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Summary

Background Clinical phage therapy is often delivered alongside antibiotics. However, the phenomenon of phage- eBioMedicine 2022;80:
antibiotic synergy has been mostly studied in vitro. Here, we assessed the in vivo bactericidal effect of a phage-antibi- 104045

otic combination on Acinetobacter baumannii ABgoo using phage 6FGoz, which binds to capsular polysaccharides ~"uPlished online xxx

.. . e ae . https://doi.org/10.1016/j.
and leads to antimicrobial resensitisation in vitro. ebiom 2022.104045

Methods We performed a two-stage preclinical study using a murine model of severe A. baumannii ABgoo bacterae-
mia. In the first stage, with an endpoint of 11 h, mice (n = 4 per group) were treated with either PBS, ceftazidime,
phage 6FGoz2, or the combination of phage and ceftazidime. The second stage involved only the latter two groups
(n = 5 per group), with a prolonged endpoint of 16 h. The primary outcome was the average bacterial burden from
four body sites (blood, liver, kidney, and spleen). Bacterial colonies from phage-treated mice were retrieved and
screened for phage-resistance.

Findings In the first stage, the bacterial burden (CFU/g of tissue) of the combination group (median: 4.55 x 105
interquartile range [IQR]: 2.79 x 105—2.81 x 10°) was significantly lower than the PBS (median: 2.42 x 10%; IQR:
1.97 X 109—3.48 x 10°) and ceftazidime groups (median: 3.86 x 10% IQR: 2.15 x 105—6.35 x 10°), but not the
phage-only group (median: 1.28 x 107; IQR: 4.71 x 10°—7.13 x 107). In the second stage, the combination treatment
(median: 1.72 x 10% IQR: 5.11 x 10°—4.00 X 10°) outperformed the phage-only treatment (median: 7.46 x 107;
IQR: 1.43 X 107—1.57 x 10°). Phage-resistance emerged in 96% of animals receiving phages, and all the tested iso-
lates (n = 11) had loss-of-function mutations in genes involved in capsule biosynthesis and increased sensitivity to
ceftazidime.

Interpretation gFGoz2 reliably drives the in vivo evolution of A. baumannii ABgoo towards a capsule-deficient,
phage-resistant phenotype that is resensitised to ceftazidime. This mechanism highlights the clinical potential of
using phage therapy to target A. baumannii and restore antibiotic activity.
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Research in context

Evidence before this study

Acinetobacter baumannii has been named a critical pri-
ority for the research and development of new thera-
peutic strategies. A search in PubMed in September
2021, with no restrictions by date or language, using
the search terms “Acinetobacter baumannii” AND “phage
therapy”, and excluding review articles, obtained 66
results. A manual assessment of these articles looked
for either clinical case reports, preclinical models, and/
or research into phage-antibiotic combinations. Five
publications, all from the past 5 years, described a total
of 8 clinical cases of compassionate use of phage ther-
apy against A. baumannii (septicaemia, osteomyelitis,
surgical site infection, and 5 cases of ventilator-associ-
ated pneumonia), demonstrating varying degrees of
success. In all of these cases, patients received, at least
for a brief period of time, phages and antibiotics simul-
taneously. Therefore, it was difficult to quantify the pre-
cise contribution of phage therapy to the overall
outcomes, and discriminate it from that of antibiotics. A
further 18 articles reported the results of preclinical
experiments using phages to treat infections in either
rodents or wax moth larvae. The modelled infections
included pneumonia, septicaemia, and wound infec-
tions, and a great majority demonstrated the bacteri-
cidal effect of phages in vivo. However, none of these
studies assessed the activity of phage-antibiotic combi-
nations. Lastly, 5 more studies did examine the thera-
peutic effects of phage-antibiotic combinations, and all
of them reported at least one instance of synergy, pri-
marily when carbapenem antibiotics or colistin were
added to phages. Nevertheless, these studies used
either in vitro platforms (tissue culture, liquid culture or
biofilms) or wax moth models. Most importantly, we
could not find in the literature instances where an exact
mechanism of phage-antibiotic synergy against A. bau-
mannii has been demonstrated in action.

Added value of this study

This work presents a preclinical study, using a mamma-
lian model, that demonstrates that a phage-antibiotic
combination has a superior bactericidal effect than
each of these agents individually against severe A. bau-
mannii infection. Notably, our findings explain the
mechanism through which the combination of these
two agents results in a superior bactericidal effect. We
confirm that, even in complex in vivo systems, treat-
ment with a capsule-targeting phage can reliably and
repeatably induce bacterial evolution towards a pheno-
type that is phage-resistant but resensitised to
antibiotics.

Implications of all evidence available

Phage therapy is becoming increasingly promising as a
therapeutic strategy against A. baumannii. To maximise
their therapeutic effect, however, the biology of clini-
cally-relevant phages needs to be better understood. A

clear knowledge of the bacterial receptor used by a
phage, the mechanism of bacterial phage-resistance,
and its associated trade-offs, can be leveraged as a clini-
cal intervention. The emerging evidence supports the
use of appropriate phage-antibiotic combinations as a
better therapeutic strategy against this critical patho-
gen, warranting the design of clinical trials.

research, prevention and treatment of infectious dis-
eases, it has also potentially contributed to worsening
the problem of AMR." The pandemic has, for example,
exacerbated the issue of inappropriate prescription of
antibiotics, and the saturation of the healthcare systems
has correlated to an increase in healthcare-associated,
multidrug-resistant bacterial infections."* In this con-
text, Acinetobacter baumannii infections keep emerging
as a leading cause of morbimortality in hospitalised
patients.>” © The resilience, persistence, and AMR evolu-
tion of A. baumannii in hospital settings have been well
documented,”® with recent estimates suggesting almost
half of A. baumannii clinical isolates are multidrug-
resistant.” These precedents justify the declaration of A.
baumannii as a critical priority for the research and
development of new therapeutic strategies.”

