB5075 strains to specific spectral fea-
tures. As a biophysical means to rapidly characterize the capsule-
associated phenotypes we observed in our studies, Raman
spectroscopy was used to interrogate changes in our A. baumannii
strains. Analysis of Raman spectra revealed inherent spectral
markers for capsulated AB5075 strains (Fig. 2). Specifically, the
Raman spectral band at 979 cm ™" was present only in strains with
an opaque, capsule-positive colony morphology. The Raman
spectral band at 979 cm” ! was absent in the remaining strains,
which have a capsule-negative colony morphology (Fig. 2A).
Other spectral markers observed in the opaque strain of AB5075
included 1,422 cm ™' and 1,379 cm ™" (Fig. 2B). While it is difficult
to say precisely which cellular components in the bacteria the Ra-
man spectral differences are attributed to, the distinct differences
between wild-type AB5075 and the translucent strains, particu-
larly AB5075 epsA:Tn5 and AB5075 ptk::Tn5, clearly correlate
changes in the 979 cm ™' band with the changes in capsule pheno-
type. Raman spectral bands between 1,300 cm ™" and 1,480 cm ™'
are largely attributed to CH, deformation and scissoring modes
present in fatty acids (lipids) and molecules with long chains of
methyl and methylene groups (proteins), known components of
the bacterial cell surface (47, 48). The structure of the capsular
polysaccharide in AB5075 has also recently been proposed and
implicates the epsA and ptk loci for capsular polysaccharide bio-
synthesis specifically in AB5075 (46).

Infection of A. baumannii AB5075 with phages AB-Army1l
and AB-Navyl-4 leads to effective killing in vitro. The results
described above revealed that when AB5075 is exposed to AB-
Armyl, a selection for loss of receptor (capsule) occurs, resulting
in a population of translucent colonies that are now sensitive to
the AB-Navyl-4 phages. We hypothesized that the combination
of all five phages into a single cocktail could result in a robust
treatment that targets not only the original opaque AB5075 pop-
ulation but also the emergent and capsule-negative AB-Armyl-
insensitive bacteria. To test this, a coinfection with the five-mem-
ber phage cocktail, designated the AB cocktail, was assessed in
vitro against AB5075 by use of a Biolog system (32). AB5075 cul-
tures treated with only AB-Navyl—4 phages demonstrated growth
kinetics similar to that of PBS-treated controls (Fig. 3), further
showing that the capsulated AB5075 is insensitive to these phages.
The culture containing AB-Army1 showed a 3-h lag in exponen-
tial growth, consistent with a selection event against capsulated
AB5075 and the following outgrowth of uncapsulated cells in the
culture. However, cultures that contained the AB cocktail showed
complete growth inhibition over the course of the experiment
(Fig. 3). Additionally, Raman spectra collected for each treatment
at 0, 4, and 24 h showed that the Biolog results were consistent
with the loss of capsule observed in the time-kill experiments.
AB5075 cultures that were PBS treated or treated with AB-Na-
vyl—4 phages possessed the 979 cm ™' Raman spectral band for all
time points, while AB5075 cultures treated with AB-Army]1 or the
AB cocktail exhibited a greatly diminished 979 cm ™' band at 4 and
24 h. Thus, there appears to be a combinatorial effect when all five
phages are administered as a single therapeutic cocktail in vitro. To
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FIG 2 Raman spectroscopy to characterize the capsule status of A. baumannii
strains. A. baumannii strains were grown in LB medium in the absence or
presence of phage, pelleted by centrifugation, and analyzed by Raman spec-
troscopy. The Raman spectra revealed inherent spectral markers for the
opaque, capsule-positive strain AB5075 (and AB5075::lux), specifically the
Raman spectral bands at 979 cm ™' (A) and 1,422 cm™ ' and 1,379 cm ™' (B).
These spectral bands were absent in the capsule-negative strains AB5075P,
AB5075 epsA:Tn5, AB5075 ptk::Tn5, and streak-purified AB-Armyl-treated
AB5075 (and AB5075::1ux). a.u., arbitrary units.

