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Abstract

Background Acinetobacter baumannii (AB) is a notable cause of hospital-acquired infections, with carbapenem-
resistant Acinetobacter baumannii (CRAB) classified as a high-priority critical pathogen. Bacteriophage therapy

is emerging as a promising alternative to combat drug-resistant bacterial infections. In this study, a lytic phage,
HZY2308, was isolated from hospital sewage, and the biological properties, biosafety and anti-biofilm properties

of phage HZY2308 were characterized and identified. Moreover, the antibacterial effect of phage HZY2308 in
combination with antibiotics was investigated, and the apparent characteristics of phage-resistant strain AB48-R were
demonstrated, which provided data support for further studies to elucidate the mechanism of generating phage
resistance.

Methods Phage HZY2308 was isolated by double agar plate method using clinical strain AB48 as the host bacterium.
The morphology of phage HZY2308 was identified by transmission electron microscopy (TEM), and biological
characteristics of phage HZY2308 were identified by host range, the efficiency of plating (EOP), sensitivity to
temperature, pH, and chloroform, one-step growth curve, the optimal multiplicity of infection (MOI), and detection

of endotoxin and cytotoxicity. Besides, the complete genome map of HZY2308 was constructed using CGview, and
the phylogenetic tree of HZY2308 was constructed with MEGA. Additionally, the full genomic sequence of phage
HZY2308 and the selected phage were compared using Easyfig. Checkerboard test of phage HZY2308 in combination
with tigecycline (TGC) was performed to investigate their synergistic effect and bactericidal kinetics. The effect of
HZY2308 on biofilm was investigated by semi-quantitative staining of biofilm with crystal violet, determination

of bacterial activity in biofilm by 2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl) -2 H-tetrazolium-5-carboxanilide (XTT)
assay and observation of biofilm structure by fluorescence microscopy. Finally, Phage-resistant bacteria AB48-R

were characterized by colony-forming capacity, morphology, growth curves, adsorption efficiency, and antibiotic
susceptibility assays.
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indicating an evolutionary trade-off.

Results A lytic phage, HZY2308, was isolated from hospital sewage, which exhibited advantageous traits such as

a brief incubation period, large burst size, and robust stability. Safety assessments conducted at both genetic and
cellular levels also have yielded positive outcomes. Besides, phage HZY2308 effectively inhibited AB biofilm formation
and disrupted established biofilm structures. Furthermore, a synergistic antibacterial effect was noted when phage
HZY2308 was combined with tigecycline. Interestingly, the phage-resistant strain, AB48-R was screened through
natural selection. Compared to the wild strain AB48, the adsorption efficiency of the phage to AB48-R diminished.
However, AB48-R’s sensitivity to antibiotics such as cefepime, gentamicin, amikacin, and tobramycin increased,

Conclusions Phage HZY2308 shows strong antimicrobial potential, especially in combination with tigecycline, and
the phage-resistant strain exhibits increased antibiotic sensitivity.

Keywords Lytic phage, Acinetobacter baumannii, Biofilm, Phage resistance

Introduction

Acinetobacter baumannii (AB) is, a gram-negative, non-
fermentative bacterium, recognized as a significant
pathogen in hospital-acquired infections. It contributes
to a variety of healthcare-associated infections (HAIs)
in hospitalized individuals, especially those in intensive
care units. These infections include ventilator-associated
pneumonia, catheter-associated bloodstream infections,
and urinary tract infections [1, 2]. The acquisition and
upregulation of drug-resistant genetic elements, such
as plasmids, transposons, and integrons, have led to an
increased isolation rate of multidrug-resistant AB (MDR-
AB) strains. Moreover, the pronounced biofilm forma-
tion capacity of AB substantially enhances its resistance
to antibiotics [3, 4]. The biofilm formation rate of AB has
been reported to range from 80 to 91%, which is signifi-
cantly higher than that of other species (5-24%) [5].

Carbapenems are currently utilized as -lactam anti-
biotics with broad-spectrum antibacterial activity and
are considered the last line of defense in treating MDR
bacterial infections [6]. In 2024, the World Health Orga-
nization (WHO) designated Carbapenem-resistant AB
(CRAB) as the highest priority pathogen urgently requir-
ing novel antibiotics [7]. According to data from the
China Antimicrobial Surveillance Network (CHINET), in
2023, the resistance rates of clinical AB strains to imipe-
nem and meropenem were 73.4% and 73.7%, respectively.
The mortality rate among patients with CRAB-related
infections, including bloodstream infections and hospi-
tal-acquired pneumonia, exceeded 60%, underscoring
the urgent need for innovative anti-infection strategies to
replace traditional antibiotics [8].