In recent years, phage therapy has experienced a
rebirth as a promising strategy against antimicrobial-
resistant pathogens."" Preclinical studies of phage ther-
apy in animal models of A. baumannii infection have
demonstrated encouraging results.”* ' Furthermore,
clinical case studies have established the contribution of
phage therapy in treating patients with severe
A.  baumannii  septicaemia,”  ventilator-associated
pneumonia,’®’® osteomyelitis,>° and surgical site infec-
tions.”' However, the interactions of A. baumannii with
combinations of phage and traditional antimicrobial
agents within an in vivo infection are currently under-
studied.

Therapeutic synergy occurs when the combined
effect of two agents, in this case antimicrobials, is
greater than the sum of their individual effects.””
Phage-antibiotic synergy (PAS) was first detected in vivo
against colibacillosis in broiler chicken,** but the term
itself was coined three years later, upon observing how
subinhibitory doses of antibiotics could increase the
burst size of lytic phages in vitro.>* The concept has
since expanded with the discovery of more mechanisms
through which antibiotics and phages potentiate each
other’s antibacterial effects.""> A prime example is
phage-resistance, whereby specific phages can push
their hosts into evolutionary pathways that lead to
phage-resistance at the cost of fitness trade-offs, includ-
ing increased sensitivity to antibiotics.*® ** Compared
to other clinically relevant pathogens, however, PAS
research against A. baumannii is limited,*® with few
studies exploring the combined effects of phages and
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antibiotics, and primarily doing so in vitro.>°*>* More
broadly, research into phage-resistance-mediated PAS
should answer two key questions: (1) whether the in
vitro identified mechanisms of phage-resistance repeat-
ably occur within the substantially more complex and
varied in vivo infections, and (2) if these do occur,
whether in vivo combination treatments provide
increased effectiveness compared to either treatment
alone. Better understanding of these issues could pro-
vide important, new therapeutic insights.

Previously, we reported that phage sFGoz2 used the
bacterial capsule of A. baumannii strain ABgoo as its
receptor.” In an effort to avoid killing by this phage, A.
baumannii evolved loss-of-function mutations in genes
of the K locus-responsible for capsule production and
export.’® The resultant capsule loss led to the sensitisa-
tion of phage-resistant mutants to beta-lactam antibiot-
ics, the complement system, and alternative phages.*

The present work aimed to leverage our previous
findings®* and move them towards clinical translation.
Here, we completed a preclinical study using a murine
model of severe bacteraemia and tested whether a com-
bined phage-antibiotic regime was superior to single-
agent treatments. We confirmed that, similar to in vitro,
the emergence of phage-resistance in vivo occurred via
capsule loss, resulting in resensitisation to and greater
killing by a beta-lactam antibiotic. Finally, we used an in
vitro platform to confirm that a phage-antibiotic combi-
nation achieved synergistic, rather than just additive
effects against A. baumannii. In summary, we validate
the repeatability and predictability of phage-resistance
evolution in vivo and enable a superior phage-antibiotic
combination treatment against multidrug-resistant A.
baumannii in a preclinical study.

Methods

Bacterial strains, phages, storage and culture
conditions

Wild type Acinetobacter baumannii ABgoo was previ-
ously described by Adams et al.>* It is a clinical isolate
originally obtained from a perineal wound of a patient
at the Walter Reed National Military Medical Centre
(USA), that harbours the resistance determinants ampC
(cephalosporinase), blaoxa.siike (carbapenemase), and
dhfrX (dihydrofolate reductase), making it resistant to,
among others, the third-generation cephalosporin cefta-
zidime (MIC > 32 pg/ml).>* ABgoo contains the type-
11 K locus (for capsule synthesis) and type-8 OC locus
(for production of the outer membrane’s lipooligosac-
charide outer core).>> The phage-resistant mutant strain
of ABgoo (sFGo2-R ABgoo) obtained in vitro was char-
acterised by Gordillo Altamirano et al.*® Bacteria were
cultured using lysogeny broth (LB) (Sigma-Aldrich), at
37 °C with aeration, supplemented with agar when
required.
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Phages gFGo2 and gLKor were originally isolated
from raw sewage collected in Victoria, Australia, using
the A. baumannii clinical strains ABgoo and AB507s5,
respectively, as hosts of isolation.?* A summary of the
known characteristics of gFGo2 is presented in Supple-
mentary Table 1, including experimental confirmation
of its lytic lifestyle in Supplementary Fig. 1.3 Phage
glKo1r has not been further characterised.”” Phage
stocks were amplified and purified using the Phage-on-
Tap protocol’” and stored at 4 °C.

Murine model of A. baumannii bacteraemia

The model has been previously described.® In sum-
mary, the experiments involved female, 6-to-to weeks
old, BALB/c mice, weighing at least 15 g; each animal
was an experimental unit. In all cases, mice were ran-
domly allocated to the different experimental groups.
Late exponential phase bacterial inoculums of A. bau-
mannii were prepared to the desired concentration
depending on the experiment: 1 x 10® CFU for phage
dosing, 2 x 10° CFU for ceftazidime dosing, and
5 x 10° CFU for both stages of the preclinical study.
Inoculum size correlates with time of survival in
untreated animals, with 5 x 10® CFU resulting in 100%
mortality at 12 h, whereas 1 x 10® CFU enables survival
to at least 24 h. In all cases, bacterial inoculums were
calculated in 100 pul of PBS and mixed in a 1:1 ratio with
6% porcine stomach mucin (Sigma-Aldrich) in PBS, to
enhance bacterial virulence,® for a total volume of
200 pl. Infection and treatments were all performed via
intraperitoneal injection. All treatments were calculated
for a volume of 200 ul, and the amount of injections
received by each mouse was the same (using PBS if no
other treatment was scheduled for a specific mouse at a
specific timepoint).