further assess the AB cocktail activity, its infectivity against a panel
of 92 MDR A. baumannii clinical isolates collected between 2003
and 2010 from wounded military personnel being treated at Land-
stuhl Regional Medical Center, National Navy Medical Center,
and Walter Reed National Military Medical Center was tested.
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FIG 3 Infection of AB5075 with the five-member AB cocktail results in complete killing in vitro. (Top panel) AB5075 was grown in the Biolog system for 19 h
in the presence of AB-Armyl, AB-Navyl—4, or the AB cocktail. Treatment with AB-Navyl—4 resulted in no change in growth compared to that of PBS-treated
cells. AB-Army1 infection resulted in an extended lag phase, due to the 99% killing of capsule-positive cells, and the eventual outgrowth of capsule-negative cells.
RU, relative units. (Bottom panels) Raman spectra were collected on samples at 0, 4, and 24 h. For AB5075 treated with AB-Army1 or the AB cocktail, the 979
cm ! band decreased over the course of the experiment.
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FIG 4 Translucent, capsule-negative strains are attenuated in a Galleria mel-
lonella model. Kaplan-Meier survival curves of G. mellonella worms infected
with 5 X 10* CFU of capsulated wild-type AB5075 or uncapsulated AB5075
strains. Curves were compared using the Mantel-Cox test with Bonferroni’s
correction for multiple comparisons. Capsulated AB5075 displayed signifi-
cantly increased mortality in comparison to the other strains (P < 0.0006).

Again using the Biolog system, it was determined that the AB
cocktail infected 10 out of the 92 strains (see Table S1 in the sup-
plemental material), highlighting the specificity of the cocktail
and thus the probable need for personalization when using phages
therapeutically.

The virulence of AB-Army1-treated AB5075 is attenuated in
a Galleria mellonella model. AB5075 bacteria previously exposed
to AB-Armyl phage displayed a translucent phenotype similar to
that of epsA and ptk capsule mutants. Because A. baumannii epsA
and ptk mutants have been shown to be attenuated in an animal
model (34), we hypothesized that translucent AB5075 bacteria
previously exposed to AB-Armyl phage would be less virulent
than wild-type AB5075 bacteria in a G. mellonella wax worm
model of infection (35, 49). Evaluation of AB5075, AB-Armyl-
exposed AB5075, AB5075P, AB5075 epsA::Tn5, and AB5075 prk::
Tn5 in the worm model confirmed that all four translucent strains
were avirulent in comparison to capsule-positive AB5075 (Fig. 4).
After day 4 postinfection, the survival rate of worms infected with
AB5075 was 5%, while all other groups had survival rates of 85%
or greater. Analysis of these curves using a Mantel-Cox test with
Bonferroni’s correction for multiple comparisons determined
that the difference was statistically significant (P < 0.0006). Dur-
ing the experiment, one of the PBS control worms died, likely due
to injection trauma from the route of infection. A control group of
untouched worms had 100% survival during the course of the
experiment.

Treatment of AB5075-infected wounds with the AB cocktail
leads to vastly improved clinical outcomes in a mouse wound
model. We wanted to determine if the bactericidal activity of the
AB cocktail observed in vitro could be recapitulated in a mouse
wound model and result in an effective treatment against AB5075-
infected wounds. Briefly, neutropenic mice were subjected to a
full-thickness dorsal wound via a 6-mm biopsy punch, and the
wound was infected with MDR A. baumannii AB5075::1ux, a bio-
luminescent isogenic strain of AB5075 (see Materials and Meth-
ods). The measured outcomes for the wound experiments in-
cluded (i) surgery/infection-associated weight loss, (ii) average
radiance of bioluminescent bacteria in the wound bed, (iii) area of
the infection as monitored by the area of bioluminescence, (iv)
physical wound size, and (v) biofilm formation on wound dress-
ings.

5812 aac.asm.org

Antimicrobial Agents and Chemotherapy

40
35+ | sk |

301 .
i

25+
20+
151
10+

% Weight Loss

(o]

PBS AB-Armyl AB Cocktail

FIG 5 Change in mouse weight on day 2 postinfection. On day 2, the median
weight losses were 18.7%, 16.0%, and 14.5% for PBS-, AB-Armyl-, and AB
cocktail-treated mice, respectively. Statistical analysis using a Kruskal-Wallis
test, followed by Dunn’s multiple-comparison test, found a significant differ-
ence between control and cocktail-treated mice (P = 0.01) and control and
monophage-treated mice (P =< 0.05). Figure S1 in the supplemental material
shows all weights for days 1 to 5 postinfection.