Phages are a class of viruses that specifically infect and
lyse bacteria, with 20-40% of bacterial lysis attributed to
phages. Historically, phages played a role in treating bac-
terial infections before being superseded by antibiotic
therapy. Given the escalating global challenge of bacterial
resistance, phage therapy has attracted renewed attention
[9, 10]. Phages are categorized into lytic and lysogenic
types based on their ability to lyse host bacteria [11].

Lytic phages infect bacteria through processes including
adsorption, penetration, biosynthesis, maturation, and
release of phage particles [12]. Receptor-binding proteins
(RBPs) at the distal end of the phage tail bind specifically
to receptor proteins on the bacterial surface, determin-
ing the phage’s host range [13]. After invading a host cell,
temperate phages can integrate nucleic acids into the
host’s chromosomes. As the host cell replicates synchro-
nously, it does not cause the lysis of the host cell. Mean-
while, it often carries and expresses genes that influence
bacterial physiology, pathogenicity, metabolism, and
sensitivity to other phages [14, 15]. Typically, only lytic
phages are employed in phage therapy, a rapidly advanc-
ing field. Compared to antibiotics, phage therapy offers
advantages such as high specificity, efficiency, robust self-
replication, and ease of genetic manipulation [16, 17].

Narrow host range and phage resistance are the main
obstacles limiting the application of single phage therapy.
Phage resistance can occur at every stage of a phage life
cycle, and the mechanisms are complex and diverse [18,
19], including modification or loss of the phage receptor
[20].

In this study, the clinical isolate AB48 served as the
host bacteria for isolating lytic phage HZY2308 from
hospital sewage. The phage demonstrated a broad host
range, high lysing activity, safety, and excellent anti-bio-
film activity. Furthermore, the combination of phage and
tigecycline (TGC) exhibited a synergistic antibacterial
effect. We also isolated the phage-resistant strain AB48-R
and characterized its morphology, adsorption efficiency,
and antibiotic sensitivity, providing data support for the
potential application of phage HZY2308 as a novel anti-
microbial agent.

Materials and methods

Bacterial strain

All clinical AB strains, including AB48 (GeneBank acces-
sion number: CP155446) were isolated and identified by
the Clinical Laboratory of Henan Provincial Hospital of
Traditional Chinese Medicine(TCM)and stored in 30%
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(V/V) glycerol at —80 C. After performing a three-sec-
tion streak on the blood plate, the strains were cultured
ina 37 C, 5% CO, incubator for 24 h for resuscitation. A
single colony was inoculated into Luria-Bertani (LB) liq-
uid medium and shaked at 37 C, 160 rpm, until the cul-
ture reached the logarithmic phase with Optical Density
(OD) 600 around 0.6-1.0.

Isolation and purification of phage HZY2308

Phage isolation, purification, and characterization were
performed with modifications to the method [21]. The
untreated hospital sewage was collected and left for 2 h
at 4 C, centrifuged at 8000 rpm for 10 min, and the
supernatant was filtered through a 0.22 um filter (Milli-
pore, United States). The supernatant was mixed with a
volume 2XLB broth medium, and 100 pL of host bacte-
rium AB48 (OD600=0.5) was added. The mixture was
cultured with shaking (37 “C, 200 rpm) and centrifuged
(5000 rpm, 10 min) after clarification. The supernatant
was filtered by a 0.22 pum filter to obtain a phage stock
solution. The phage HZY2308 (GeneBank accession
number: OR730450) was purified using a double-layer
agar plate method (1.5% agar at the bottom and 1.0% agar
at the top) until plaques of uniform size and morphology
were obtained.

Morphological observation of phage HZY2308

The agar-containing phage was soaked in PBS buffer at 4
C for 4 h, then centrifuged and filtered to obtain sterile
supernatant. The phage was centrifuged in a 30 kD ultra-
filtration tube (Millipore, United States) (4 ‘C, 3000xg,
20 min). The phage was fixed on 200-mesh carbon-
coated copper grids and stained with 2% (W/V) phos-
photungstic acid (PTA). The phage was observed using
Hitachi HT7800 TEM.

The optimal multiplicity of infection (MOI) of
phage HZY2308

Phage HZY2308 and AB48 were mixed at different MOI
values (10, 1, 0.1, 0.01, 0.001) and cultured in shaking
(37 C, 180 rpm) for 4 h. The mixture was centrifuged
(5000 rpm, 10 min) and then filtered to remove bacte-
ria. The double agar plate method was used to determine
phage titer, and the MOI with the highest titer was the
optimal MOI of phage HZY2308. The experiment was
repeated three times.