Treatments for the phage dosing experiments (n = 4
mice per group; 8 total) were either a single dose of
phage oFGoz, at a multiplicity of infection (MOI) of 1,
1 h post infection (hpi) (once-a-day or q.d. group) or two
doses, at 1 h and 12 hpi (twice-a-day or b.i.d group). In
the ceftazidime dosing experiments (n = 3 per group; 12
total), treatments consisted of PBS (control) or a single
dose of ceftazidime, delivered at 1 hpi, at either 12.5 mg/
kg (low dose group), 25 mg/kg (medium dose group), or
50 mg/kg (high dose group), doses that correlate with
standard veterinary and human treatments.’*?*° The
first stage of the preclinical study (n = 4 per group; 16
total) involved treatments with either PBS (control), cef-
tazidime at 25 mg/kg every 8 h (antibiotic), phage
oFGo2 at a MOI of 1 as a single dose (phage) or the
combination of the ceftazidime and phage treatments.
The latter two treatments were used for the second,
independent, stage of the preclinical study (n = 5 per
group; 10 total).

The endpoints were set depending on the aim of
each experiment. For phage and ceftazidime dosing
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experiments, the endpoints were set at the end of the
duration of action, i.e. right before the next dose in a
clinical context would have been scheduled (24 h for
phage dosing and 12 h for ceftazidime dosing). For the
preclinical study, the endpoints were shortened consid-
ering the higher inoculum used. They were set at 12 h
for the first stage and 16 h for the second stage. In all
cases, a researcher blinded to the treatments received by
the animals would follow them at regular intervals and,
when needed, the programmed endpoints would be
modified based upon animal wellbeing (humane end-
point).

At the endpoints, mice were euthanised by CO,
asphyxiation. Blood and organs were collected, weighed
and homogenised in PBS. Blood and organ suspensions
were then serially diluted in PBS and the bacterial bur-
den quantified by colony forming unit (CFU) counting,
and normalised by organ weight, constituting our pri-
mary outcome. In mice that received phage treatment,
the blood and organ suspensions were pelleted by cen-
trifugation, and the supernatant serially diluted and
plated with the soft overlay assay for plaque forming
unit (PFU) quantification. Screening for phage-resistant
mutants was performed as described below. Animals
were housed at the Monash Animal Research Platform
Facility, Monash University, with experiments starting
after at least 48 h of acclimatization.

Screening for phage-resistant mutants

Bacterial colonies isolated from mice were patch-plated
using sterile pipette tips onto fresh LB agar plates and
individual wells of a microtiter plate filled with 200 ul
of LB containing 10® PFU of phage oFGoz2. The agar
plates were incubated overnight, while the microtiter
plates were incubated for 16 h with OD¢,, measured at
15 min intervals. The growth curves of the putative
phage-resistant mutants were compared to those of wild
type ABgoo. Colonies with growth curves suggestive of
phage-resistance underwent two rounds of single-col-
ony purification starting from the previously prepared
agar patch plates. Finally, the phenotype of each puta-
tive phage-resistant colony was confirmed by repeating
the growth assay in liquid culture in the presence of
phage, and the standard soft overlay assay. For the
phage-resistant strains that underwent further charac-
terisation, a final efficiency of plating assay was per-
formed using a concentration of 10° PFU of ¢FGoz2 per
plate, expecting a complete absence of plaques.

Isolation of bacterial genomic DNA, sequencing and
variant calling

The GenElute™ Bacterial Genomic DNA Kit protocol
(Sigma-Aldrich) was used for DNA isolation. Bacterial
genomic DNA was tested for purity using a Nanodrop
(NanoDrop Technologies), Qubit fluorometer (Life

Technologies), and 1% agarose gel electrophoresis, then
vacuum dried into a pellet for transport. Sequencing
was performed using the Illumina® HiSeq 150 bp
paired-end platform at the Genewiz® facilities (Suzhou,
China).

The raw reads of each isolate’s genome were exam-
ined using FastQC vo.11.9.*" Raw reads were quality
trimmed to remove adaptor sequences and reads of
quality <20 in a sliding window of 4 bp using Trimmo-
matic vo.39.4* Nucleotide variants were identified using
“Snippy 4.3.6 - fast bacterial variant calling from NGS
reads”  (https://github.com/tseemann/snippy)  with
default settings, using the draft genome of wild type
ABgoo  (NCBI  Genbank accession number:
JAAVKC010000001-JAAVKC010000043) as the refer-
ence. Snippy output files (*.csv) were then manually
examined for the coverage and functional effect of var-
iants. Synonymous, <20 read coverage and self-align-
ing variants (as described in Gordillo Altamirano
et al.”®) were removed from further analysis. Finally,
frameshift variants were visualised in Integrative Geno-
mics Viewer (IGV) v2.7.2*® to examine the disruption of
coding sequences.

Adsorption assay

Bacteria from overnight cultures and phages from pure
lysates were mixed at a MOI of o.o1 (10® PFU/ml to 10®
CFU/ml) in LB. The suspensions were incubated at 37 °
C with aeration. At o and 20 min, samples of the sus-
pensions were transferred into chloroform-saturated
PBS, vortexed, and then centrifuged at 3500 x g for
3 min. The supernatant was diluted in PBS and plated
in duplicate for quantification of free phage particles.