Infection-associated weight loss is an established measure of
morbidity in mice (30). The body weight of each animal was mea-
sured through day 5 of the infection, and the percent weight loss
was calculated in comparison to day 0. The peak weight loss oc-
curred on day 2, and the mice began to gain weight on day 3 (see
Fig. S1in the supplemental material). On day 2, the median weight
losses were 18.7%, 16.0%, and 14.5% for PBS-, AB-Armyl-, and
AB cocktail-treated mice, respectively (Fig. 5). Statistical analysis
using a Kruskal-Wallis test followed by Dunn’s multiple-compar-
ison test found significant differences between PBS- and AB cock-
tail-treated mice (P = 0.01) and between PBS- and AB-Armyl-
treated mice (P = 0.05). Thus, mice receiving either phage
treatment lost less weight than the PBS-treated group during the
infection and recovery.

During the course of the infection, the wounds were moni-
tored for bioburden as a function of average radiance and area of
bioluminescence using an IVIS in vivo imaging system. Biolumi-
nescence was measured on days 1, 3, and 5 postinfection. After day
5, the bioluminescence was below background levels for all treat-
ment groups. Heat maps of the wound bioburden suggested a
difference in both signal intensity and area of infection among the
groups; the most evident difference was seen on day 5, when the
AB cocktail-treated wound displayed no signal (Fig. 6; see Fig. S2
in the supplemental material). When bioluminescence was quan-
tified, the AB cocktail-treated mice had significantly less biolumi-
nescence than the PBS- or AB-Armyl-treated mice throughout
the experiment, indicative of a reduced bacterial burden in the AB
cocktail-treated mice with respect to the other treatment groups
(P = 0.01) (Fig. 7). The area of the bioluminescence was also
measured to evaluate how far the A. baumannii AB5075::lux bac-
teria disseminated into tissue surrounding the surgical wound
bed. For each day measured, the area of bioluminescence in the AB
cocktail-treated wounds was significantly smaller than that of
PBS-treated wounds (P = 0.05) (Fig. 8), suggesting that this treat-
ment prevented the dissemination of AB5075::lux bacteria into
the surrounding tissue. Thus, both the bioburden and the infec-
tion area, as monitored by bioluminescence, were significantly
reduced in the mice treated with the five-member phage cocktail
throughout the infection.

Previous studies have shown that the proliferation of bacte-
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FIG 6 Bioluminescence of the infected wound bed. The bioluminescence of A.
baumannii AB5075::lux was measured (in photons/s/cm?/steradian) for each
mouse wound by using an IVIS in vivo imaging system. Pictured are exemplar
images of wound bioluminescence of mice from each group on days 1, 3, and
5 postinfection. Figure S2 in the supplemental material shows all IVIS images
for every mouse used in this study.

ria outside the initial boundaries of the surgical wound results
in necrosis of the surrounding tissue and an increase in wound
size over the course of the experiment (30). In agreement with
these observations, the area of bioluminescence measured here
was consistent with the physical wound size, as measured using
the Aranz Silhouette system (Fig. 9A). On day 9, there were
significant differences in median wound size between the PBS
and AB cocktail (P = 0.001) groups and between the PBS and
AB-Armyl (P = 0.01) groups. A similar trend was also ob-
served on day 13 between the PBS and AB cocktail (P = 0.001)
groups and the AB-Army1 and AB cocktail (P = 0.001) groups.
Thus, on days 9 and 13, the AB cocktail-treated group had
significantly smaller wounds.

Additionally, median wound sizes were compared within
each group across days (Fig. 9B). During the course of the
experiment, maximum wound size was reached on day 9 and
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FIG 7 Bioluminescence of A. baumannii AB5075::lux in the mouse wound.
The photon emission of each wound was measured (in photons/s/cm?*/stera-
dian) using an IVIS in vivo imaging system on days 1, 3, and 5 postinfection.
Statistical analysis was completed using a Kruskal-Wallis test, followed by

Dunn’s multiple-comparison test. **, P < 0.01; ***, P < 0.001.
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FIG 8 Infection area of A. baumannii AB5075::lux in the mouse wound. The
area of bioluminescence of A. baumannii was measured to evaluate the disper-
sal of AB5075::lux bacteria to areas outside the initial boundaries of the surgi-
cal wound. Statistical analysis was completed using a Kruskal-Wallis test, fol-
lowed by Dunn’s multiple-comparison test. *, P < 0.05; **, P < 0.01; ***, P <
0.001.