One-step growth curve of phage HZY2308

According to the method of Fei et al. [22], phage
HZY2308 was mixed with AB48 at MOI=0.01, incubated
at 37 C for 15 min and then centrifuged (4 ‘C, 10000xg,
5 min). The precipitate was re-suspended with LB liquid
medium and cultured (37 C, 160 rpm) for 100 min. The
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phage titer was measured by double agar plate method
every 10 min. The experiment was repeated three times.

Determination of temperature, pH and chloroform
sensitivity of phage HZY2308

500 pL of phage HZY2308 (~10'° PFU/mL) was incu-
bated at various temperatures (4, 25, 37, 50, 60, 70, 80 °C)
for 1 h. Phage HZY2308 (~ 10'° PFU/mL) was mixed with
SM buffers of different pH values (3, 5, 7, 9, 10, 11, and
13) at a ratio of 1:10 (v/v) and incubated at 37 °C for 1 h.
Phage HZY2308 was also mixed with chloroform solu-
tion at a ratio of 1:10 (v/v) and incubated at 37 °C for 1 h.
The phage titer was determined using the double-layer
agar plate method. The experiment was repeated three
times.

Determination of phage host range

The host range of phage was determined by the spot test
assays. The bacterial suspension was adjusted to OD600
of 0.5 and spread on LB solid agar plates. Subsequently,
10 pL of phage HZY2308 (~10'° PFU/mL) was dropped
to the plates, which were then incubated at 37 °C over-
night. “++” indicated that clear phage plaques were
formed. “+” indicated that phage plaques were formed
but were faint. “-” indicated that no phage plaques were
formed. The experiment was repeated three times.

Determination of phage HZY2308 efficiency of
plating(EOP)

The infectivity of phage HZY2308 was evaluated by
determining its efficiency of plating (EOP) based on
spotting assay results within its host range. Phage stock
solutions were prepared at four concentrations (107, 10,
10°, and 10'° PFU/mL) with three replicates per concen-
tration. The double-layer agar plate method was used to
measure phage-induced lysis of target bacteria, and the
number of plaque-forming units (PFUs) was calculated.
EOP= (average PFU on target bacteria / average PFU
on host bacteria)*the standard deviation for the three
measurements [23]. EOP values of 0.5 or higher were
classified as “high production’, meaning target bacte-
ria produced at least 50% of the PFUs compared to host
bacteria. The EOP between 0.1 and 0.5 was considered
“medium production” The EOP between 0.001 and 0.1
was considered “low production’, while the EOP of less
than 0.001 was categorized as inefficient [24]. The experi-
ment was repeated three times.

Detection of endotoxin in phage HZY2308

The endotoxin content of the phage solution was deter-
mined using the procedures outlined in the endotoxin
ELISA kit (Shanghai YuanYe Bio-Technology Co., Ltd.,
China). Using the software Origin, a linear regression
curve was constructed with the standard concentration



Wang et al. Virology Journal (2024) 21:283

on the horizontal axis and the OD450 values on the verti-
cal axis. From this curve, the endotoxin content of phage
HZY2308 was calculated. The experiment was repeated
three times.

Detection of cytotoxicity in phage HZY2308

THP-1, a cell line derived from human acute monocytic
leukemia, was used to assess the cytotoxicity of the phage
HZY2308. THP-1 cells were seeded into a 96-well plate
at a density of 4x10* cells per well, with the addition of
Phorbol 12-myristate 13-acetate (PMA, Beijing Solar-
bio Science & Technology Co., Ltd., China) to a final
concentration of 200 ng/mL. The cells were cultured
overnight at 37 °C with 5% CO, to induce differentia-
tion into macrophages. Phage HZY2308 was diluted in a
ten-fold gradient using Roswell Park Memorial Institute
1640 (RPMI-1640) supplemented with 10% fetal bovine
serum (FBS), ranging from 10® to 10'* PFU/mL, and sub-
sequently added to the cells. The cells were incubated
at 37 °C and 5% CO, for 24, 48, and 72 h. Following two
washes with sterile PBS, each well received 90 pL of PBS
and 10 pL of Cell Counting Kit-8 (CCK-8, Beyotime Bio-
technology Co., Ltd., China) solution and was incubated
for an additional 4 h before the OD450 nm was mea-
sured. The experiment was repeated three times.