Scanning electron microscopy

A 20 pl droplet of 5 times-PBS washed ABgoo bacterial
suspension (~10” CFU/ml) was placed onto a fresh
gold-coated silicon wafer (5 x 5 mm). The cells were
allowed to settle for 5 min, followed by washing with
PBS. Then, a 20 pl droplet of phage lysate (~10° PFU/
ml) was added, incubated for 20 min, and washed with
PBS. The wafer was then placed in 2.5% glutaraldehyde
in PBS solution for 15 min, washed with deionized
water and dehydrated by immersing in increasing con-
centrations of ethanol for 3 min each. Residual ethanol
was removed with a critical point dryer EM CPD300
(Leica). The sample was mounted on a standard metal
SEM stub and then coated with a ~5 nm thick gold layer
using a sputter coater SCD oo5 (BAL-TEC AG). The
samples were examined within the FEG-SEM Thermo-
Fisher Elstar G4 at an accelerating voltage of 2 kV, sec-
ondary electron mode, and a working distance of 3 mm,
operating in immersion mode with the through lens
detector. Images were colourised using the AKVIS Col-
oriage Software.
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Serum killing assay

The working volume of human serum (Sigma-Aldrich,
Australia) was divided in half, storing one half at 4°C
and heat-inactivating the other (56°C for 30 min). In
glass test tubes, aliquots of 5 ml of 50% serum (either
active or heat-inactivated) in PBS were inoculated to
10> CFU/ml of bacteria in exponential growth phase.
The tubes were thoroughly mixed and incubated. At the
starting timepoint and at 6o min, samples from each
tube were extracted to perform serial dilutions and CFU
counts. Escherichia coli DHs-alpha was used as a control
of serum activity (susceptible to human serum and
resistant to heat-inactivated serum).

Antimicrobial susceptibility testing

Minimum inhibitory concentrations to ceftazidime and
imipenem (Sigma-Aldrich) were assessed using the
microbroth dilution protocol** and interpreted using
the Clinical and Laboratory Standard Institute guide-
lines. E. coli strains ATCC 25922 and ATCC 35218 were
used as quality controls for each batch of tests. The min-
imum bactericidal concentrations of ceftazidime were
calculated using two methodologies (three technical rep-
licates per strain, as detailed below), both starting from
an incubated microbroth dilution test. First, 5 ul drop-
lets from a range of wells (128 ug/ml to 2 ug/ml of cef-
tazidime, and the growth control) were streaked onto
independent sections of a fresh (no antibiotic) Mueller
Hinton agar plate, incubated overnight, and assessed
for colony growth (two independent replicates). Alterna-
tively, the microtiter plate was centrifuged (3500 x g for
10 min), the supernatant carefully aspirated and
replaced with an equal volume of fresh Mueller Hinton
broth, and the plate incubated for 16 h, at 37 °C, with
continuous shaking, measuring the ODgo, every
15 min. The resulting growth curves were analysed for
bacterial growth (one replicate). Sensitivity to phage
oLKo1 was tested with the standard spot assay.

In vitro phage-antibiotic synergy experiments

The methodology, previously reported in,* was slightly
modified here. ABgoo was grown to exponential phase
in LB, then adjusted to a concentration of 5 x 10> CFU/
100 ul. Each well of the microtiter plate containing the
checkerboard of phage sFGoz (range: 10>°—10° PFU/
ml) and ceftazidime (range: 1—512 pug/ml) concentra-
tions was inoculated with 5 x 10> CFU. The plate was
incubated for 16 h, at 37°C, with continuous shaking,
measuring the ODg¢,, every 15 min.

Data representation and statistical analyses

Graphing and statistical analyses were performed using
GraphPad Prism 7 (GraphPad Software, Inc.). For ani-
mal experiments with two groups, the variances of the
outcome variables were compared to select the
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appropriate statistical tests. When variances were simi-
lar (bodyweight loss, proportion of phage-resistant
mutants), a two-tailed t-test was used after applying the
Shapiro-Wilk test to verify normal distribution; for
unequal variances (bacterial and phage quantification),
a two-tailed Mann-Whitney U-test was used instead. In
experiments with multiple groups, comparison between
groups were performed strictly following the pre-estab-
lished hypotheses and tested with the Kruskal-Wallis
test with Dunn’s correction for multiple comparisons.
Unless specified otherwise, all in vitro experiments were
performed in triplicate, with at least two technical repli-
cates each. For synograms, the raw OD data were first
normalised with the negative control. Where necessary,
the area under the bacterial growth curve (AUC) was
calculated as well. To calculate the percent reduction in
either OD or AUC, the following formula was used*’:
Reduction (%) = [(GrowthControl — Treatment)/
GrowthControl] x 100. Two-way analysis of variance
(ANOVA) was employed on interaction plots to analyse
possible synergism between phage and antibiotics, after
assessing the data for normality using the Shapiro-Wilk
test. For all statistical analyses, the threshold value of
two-tailed p < 0.05 was used for statistical significance.

Ethics statement

All protocols involving animals were reviewed and
approved by the AMREP (Alfred Medical Research and
Education Precinct) Animal Ethics Committee (Project
ID: E/1781/2018/M) and complied with the National
Health and Medical Research Council guidelines. The
reporting of animal research in this study complied
with the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines.*®

Role of funders

The funders of the study did not have any role in the
study design; in the collection, analysis, and interpreta-
tion of data; in the writing of the report; or in the deci-
sion to submit the paper for publication.

Results

The combination of phage 8FG02 with ceftazidime is
superior to single-agent treatments against
Acinetobacter baumannii bacteraemia

Using an established murine model of A. baumannii
bacteraemia,? we first set out to validate the ideal dos-
age and administration timings for the phage and anti-
biotic treatments. We had previously determined a
starting bacterial inoculum of mid-10® CFU per mouse
consistently produced a 100% lethality rate without
effective treatment at 12 h,” mirroring the severity of A.
baumannii bacteraemia in humans.*”** First we com-
pared the effect of once-a-day (q.d.) versus twice-a-day
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(b.i.d) intraperitoneal (IP) administration of phages on
animal bodyweight and average bacterial and phage
counts at 24 hpi. To ensure mouse survival to 24 h, the
starting inoculum was reduced to low-10® CFU/mouse;
and treatment with phage gFGo2 at a multiplicity of
infection (MOI) of 1 was administered at either 1 h-only
or at 1 h and 12 hpi. We found that b.i.d. phage treat-
ment did not provide any significant benefits compared
to q.d. administration (Supplementary Fig. 2). Next, we
investigated whether there was any significant differ-
ence in antibacterial effect between varying doses of the
beta-lactam ceftazidime, representing low (12.5 mg/kg),
medium (25 mg/kg) and high (50 mg/kg) doses in ani-
mals and adult humans.??*° Mice were infected with
low-10® CFU/mouse of A. baumannii and the antibiotic
administered as a single dose 1 hpi, with an endpoint at
12 h. Consistent with ABgoo’s resistance to ceftazidime
in vitro, we observed only a slight reduction in the bacte-
rial burden in the animals at 12 h, with no significant
differences observed between the various doses of cefta-
zidime (Supplementary Fig. 3). These data provided the
necessary phage and antibiotic parameters for our sub-
sequent treatment experiments.