then the wounds began to heal and contract. In the PBS-treated
mice, there was a significant increase in wound size between
days 3 and 9 (P = 0.001). Less drastic but significant increases
were also seen in the AB-Armyl-treated mice between days 3
and 9 (P = 0.05). Conversely, there was no statistical difference
in wound size for the AB cocktail group between days 3 and 9,
further suggesting that the five-member cocktail treatment
prevented bacterial dissemination and tissue necrosis outside
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FIG 9 Size of mouse wounds over the course of infection. The size of each
mouse wound was measured using the Aranz Silhouette system on days 3, 7, 9,
and 13 postinfection. (A) Comparison of treatments on days 3, 7,9, and 13. (B)
Comparison within each treatment group across days 3, 7,9, and 13. Statistical
analysis was completed using a Kruskal-Wallis test, followed by Dunn’s mul-

tiple-comparison test. *, P < 0.05; **, P =< 0.01; ***, P < 0.001.
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FIG 10 Scanning electron micrographs of A. baumannii AB5075::lux on Tegaderm bandages. Bacteria are associated with fibroblast products and other
components of the wound surface after Tegaderm bandage removal from the wound site. (A) PBS-treated mouse; (B) AB-Armyl-treated mouse; (C) AB

cocktail-treated mouse. Scale bar, 4 pm.

the original surgical wound bed and as a result the wounds
never increased in size. It is important to note that there was a
statistically significant difference in wound size for the AB
cocktail-treated mice on day 13, compared to that on days 3, 7,
and 9. However, this difference was due to a decrease in wound
size on day 13 as a result of healing (Fig. 9B).

Tegaderm dressings that were removed on day 3 postinfection
from each group of mice were fixed and visualized by SEM to
determine if phage treatment affected the ability of A. baumannii
AB5075::lux to form biofilm on the bandage. A robust biofilm
formed on the Tegaderm dressings in the PBS- and AB-Army1-
treated mice, as visualized by a complex exopolysaccharide
structure; however, very little mature biofilm structure was
present on the Tegaderm dressings from the AB cocktail-
treated mice (Fig. 10).

It is important to note that during the animal experiment,
there were a total of three deaths occurring on days 2 and 3 in the
PBS control group. There were also two mice that had to be eu-
thanized due to hind limb paralysis on days 4 and 5 in the PBS
control group. In addition, all of the mice in the PBS control group
displayed additional clinical signs of illness, including conjuncti-
vitis, ruffled fur from reduced grooming, and decreased mobility.
These kinds of negative outcomes were never observed in either of
the phage treatment groups.

DISCUSSION

The prevalence of MDR bacterial pathogens is a growing threat to
public health, and it is increasingly obvious that new treatment
options are needed. Bacteriophages have reemerged as candidates
for new, targeted antibacterial therapeutics. In this work, we suc-
cessfully isolated and purified several wild environmental phages
against A. baumannii and demonstrated that these phages can be
rapidly compounded into a cocktail that successfully treats A. bau-
mannii wound infections in mice. The isolation and purification
of these phages from local sewage water show that phages with
Iytic activity against a clinically relevant pathogen can be easily and
rapidly purified from environmental sources. It should be noted
that the A. baumannii isolates used for phage isolation were not
cured of any potential prophages first, as is customary when prop-
agating phages in a laboratory setting. Although contaminating
lysogens may be present in our phage preparations, the lytic activ-
ity of the therapeutic phages is not hindered, as we still see lysis in
vitro and efficacy in vivo. In addition, any personalized cocktail for
a clinical isolate could have unknown prophages as well, and tak-
ing time to cure prophages from these strains would prevent rapid

5814 aac.asm.org

Antimicrobial Agents and Chemotherapy

personalized phage cocktail formulation, which we propose is the
most viable path forward for phage therapeutic development.