Phage genome extraction

Phage DNA was extracted using the Viral Gene Extrac-
tion Kit (Takara Biomedical Technology Co., Ltd., China).
A total of 200 uL of Buffer VGB, 20 pL of Proteinase K,
and 1.0 pL of Carrier RNA were added to 200 pL of phage
stock solution (=10 PFU/mL). The mixture was incu-
bated in a 56 °C water bath for 10 min, followed by the
addition of 200 uL of anhydrous ethanol and thorough
mixing by pipetting. The solution was then transferred to
a Spin Column placed on a Collection Tube and centri-
fuged at 12,000 rpm for 2 min. The filtrate was discarded.
Next, 500 uL of Buffer RWA was added to the Spin Col-
umn, followed by centrifugation at 12,000 rpm for 1 min,
and the filtrate was discarded. Then, 700 pL of Buffer
RWB was added, and the Spin Column was centrifuged
again at 12,000 rpm for 1 min, with the filtrate discarded.
This step was repeated once, followed by centrifugation
at 12,000 rpm for 2 min, and discarding the filtrate after-
ward. The Spin Column was transferred to a new 1.5 mL
RNase-free collection tube. To elute the DNA, 30~50 pL
of RNase-free ddH,O was added to the center of the Spin
Column membrane. After allowing it to stand at room
temperature for 5 min, the column was centrifuged at
12,000 rpm for 2 min to collect the DNA.

Genome sequencing and annotation of phage HZY2308
The phage DNA was sequenced using the Illumina
HiSeq 2500 sequencer, resulting in the acquisition of
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the complete genome sequence. This DNA sequence
was uploaded to the National Center for Biotechnol-
ogy Information (NCBI) for a Basic Local Alignment
Search Tool (BLASTn; https://blast.ncbi.nlm.nih.gov
/Blast.cgi) analysis, and the result was compared with
other phages in the GenBank database to identify simi-
lar phages. The tRNA genes encoded by the phage were
searched using tRNAscan-SE (http://lowelab.ucsc.edu/t
RNAscan-SE/). Gene annotation for the phage-encoded
genes was performed using the Rapid Annotations using
Subsystems Technology (RAST, https://rast.nmpdr.or
g/). The predicted amino acid sequences of these genes
were analyzed for function using NCBI’s protein BLAST
(BLASTp). Virulence factors and antibiotic resistance
were predicted using the Virulence Factor Database
(VEDB; http://www.mgc.ac.cn/VFs/) and the Antibiotic
Resistance Genes Database (ARDB; https://card. mcm
aster.ca/). The complete genomic map of the phage was
illustrated using CGview (https://proksee.ca/).

Affinity analysis of phage HZY2308

Phylogenetic analysis was conducted based on the highly
conserved sequences of the terminal enzyme large sub-
units from various phages. The amino acid sequence
encoded by the large subunit of the terminal enzyme of
phage HZY2308 was entered into NCBI's BLASTp. Ten
sequences with significant homology were selected.
These sequences were then used to build a phylogenetic
tree using the ClustalW tool within MEGA11.0 soft-
ware. Additionally, the full genomic sequences of phage
HZY2308 and the selected phage were compared using
Easyfig.

Checkerboard test of phage HZY2308 in combination with
tigecycline

Due to the ongoing evolutionary arms race between
bacteria and phages, therapies using a single phage type
often led to the emergence of phage-resistant strains.
In this investigation, phage HZY2308 was combined
with TGC (Beijing Solarbio Science & Technology Co.,
Ltd., China) to evaluate its bacterial inhibition efficacy.
A modified checkerboard test was used to determine
a combination of phage HZY2308 and TGC [25, 26], In
the horizontal rows of a 96-well plate, 50 uL of TGC at
concentrations of 2, 1, 0.5, 0.25, 0.125, 0.0625, 0.03125,
and 0.015625 pg/mL were added. Vertically, 50 pL ali-
quots containing phage HY2308 at multiplicity of infec-
tions (MOIs) of 100,10,1,0.1 and 0.01were added. Each
well was then supplemented with 100 puL of AB48 bac-
teria diluted to 1x10° CFU/mL for the experimental
group. The bacterial control group received 100 uL of AB
culture and 100 pL of LB broth, while the blank control
group was supplemented with 200 uL of LB broth. After
24 h incubation at 37 °C, 20 pL of bladed azure solution
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was added. The fractional inhibitory concentration (FIC)
was calculated as follows: FIC of drug A (FIC,)=MIC of
drug A in combination / MIC of drug A alone. Synergis-
tic effects were indicated by an FIC index less than 0.5;
additive effects were denoted by an FIC index of 0.5 to
1; indifferent effects were characterized by an FIC index
greater than 1 and less than 2; and antagonistic effects
were reflected by an FIC index of 2 or higher. The experi-
ment was repeated three times.