We then carried out a two-staged preclinical study
comparing four treatments against A. baumannii
ABgoo bacteraemia (Figure 1a,b). In the first stage,
groups of mice (n = 4) were treated with either (i) PBS
as a negative control; (ii) 25 mg/kg ceftazidime every
8 h; (iii) phage oFGo2 at a MOI of 1 as a single dose; or
iv) the combination of the ceftazidime and phage treat-
ments. The main measured outcome was the average
bacterial burden from four body sites per mouse (blood,
liver, kidney, and spleen). Mice were euthanised at 11
hpi when humane endpoints were reached in the nega-
tive control and antibiotic-only groups. Compared to the
other groups, combination treatment reduced bacterial
density by 3.7, 2.9, and 1.4 log, against the control, anti-
biotic-only, and phage-only groups, respectively
(Figure 1c); with data analysis in individual organs
showing the same trend (Supplementary Fig. 4). While
the combination treatment showed the strongest bacte-
ricidal effect, it did not achieve statistical significance
when compared to the phage-only treatment (Figure 1c)
(Kruskal-Wallis test with Dunn’s correction for multiple
comparisons, p = 0.003 vs control, p = 0.0428 vs antibi-
otic-only, p = 0.851 vs phage-only). Notably, there was
no difference in the numbers of active phage particles
or phage-resistant bacterial colonies retrieved from the
mice receiving either phage-only or combination treat-
ment (Mann-Whitney U-test, p = 0.2 and p = 0.08,
respectively; two-tailed) (Figure 1d,e).

In the second, independent, stage of the study (n =5
per group), we excluded the negative control and antibi-
otic-only groups, allowing the extension of the endpoint
to 16 h. Here we observed that the combination treat-
ment achieved a sustained suppression of the bacterial
burden, whereas the phage-only group experienced a

resurgence in bacterial burden, for a final 1.6 log differ-
ence (median: 838 x 107 vs 2.08 x 10® CFU/g of tis-
sue; Mann-Whitney U-test; p = 0.03; two-tailed)
(Figure 1f). The higher bacterial load in the phage-only
group was correlated to higher phage quantities
(median: 1.35 x 10° vs 1.08 x 107 PFU/g of tissue;
Mann-Whitney U-test; p = o0.0159; two-tailed)
(Figure 1g), and both groups had a similar proportion of
phage-resistant mutants (unpaired t-test; p = 0.29; two-
tailed) (Figure th). In summary, our preclinical study
demonstrated greater efficacy with the combination of
ceftazidime and phage sFGo2 compared to either anti-
biotic-only or phage-only approaches against A. bau-
mannii bloodstream infection.

Phage-resistant A. baumannii mutants emerge in vivo
via a repeatable evolutionary pathway that leads to
antimicrobial resensitisation

We hypothesised that the success of the combination
therapy in vivo was due to the emergence of phage-resis-
tant mutants exhibiting antimicrobial resensitisation.”
To explore this hypothesis, we screened for phage-resis-
tant mutants as an outcome measure from all phage or
combination treated mice across all experiments
(Figure 1e,h, Supplementary Fig. 2d). A minimum of 15
bacterial colonies per mouse were randomly selected,
from different body sites. Following two rounds of sin-
gle-colony purification, the sensitivity of these colonies
to phage oFGo2 was assessed with growth curves and
the standard soft agar overlay assay. In total, phage-
resistant colonies were isolated from 24 out of 25 mice
(96%). The frequency of phage-resistance emergence
was not necessarily comparable between mice across
different experiments, ranging from as little as 5% of
colonies per mouse up to as many as 94% (Supplemen-
tary Fig. 5). This range was likely due to variations in
starting inoculums, number of phage doses, and length
of follow-up. We did however observe phage-resistant
isolates within all four organs. This result confirmed
that A. baumannii ABgoo can become resistant to
phage gFGoz in vivo.

In vitro resistance to phage sFGoz2 in ABgoo had
previously been determined to occur via loss-of-function
mutations in genes associated with capsule produc-
tion.”» We next sought to verify if the mechanisms of
phage resistance in our in vivo derived isolates were the
same as those that evolved in vitro. We randomly
selected one phage-resistant isolate from 11 animals
(Supplementary Fig. 5), reconfirmed their phage-resis-
tant phenotype with an efficiency of plating assay using
102 PFU of oFGo2 per plate (Supplementary Fig. 6),
and prepared them for whole genome sequencing. We
compared the genomes of these strains to the wild
type’s  (NCBI  BioProject accession number
SAMN14483301) to identify mutations. Similar to that
observed in vitro,*> each in vivo phage-resistant isolate
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Isolate Tissue of Treatment Mutation Type Affected nt Position Effect Product and function
isolation received Gene

1 Kidney Phage only Insertion (1 nt) gtr29 877/1041 Frameshift Glycosyltransferase 29: elon-
gates the K unit adding sugars

2 Blood Phage only Substitution (1 nt) tle 401/1134 Gly134Asp Talose epimerase: synthesis of
complex sugars for the K unit

3 Spleen Phage only Deletion (20 nt) gtr29 865/1041 Frameshift Glycosyltransferase 29: elon-
gates the K unit adding sugars

4 Liver Phage only Deletion (3 nt) gtr29 610/1041 Tyr204del Glycosyltransferase 29: elon-
gates the K unit adding sugars

5 Kidney Phage only Insertion (1 nt) gpi 163/1671 Frameshift Glucose-6-phosphate isomerase:
synthesis of simple sugars for
the K unit

