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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
aGalleria mellonellamodel. 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.
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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-

in 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-

Treatment of AB5075-infected wounds with the AB cocktail nescence than the PBS- or AB-Armyl-treated mice throughout
leads to vastly improved clinical outcomes in a mouse wound the experiment, indicative of a reduced bacterial burden in the AB

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.
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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

loll
X PBS
e ® AB-Armyl
~ 10104 O  AB Cocktail
8(\.@ * %% Sk
S £ - —
° % #ok ok
% 3 109+ %%k
22 ) —
X it "
< <
£ 1084 § {
107

Day 1 Day 3 Day 5

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
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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-
Armyl 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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