Antibacterial activity of phage HZY2308 and TGC

The bactericidal kinetics of phage HZY2308 in combina-
tion with TGC were assessed using 96-well plates. The
experimental design included several groups: a bacterial
control group, a phage-only group (MOI=0.01), TGC-
only groups at concentrations of 1/2 MIC and 1/32 MIC,
and combination groups of phage HZY2308 (MOI=0.01)
with TGC (1/2 MIC and 1/32 MIC). The bacterial strain
AB48 was adjusted to a concentration of 1x10° CFU/
mL. For each well, 100 pL of this bacterial suspension
was added, followed by the addition of 100 pL of phage
and/or TGC, both diluted in LB broth, according to the
specified group. The contents were gently mixed and
the plate was incubated at 37 °C. The optical density at
600 nm (OD600) was measured hourly over a 24 h period
to monitor bacterial growth inhibition. The bactericidal
curves were plotted with time on the horizontal axis and
OD600 values on the vertical axis to illustrate the dynam-
ics of bacterial inhibition. The experiment was repeated
three times.

The measurement of biofilm amount by Crystal vio-
let assay.

The assay was performed according to the literature
method with minor modifications [27]. To observe the
effect of phage HZY2308 on AB48 biofilm formation,
100 uL of AB48 (~10° CFU/mL) and 100 pL of phage
HZY?2308 at a multiplicity of infection (MOI) of 0.01 were
added to a 96-well plate and incubated at 37 °C for 24,
48, and 72 h, respectively. Additionally, 100 pL of AB48
was inoculated into the wells and incubated at 37 °C for
24, 48, and 72 h to form biofilms. Subsequently, phage
HZY2308 was added at an MOI of 0.01 and incubated for
an additional 24 h to investigate its effect on disrupting
mature biofilms. After the designated incubation peri-
ods, the wells were washed with PBS to remove plank-
tonic bacteria. The biofilms were fixed with methanol for
30 min and then stained with 0.1% crystal violet solution
(Shanghai Biotech Biological Co., Ltd., China) for 20 min.
The excess stain was washed away with PBS, and 250 pL
of 33% glacial acetic acid was added to each well to dis-
solve the crystal violet. The absorbance was measured at
595 nm. The experiment was repeated three times.
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The measurement of bactericidal activity in biofilms by
XTT assay
The assay method referred to a previous study with par-
tial modification [22], after the designated incubation
period, the wells were washed with PBS to remove plank-
tonic bacteria. Subsequently, 200 puL of LB medium and
20 pL of XTT working solution (Shanghai YuanYe Bio-
Technology Co., Ltd., China) were added to each well.
The plates were incubated in the dark at 37 °C for 3 h. The
absorbance was then measured at 490 nm. The inhibition
rate of the phage on bacteria within the biofilm was cal-
culated using the following formula:

A (Experimental group) — A (Blank control group)

1— 100%.
[ A (Control group) — A (Blank control group) 1% 100%

The experiment was repeated three times.

The observation of biofilm structures using fluorescence
microscopy

Referring to the above method for determining the
formation and destruction of AB48 biofilm by phage
HZY2308 using 96-well plates, phage HZY2308 and
AB48 were added to a 12-well plate at an MOI of 0.01,
and glass slides (25 mm X 25 mm) were placed in the
wells. The plate was incubated at 37 °C for 24, 48, and
72 h. The slides were then removed, and planktonic bac-
teria were washed off with PBS. The biofilms were fixed
with 4% formaldehyde (Shanghai YuanYe Bio-Technology
Co., Ltd., China) for 15 min, rinsed with PBS, and air-
dried. Subsequently, the biofilms were stained with 0.02%
acridine orange solution in the dark at room temperature
for 15 min. The slides were washed with PBS to remove
unbound dye, air-dried, and observed under a fluores-
cence microscopy to examine the biofilm structure. The
experiment was repeated three times.

Screening of phage-resistant bacteria

After culturing AB48 with phage HZY2308 at an MOI of
0.01 in LB medium for 24 h, the culture was steaked onto
blood agar plates using an inoculating loop, then isolated
several single colonies and performed three successive
rounds of purification. The bacterial strains were identi-
fied using a bacterial identification mass spectrometer.
Plaque assays and spot tests were conducted to determine
if the bacteria have developed resistance to the phage.
Gram staining was performed on both AB48 and phage-
resistant bacteria, followed by observation of their bacte-
rial morphology under an oil immersion microscopy.

Determination of growth curve

AB48 and phage-resistant bacteria in the logarithmic
growth phase were diluted to 1.0x10° CFU/mL. 100 pL
of the bacterial suspension and 100 pL of LB medium
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were added to each well of a 96-well plate and incubated
statically at 37 °C. OD600 was measured every hour for
24 h. A bactericidal curve was plotted with time on the
x-axis and OD600 values on the y-axis. The experiment
was repeated three times.