6 Spleen Phage only Insertion (1 nt) wzx 254/1269 Frameshift Oligosaccharide flippase: translo-
cates the K unit into the
periplasm

7 Blood Phage only Deletion (1 nt) gtr29 819/1041 Frameshift Glycosyltransferase 29: elon-
gates the K unit adding sugars

8 Spleen Phage only Deletion (1 nt) gtr29 193/1041 Frameshift Glycosyltransferase 29: elon-
gates the K unit adding sugars

9 Liver Phage and antibiotic Deletion (3 nt) gtr29 212/1041 Frameshift Glycosyltransferase 29: elon-
gates the K unit adding sugars

10 Liver Phage and antibiotic Deletion (3 nt) gtr29 610/1041 Tyr204del Glycosyltransferase 29: elon-
gates the K unit adding sugars

1 Liver Phage and antibiotic Insertion (1 nt) pgm 979/1371 Frameshift Phosphoglucomutase: synthesis
of simple sugar for the K unit

Table 1: Mutations harboured by the in vivo-obtained phage-resistant AB900 isolates. Whole genomic DNA short-read sequenced,
bled and compared to wild type AB900. All affected genes are in the K locus.
nt: nucleotide.

harboured mutations in genes of the K locus complex sugars used for the capsule (te: talose epimer-

(Table 1).5>49 Interestingly, the affected gene in 7 of the
11 isolates was gtr29, a glycosyltransferase previously
found to have lost its function in vitro.”* Furthermore,
two of these strains had the same mutation, a 3-nucleo-
tide deletion resulting in the loss of the tyrosine residue
at position 204. The remaining isolates contained muta-
tions in genes involved in the production of simple and

ase, gpi: glucose-6-phosphate isomerase, and pgm: phos-
phoglucomutase), and in the export of the capsule (K)
subunits into the periplasm (wzx: oligosaccharide flip-
pase) (Figure 2a).°° We next confirmed that these muta-
tions inhibited the adsorption of phage @FGo2
(Figure 2b). Over a period of 20 min, more than 99% of
oFGo2 particles were able to attach to their wild type

Figure 1. Preclinical study of phage-antibiotic combination therapy against A. baumannii bacteraemia. a and b: Experimental design
for the two-staged preclinical study. The experiments began with the intraperitoneal injection of 5 x 10° CFU/mouse of A. bauman-
nii AB900. Treatments were also delivered intraperitoneally, at 1 h and 8 h post-infection. At the endpoints of 11 h or 16 h, blood,
liver, kidney and spleen from each mouse were obtained for bacterial and phage quantification. c to e: Results of the first stage of
the study, endpoint at 11 h, comparing control (black), antibiotic-only (red), phage-only (blue), and combined (purple) therapies. f
to h: Results of the second stage of the study, endpoint at 16 h, comparing phage-only (blue), and combined (purple) therapies.
Average bacterial burdens from 4 body sites (c and f) are represented by solid symbols, average active phage counts (d and g) by
outline-only symbols, and proportion of phage-resistant colonies (e and h) by shaded symbols. Each data point represents one
mouse, bars are medians and dotted lines represent the assays’ detection limit. Statistical analysis was performed using the Kruskal-
Wallis test with Dunn'’s correction for multiple comparisons (c), Mann-Whitney U-test (d, e f, and g), and unpaired t-test (h). Data by
organ from panels c-d and f-g available in Supplementary Fig. 4. Two data points have been excluded due to suspected incorrect
administration (intraintestinal, intramuscular or subdermal) of either inoculum or phage treatment. In the missing data point from c
(control group) suspected incorrect administration of the inoculum lead to no infection being established, noticed by undetectable
levels of bacteria at the endpoint. In the missing data point from f-h (combination group), suspected incorrect administration of the
phage treatment led to the animal reaching the endpoint at 12 h instead of 16 h, alongside undetectable levels of phage from all
organs. ns: not significant.
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Figure 2. The mechanism and trade-offs of phage-resistance in A. baumannii AB900 are repeatable in vivo. a: Schematic representa-
tion of the genes of the K locus of AB900, based on.**% The high-level functions of their products are colour-coded; the dark blue
circle represents the mutated gene in the previously described in vitro-obtained phage-resistant mutant,**> while the light blue
circles represent the mutated genes in the in vivo-obtained phage-resistant isolates from this study (designated with the numbers
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host, ABgoo (also visualised with scanning electron
microscopy in Figure 2c); however, gFGo2 particles did
not adsorb to any of the 11 in vivo phage-resistant
strains. Finally, we tested if we could recapitulate the
phenomenon of antimicrobial resensitisation in these
strains, using human serum, two antibiotics and one
alternative phage.’’ In a human serum killing assay, we
observed that 10 of the phage-resistant mutants were
eradicated by human serum after only 60 min of coin-
cubation, with this bactericidal effect disappearing if
heat-inactivation of the serum was performed before-
hand (Figure 2d). Next, we used the microbroth dilution
method, and a subsequent subculture into fresh media,
to determine the minimum inhibitory (MIC) and bacte-
ricidal (MBC) concentrations, respectively, of ceftazi-
dime and imipenem (Figure 2e, Supplementary Table
2, and Supplementary Figs. 7 and 8). Compared to wild
type ABgoo, all 11 phage-resistant strains had reduc-
tions in the MIC of ceftazidime, 10 of them carried a
corresponding reduction in the MBC of the antibiotic,
and 9 had a reduced MIC to imipenem. Likewise, 9 out
of 11 strains had become susceptible to gLKo1, a phage
to which wildtype ABgoo is resistant (Figure 2f). Taken
together, these results suggest that inhibition of phage
adsorption through disruption of capsule synthesis is a
repeatable mechanism of resistance used by A. bauman-
nii ABgoo against phage gFGoz2; and it consistently
results in the trade-off of antimicrobial resensitisation.
These findings explain the success of combination ther-
apy in our preclinical experiments, supporting our
hypothesis.