Using these phages in the five-member AB cocktail, we dem-
onstrated effective killing of AB5075 bacteria in vitro and showed
that the observed bactericidal activity occurs in a synergistic man-
ner. AB-Armyl imposes a strong selection for the loss of receptor,
likely a capsule component, and the resulting emergent uncapsu-
lated cells were then sensitized to the AB-Navyl-4 phages. When
testing the AB cocktail against a collection of 92 MDR A. bauman-
nii clinical isolates, we found that only 10 of the strains were suc-
cessfully infected, highlighting the narrow spectrum of phages and
the need for personalization when developing phages as a thera-
peutic against MDR infections.

In agreement with our in vitro findings, a similar bactericidal
effect was also observed when the AB cocktail was used as a ther-
apeutic against AB5075::lux-infected wounds in mice. Compared
to PBS-treated controls, mice treated with the five-member AB
cocktail had reductions in weight loss, wound bioburden, area of
infection, and wound size throughout the course of the study. A
lack of biofilm observed on Tegaderm dressings of AB cocktail-
treated mice also suggests that phage treatment prevents biofilm
formation, and this specific mode of action may play a role in
preventing the dissemination of bacteria into the surrounding tis-
sue. The AB cocktail-treated group also had no fatalities or paral-
ysis events. By every metric followed here, the personalized phage
cocktail we developed serves as an effective treatment against
MDR A. baumannii AB5075 wound infections in this model (30).
While the individual AB-Army1 phage did show some efficacy, it
was not as effective as the full AB cocktail, consistent with the
combinatorial effect seen in vitro. It should be noted that we ad-
ministered a high dose of phage both topically and systemically
here, at 4 h postinfection. While it is known that at 4 h postinfec-
tion, the number of A. baumannii AB5075 CFU increased by at
least 1 log in the mouse wound model (30), work is ongoing to
determine if these phages can be effective against a more estab-
lished infection and if a single route of administration at a lower
dose would produce similar outcomes.

Phages are narrow spectrum even to the subspecies level,
which is of value when trying to avoid damage to the host
microbiome but poses a significant challenge when developing
a therapeutic to be used widely to treat infection. Thus, it is
likely that phages will be most viable as a personalized thera-
peutic, where a specific bacterial isolate from a patient is used
to produce a customized cocktail that is rapidly compounded
to treat that specific patient and infection. Here we demon-
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strate that wild, environmental phages can be easily purified
and rapidly compounded against the MDR clinical isolate
AB5075 using a high-throughput liquid assay. In the future, it
may be advantageous to use a large sequenced library of patho-
gen-specific down-selected phages, so as to eliminate phages
harboring toxins and known lysogeny genes, etc. Importantly,
knowing the precise receptor for each phage in such a library
may not be needed. Based on our results here, the presumed
receptor of the AB-Army1 phage is a component of the capsule,
a known virulence factor of A. baumannii (33, 34). However,
identifying the precise receptor was not required to determine that
AB-Armyl infection appears to impose a strong selection for
AB5075 cells that display a phenotype consistent with loss of cap-
sule and are avirulent in the G. mellonella survival model. In ad-
dition, receptor identification was not required to observe the
synergistic killing of AB5075 by the full AB cocktail. Synergistic
killing can be observed empirically apart from a mechanistic un-
derstanding of the receptor. Receptor identification is a nontrivial
task and would hinder the rapid formulation of cocktails in a
personalized manner. Instead, we argue that it is simply necessary
to use diverse phages with distinct but overlapping host ranges
that show synergistic killing in a liquid-based assay. The efficacy of
such a synergistic cocktail is most likely due to those phages having
different receptors; however, knowing their identities is not criti-
cal to therapeutic performance. Thus, by beginning with a diverse
library of known and sequenced phages, cocktails could be rapidly
compounded based simply on performance.

Personalized phage cocktail formulation in a clinically relevant
time frame from a known library may require new diagnostic
techniques to assist screening phage libraries. Here, Raman spec-
troscopy could distinguish between strains susceptible to AB-
Army] and those that are resistant. Because of the speed of Raman
spectroscopy and the lack of a requirement for culturing, we are
pursuing the use of Raman spectroscopy to assist in rapid cocktail
formulation.

Phage cocktails represent a new class of therapeutic that is
completely dissimilar to small-molecule antibiotics, in both their
mechanisms of action and how they are produced. In order to
effectively transition a phage therapeutic for human use, there will
likely need to be a new regulatory framework that governs natural
phage-based products specifically. We believe that this is essential
in order to develop novel, efficacious therapies against the MDR
ESKAPE pathogens.
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