Determination of adsorption efficiency

AB48 and the phage-resistant bacteria were each mixed
with phage HZY2308 at MOI of 0.01 and incubated at
37 °C for 15 min. The mixture was then centrifuged at
8000 rpm for 10 min at 4 °C. The supernatant was filtered
through a 0.22 um filter, and the phage titer in the super-
natant was determined using the double-layer agar plate
method. The adsorption efficiency was calculated using
the following formula: Adsorption efficiency = [(initial
phage titer - phage titer in the supernatant) / initial phage
titer] X 100%. The experiment was repeated three times.

Antibiotic sensitivity test

The VITEK-2 Compact automatic microbiological ana-
lyzer Antimicrobial Susceptibility Testing-Gram-Nega-
tive (AST-GN) card (BioMérieux, France) was used for
routine antimicrobial susceptibility testing. Susceptibility
results were interpreted following the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines.

Statistical analysis

GraphPad Prism 8.0 was used for statistical analysis of
the results. Multiple groups were analysed using one-
way analysis of variance or two-way analysis of vari-
ance. Significance was indicated by *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001.
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Results

Isolation and morphology of phage HZY2308

A phage was isolated from hospital sewage using AB48
as the host bacterium. After three rounds of purifica-
tion, the phage formed transparent, clear, and uniform
plaques with a diameter of approximately 2.0 mm on a
double agar plate. These were accompanied by a diffuse
halo with a diameter of about 6.0 mm (Fig. 1A). TEM
revealed that the phage head had a polygonal structure
with a diameter of approximately 70 nm, and it possessed
a tail of approximately 110 nm in length. The tail was
encased in a semi-retractable sheath with a diameter of
about 20 nm and a baseplate with a diameter of approxi-
mately 60 nm (Fig. 1B). The phage was named HZY2308
(GeneBank accession number: OR730450) and classified
within the Caudovirales.

Biological characterization and biosafety analysis of phage
HZY2308

The stability of phages under different conditions of tem-
perature and pH must be evaluated to ensure their effi-
cacy in clinical applications. Phage HZY2308 exhibited
peak activity within the temperature range of 4 to 50 C.
There was no statistically significant difference in phage
titer within this range. However, the titer decreased
sharply at 60 ‘C and the phage completely lost activ-
ity at 80 ‘C (Fig. 2A). Phage HZY2308 demonstrated
optimal biological activity when the pH was between
5.0 and 9.0. However, the phage titer declined rapidly at
pH levels>11.0 or <3.0 (Fig. 2B). Moreover, chloroform
treatment did not affect the titer of phage HZY2308, sug-
gesting the absence or minimal presence of lipid con-
stituents in the phage capsids (Fig. 2F). The variation in
phage titer across different MOIs was assessed using the

B)

Fig. 1 Morphology of phage HZY2308. (A) Phage spot morphology of phage HZY2308. (B) Electron microscopy morphology of phage HZY2308 .



Wang et al. Virology Journal (2024) 21:283

©

A _ B) -
5 T
s 10 £
= 5 1
>
=
£t S
% )
e 2
= =
3 2
z 4 z
P o
o0 o0
i 22
&~ A
0- 0+
10 20 3 40 50 60 70 80 1 3 5 7 9 1 B
Temperature (°C) pH
(E) =150 F) =
) S
£ £
=]
2 155 2 s
& &
o0 o0
= 26
3 15.0 3
3 z 4
S S
145 ]
£ £
14.0 0
10 1 01 001 0001 - +
Mol Chloroform

Page 7 of 15
D) s
g 25
£
=]
12 2
K . g 15
3 |
%4 05
2
A 0
0 20 40 60 8 100 0 200 400 600 800
Time(min) Concentration(EU/L)
wmm  Control
== 10 PFU/mL
(G) == 10" PFU/MmL
100 = 10" PFU/mL
== (04 PFU/mL
S
]
Z 50
z
&
0
24h 48h 72h

Time(h)

Fig. 2 Biological characterization and biosafety analysis of phage HZY2308. (A) Determination of temperature stability of phage HZY2308. (B) Determi-
nation of pH stability of phage HZY2308. (C) One-step growth curve of phage HZY2308. (D) Detection of endotoxin in phage HZY2308. (E) The optimal
multiplicity of infection (MOI) of phage HZY2308. (F) Determination of chloroform sensitivity of phage HZY2308. (G) Detection of cytotoxicity in phage

HZY2308. Data were expressed as mean +SD(n=3).

double-layer agar plate method. Results indicated that
at an MOI of 0.01, phage HZY2308 reached a titer of
8.2x 10" PFU/mL, which was identified as the optimal
MOI (Fig. 2E). The one-step growth curve demonstrated
that phage HZY2308 had a latent period of approximately
20 min and a burst size of about 4x 10° PFU per infected
cell. The multiplication period plateaued at 70 min, high-
lighting the rapid lysis capability of phage HZY2308
(Fig. 2C). A drop test was conducted to determine the
host range of phage HZY2308 against 43 AB strains
(including 33 CRAB strains, Table 1). This test revealed
that HZY2308 lysed 39.53% (17/43) of the strains and
42.42% (14/33) of CRAB strains, the EOP demonstrated
a productive infection rate of 76.47% (13/17) for phage
HZY?2308, with a high production rate of 35.29% (6/17)
(Table 1). These findings highlighted the potential of
phage HZY2308 as a candidate antibacterial agent for
CRAB infections.