The combined effect of ceftazidime and phage gFG02
against A. baumannii AB90O is synergistic

The results of our preclinical study suggest that ceftazi-
dime and oFGo2 achieve at least an additive effect
when combined against A. baumannii ABgoo. A
hypothesis of phage-antibiotic synergy (PAS) could be
made, after corroborating that resensitisation to ceftazi-
dime is a repeatable effect of resistance to gFGo2. How-
ever, in vivo confirmation of antimicrobial synergy is
notoriously fickle,” and most in vitro and computational

platforms that test for synergy may not cater for the
unique biology of phages.”** Here, we tested our
hypothesis using the synogram, an in vitro model based
on the gold standard time-kill curve®® and the traditional
checkerboard assay, and validated for phage-antibiotic
combinations.*> With the synogram, we assessed the
antimicrobial effect of ceftazidime at concentrations of 1
to 512 ug/ml and phage gFGoz2 at concentrations of 10
to 10% PFU/ml. Varying combinations of both agents
were assessed and a no-treatment control was used. The
measured outcomes were the size of the bacterial popu-
lation at 16 h (Figure 3a) and the area under the bacte-
rial growth curve (Figure 3b). By analysing individual
wells of the synogram, we observed that all phage con-
centrations eventually lead to the emergence of phage-
resistance, and most importantly, that even subinhibi-
tory doses of phage and ceftazidime achieved sustained
bacterial suppression when used in combination
(Figure 3c). Finally, we used these data to construct
interaction plots (Figure 3d,e) comparing the endpoint
effect of ceftazidime when it was used with and without
phage oFGo2. The plots demonstrate that the addition
of oFGoz increased the bactericidal effect of ceftazidime
by more than the phage’s bactericidal effect alone (diver-
gent lines in the plots, Figure 3e) (two-way ANOVA;
“phage” factor; p = 0.0264 for CFZ 1 pug/ml with
oFGo2 10° PFU/ml; and p = o.0001 for CFZ 1 ug/ml
with ¢FGo2 107 PFU/ml; CFZ 2 ug/ml with ¢FGo2
10° PFU/ml; and CFZ 2 pg/ml with gFGo2 107 PFU/
ml). As such, we could confirm the existence of synergy
between ceftazidime and gFGoz against A. baumannii
AB9oo, at least in vitro.

Discussion

Clinical translation of new therapeutic strategies against
A. baumannii, although extremely necessary, can be
challenging. Here, we have advanced the translation of
a phage-antibiotic combination strategy taking advan-
tage of the knowledge of phage receptor’* and the mech-
anism for the emergence of phage-resistance®® in A.
baumannii. In this study, we have successfully demon-
strated that the combination of ceftazidime with phage

on Table 1); scale bar = 1 kb. b: Adsorption assay. Log;o reduction in free phage titres 20 min after mixing phages and hosts. aFG02
was mixed with either wild type (red), in vitro phage-resistant (blue), or each of the 11 in vivo-obtained phage-resistant isolates (light
blue). Phages only adsorb to wild type AB900. One-way ANOVA comparison between wild type AB900 and each of the phage-resis-
tant isolates; p < 0.05 for all cases; two-tailed; all other comparisons were non-significant. Data are mean =+ s.e.m. (n = 3). c: Colour-
ised scanning electron microscopy image of gFG02 particles (yellow) adsorbing to the capsule of wild type AB900 (blue). Scale bar =
500 nm. d: Human serum killing assay. Log;, reduction in viable A. baumannii after 60 min of incubation in 50% active (solid sym-
bols) or heat-inactivated (outline-only symbols) human serum in PBS. Dotted line represents the assay’s limit of detection. (n = 2 for
each of the conditions). e: Antibiotic resensitisation in phage-resistant isolates. The minimum inhibitory concentrations (MIC) of cef-
tazidime and imipenem were measured using the microbroth dilution method. For ceftazidime, the minimum bactericidal concen-
tration (MBC) was measured by subculturing wells of the microbroth dilution tests into fresh media without antibiotic. The median
(n = 3) of the log, reduction in MIC and MBC of phage-resistant strains, compared to the wild type, is represented by the intensity of
the blue shading of the cells. Raw data values and methods are available in Supplementary Table 2, and Supplementary Figs. 7 and
8. f: Changes in the phage sensitivity pattern. The infectivity of phage gLKO1 was tested in each of the 11 strains, with nine being
susceptible (green, as in the in vitro mutant) and two being resistant (yellow, as in wild type AB900)
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oFGoz2 is better than each agent individually in a pre-
clinical model of bacteraemia. The superiority of this
approach can be explained by understanding the inter-
actions between phages, their bacterial and mammalian
hosts, and antibiotics.

Previous in vitro findings illustrated the emergence
of ABgoo resistance against phage gFGo2 through cap-
sule loss, resulting in decreased fitness and antimicro-
bial resensitisation.”® Here, we also tackled a logical
subsequent question: whether the evolution of similar
mutations would occur in a complex in vivo environ-
ment.” This work provides evidence that for this phage-
host pair, this mechanism of bacterial phage-resistance
in vivo is repeatable and predictable. Phage-resistant
mutants emerged in 24 out of 25 animals receiving
phage gFGo2, either alone or in combination, and all of
the 11 randomly selected resistant isolates contained
mutations in genes of the K locus, resulting in abolition
of phage adsorption. Most importantly, all phage-resis-
tant mutants showed increased sensitivity to ceftazi-
dime, with 9 of the 11 becoming either vulnerable to an
alternative phage, gLKo1, or more sensitive to imipe-
nem. Of note, populations of 10 of the 11 strains could
be eradicated by 60 min of incubation in human serum,
although this finding might not have contributed to the
results in the murine models given the poor comple-
ment activity of mouse sera.*® In any case, our findings
support a model in which the combination treatment
acts as a staggered “one-two punch”, with initial phage
dosing partially killing the bacterial population and driv-
ing the emergence of phage-resistant variants, which
are then resensitised to and killed by the antibiotic.