The endotoxin level in the phage solution was quanti-
fied via ELISA, revealing an average endotoxin content
of 49.80 EU/10” PFU, significantly below the quality
control threshold of 250 EU/10” PFU (Fig. 2D). The
safety of phage HZY2308 on mammalian cell of THP-1
was assessed using the CCK-8 assay. The result revealed
no cytotoxic effects after 24, 48, and 72 h of co-culture
with THP-1 cells at varying phage titers (Fig. 2G), thus
confirming the cellular safety of phage HZY2308 (See
Table 2).

Genome analysis of phage HZY2308
The sequencing and analysis of the complete genome
of phage HZY2308 revealed a circular double-stranded

DNA molecule with a length of 45,720 base pairs and
a GC content of 37.9%. Comparative genomic analy-
sis via BLASTn with Acinetobacter phage NJ02 (Gen-
Bank: OR126895.1) indicated that phage HZY2308
shared a 99.13% sequence identity at 86% coverage.
The RAST toolkit predicted eighty-eight open reading
frames (ORFs) in the genome of HZY2308, with twelve
located on the sense strand and seventy-six on the anti-
sense strand. These ORFs encoded for various pro-
teins, including fifteen associated with phage structure
(e.g., head proteins ORF5 and ORF71; capsid proteins
ORF80, ORF81, and ORF82; baseplate proteins ORF58
ORF59, ORF61, and ORF62; tail proteins ORF55, ORF56,
ORF67, and ORF69; and other structural proteins ORF63
and OREF78), three linked to phage packaging (termi-
nases ORF7 and ORF8, and portal protein ORF6), five
involved in host lysis (superinfection immunity protein
ORF28, endolysin ORF52, holin ORF54, and lysozymes
ORF65 and ORF66), seven related to DNA replication,
repair, and metabolism (including DNA-binding helix-
turn-helix structural domain protein ORF15, DNA
endonucleases ORF20, ORF40, and ORF47, replicative
DNA helicase ORF33, DNA replication protein ORF34,
and DNA recombination repair protein ORF46), four
associated with phage transcription and translation
(anti-repressor protein ORF36, transcriptional regula-
tors ORF42 and ORF72, and RNA polymerase ORF74),
two additional proteins (nucleotide triphosphate hydro-
lase ORF50 and a DUF2612 domain-containing protein
ORF57) (See Table 2), and fifty-two proteins of unknown
function. Neither the ARDB nor the VFDB databases
predicted the presence of antibiotic-resistance genes or
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Table 1 Cleavage spectrum and the EOP of phage HZY2308

Bacte-  Origin Phage(cleavage EOP

rial ability)

strain

AB7 Sputum -

ABS8 Alveolar lavage fluid -

AB19 Alveolar lavage fluid -

AB20 Sputum ++ 0.0088+0.0011
AB35 Sputum -

AB39 Sputum -

AB45 Sputum + 1.5378+0.0997
AB50 Alveolar lavage fluid + 0.1474+0.0253
AB53 Sputum -

AB55 Sputum -

CRAB1 Sputum -

CRAB2 Sputum + <0.001

CRAB3 Alveolar lavage fluid ++ <0.001

CRABS Pus secretion -

CRAB6  Throat swab -

CRAB9  Blood -

CRAB11  Alveolar lavage fluid ++ 0.0842+0.0427
CRAB13  Sputum -

CRAB14  Alveolar lavage fluid + 0.1832+0.0487
CRAB18  Sputum -

CRAB21  Sputum -

CRAB26  Alveolar lavage fluid -

CRAB27  Sputum + <0.001
CRAB29  Blood -

CRAB30  Sputum ++ 1.5445+0.2997
CRAB33  Sputum + <0.001
CRAB34  Alveolar lavage fluid -

CRAB36  Sputum -

CRAB37  Sputum ++ 0.0950+0.0344
CRAB38  Sputum -

CRAB40  Blood -

CRAB41  Sputum ++ 0.0011+0.0002
CRAB42  Sputum ++ 0.0077£0.0020
CRAB43  Alveolar lavage fluid + 0.0104+0.0019
CRAB44  Alveolar lavage fluid -