Phages that induce repeatable and predictable phage-
resistant phenotypes in their hosts have been previously
described.””® These phages can certainly be clinically
useful, but it is worth remembering that not all phage-
host pairs will behave in the same way.’> ®' Interest-
ingly, while the locus of loss-of-function mutations in
our phage-resistant strains was repeatable, and muta-
tions primarily clustered in genes involved in the early
steps of capsule production,®* the specific genes, types
of mutations and nucleotide positions were not all the
same, suggesting a degree of flexibility and diversity in
the variants. It is entirely possible for some of these

variants to differ in other fitness trade-offs. Our findings
do not completely exclude the chance of alternative,
unrelated, mechanisms of resistance against eFGoz.
However, they do suggest that, if possible, those mecha-
nisms might require a more complicated evolutionary
route to emerge, or are present in lower proportions,
arguably making them irrelevant in the clinical setting.
Finally, and although unseen here, another possibility
is the occurrence of subsequent compensatory muta-
tions or reversion to the wild type phenotype.

During optimisation experiments, we observed that
once-a-day (q.d.) and twice-a-day (b.i.d) phage administra-
tion regimes appeared to be equivalent. Namely, we
observed no differences in neither their antibacterial effect,
phage levels, or emergence rate of phage-resistance. While
these findings successfully guided the design of our pre-
clinical study, deeper research into the pharmacology of
phage therapy is certainly warranted. It is becoming
increasingly apparent that the interactions between phages
and eukaryotic cells also need to be accounted for when
planning phage therapy regimes, as factors such as mam-
malian cell type and phage size can influence cellular
uptake of phage and thus, phage bioavailability.®*

While the resulting in vivo model reflects the severity
of A. baumannii bacteraemia in humans, our analyses
stemming from it still present some limitations. Firstly,
by sampling only four body sites (blood, liver, kidney,
and spleen), we could possibly be missing body sites
that act as bacterial reservoirs, or where phages do not
reach in sufficient quantity to trigger the emergence of
phage-resistant variants. Second, the arguably short
endpoint of 16 h makes it hard to establish conclusions
on the long-term sustainability of the combined therapy,
and the model was not amenable to a prolonged survival
experiment. Third, the use of the intraperitoneal admin-
istration route, which may not have a perfect correlation
with the intravenous route used in humans, could influ-
ence phage bioavailability and effectiveness at specific
body sites.*+

A further limitation is that our results are restricted
to the antibiotic ceftazidime and phage gFGo2. How-
ever, we hypothesise that similar results could be
obtained with other phages that target A. baumannii’s
capsule, thus inducing capsule loss upon emergence of

Figure 3. Synergy between ceftazidime (CFZ) and phage @FGO02 in vitro. a and b: Synograms of ceftazidime (CFZ) (1 to 512 pug/ml,
rows) and phage @FG02 (10? to 10 PFU/ml, columns); wells below or to the left of the dotted lines contained single treatment of
phage or antibiotic, respectively; the bottom left well served as a no-treatment control; the mean reduction in bacterial density at
the endpoint (t = 16 h; n = 3) is colour coded by the shades of green (a), while the reduction in the area under the curve (AUC) is in
orange (b). Wells of combination treatment that are analysed in panel c are delineated with the dashed squares containing a star. c:
Growth curves of A. baumannii AB900 with varying doses of phage oFG02 (blue), ceftazidime (red), both (purple), or neither (black).
Data are mean =+ s.e.m (n = 3). Curves show how the combination of subinhibitory doses of phage and antibiotic achieves effective
bacterial suppression. d and e: Interaction plots of the antimicrobial effects of ceftazidime and phage gFG02 suggest the existence
of synergy (interpretation key presented in d, as per*”: additive effect would result in parallel lines, antagonism in convergent lines,
synergy in divergent lines, no effect in superimposed lines). Data are mean =+ s.e.m (n = 3). Two-way ANOVA for statistical analysis;
“phage” factor; * p < 0.05; ***p = 0.0001. ODggo=0ptical density at 600 nm.
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phage-resistance. It could even be possible for similar
phenomena to emerge with other capsulated pathogens,
as suggested by preliminary observations in Klebsiella
pneumoniae® and Pseudomonas aeruginosa.’® A final
caveat regarding phage gFGo2 is that, despite multiple
attempts,” its genome remains unsequenced. Here we
have used a phenotypic assay’® to rule out lysogenic
behaviour in gFGo2 (Supplementary Fig. 1) but it would
be advisable to obtain sequencing data before using it in
a clinical setting.

Previous studies have shown evidence of synergy
between A. baumannii-specific phages and the beta-lactams
imipenem’** and meropenem.>*?* as well as the outer-
membrane disrupting agent colistin®**"%” either in vitro or
using the Galleria mellonella larvae system. However, our
study demonstrates the superiority of a phage-antibiotic
combination using a mammalian model, furthering its
translational potential. Furthermore, we confirmed that, at
least in vitro, ceftazidime and phage sFGo2 achieve syner-
gistic, instead of just additive, effects.

Further research in the field will surely lead to the dis-
covery of innovative uses of combination therapies using
phages, rather than proposing phages as a substitute to
antibiotics.” As an example, in the reviewed clinical cases
of phage therapy use against A. baumannii, the patients
received-at least for a brief period-phages and antibiotics
simultaneously”~*'; and in at least one of those cases, ther-
apeutic synergy may have contributed to the patient’s
favourable outcome."” In fact, it is reasonable to believe
that the translation of phage therapy into widespread clini-
cal use could be spearheaded by the use of phage-antibiotic
combinations. In this study, we have provided insights that
further advance the development of combination-based
therapeutic approaches using phages against the top prior-
ity pathogen A. baumannii.
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