CRAB46  Alveolar lavage fluid -

CRAB47  Sputum ++ 1.8539+0.5452
CRAB49  Alveolar lavage fluid -

CRAB5T  Sputum ++ 1.0323+0.7946
CRAB52  Alveolar lavage fluid ++ 1.4935+0.4941
CRAB57  Blood -

CRAB63  Sputum -

CRAB64  Sputum -

Note: “++" indicated that clear phage plaques were formed; “+” indicated that
phage plaques were formed but were faint; and “-” indicated that no phage
plaques were formed. EOP values of 0.5 or higher were classified as “high
production”, meaning target bacteria produced at least 50% of the PFUs
compared to host bacteria; The EOP between 0.1 and 0.5 was considered
“medium production”; The EOP between 0.001 and 0.1 was considered “Low
production”; while the EOP of less than 0.001 was categorized as inefficient.

Page 8 of 15

virulence factors within the genome of HZY2308. All
analyses and predictions were visualized using Proksee
software (Fig. 3A).

The highly conserved phage terminase large subunit
was selected from HZY2308 to construct a phylogenetic
tree (Fig. 3B). Phylogenetic analysis indicated that phage
HZY2308 was closely related to phages WCHABP12
and Abp9, suggesting that these phages may belong to
the same genus. A homology analysis of the complete
genomes of phages HZ]J2308, WCHABP12, and Abp9
performed by Easyfig revealed the homology among all
three phages (Fig. 3C).

Anti-biofilm effects of the phage HZY2308
Previous studies have established a strong correlation
between the development of drug resistance and biofilm
formation in AB [28-30]. In this study, we evaluated the
anti-biofilm efficacy of phage HZY2308 against AB48 by
quantifying the total biofilm mass, enumerating viable
bacteria within the biofilm, and examining biofilm archi-
tecture. Compared to the bacterial control group, treat-
ment with phage HZY2308 significantly reduced the total
biofilm mass of AB48 after 24, 48, and 72 h (P<0.05)
(Fig. 4A). Correspondingly, the enumeration revealed
a substantial decrease in the number of viable bacteria,
with inhibition rates at 24, 48, and 72 h of 84.91%, 74.25%,
and 73.20%, respectively (P<0.05) (Fig. 4B). Fluorescence
microscopy showed that the biofilm structure in the con-
trol group was dense and three-dimensional, whereas
the biofilm treated with phage HZY2308 appeared more
fragmented, displaying a network-like or scattered distri-
bution with fewer bacteria clustering together (Fig. 4C).
Following phage treatment, mature biofilms exhibited
significant structural damage (P<0.05), as evidenced
by the compromised integrity of the biofilm structure
(Fig. 4D). The inhibition rates of bacteria within the bio-
films at 24, 48, and 72 h were 89.53%, 82.55%, and 61.45%,
respectively (P<0.05) (Fig. 4E). Additionally, the biofilm
structure transitioned to a looser, more dispersed net-
work arrangement, indicating that phage HZY2308 was
effective in eradicating mature biofilms (Fig. 4F).

Synergistic antibacterial effect of phage HZY2308
combined with TGC

The sensitivity of AB48 to TGC was determined by mea-
suring the minimum inhibitory concentration (MIC)
using the broth microdilution method, which was estab-
lished at 0.5 pg/mL for TGC. However, when combined
with phage HZY2308, the MIC was notably decreased,
suggesting that the phage-drug combination enhanced
bacterial inhibition (Fig. 4G). The synergy between
phage HZY2308 and TGC was quantified using the frac-
tional inhibitory concentration (FIC) index, with cal-
culated values at or below 0.5, indicating a synergistic
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Table 2 Phage HZY2308 annotated with functional proteins (GeneBank accession number: OR730450)
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No. Strand  Start Stop Nucle- Ami- Predicted function Similar species Identi-
position position otide  no- fied
length acid
size
ORF5 - 1592 2362 771 256 Head morphogenesis Acinetobacter phage LZ35 99.61%
ORF6 - 2365 3795 1431 476  Portal protein Acinetobacter phage WCHABP12 ~ 100.00%
ORF7 - 3798 5099 1302 433 Terminase large subunit Acinetobacter phage WCHABP13  100.00%
ORF8 - 5080 5511 432 143 Terminase small subunit Acinetobacter phage AP22 98.60%
ORF15 - 6944 7144 201 66  Helix-turn-helix domain-containing Escherichia coli 100.00%
protein
ORF20 - 8287 8649 363 120 RusA family crossover junction Acinetobacter phage WCHABP12  100.00%
endodexyribonuclease
ORF28 - 11,677 11,889 213 70 Superinfection immunity protein Acinetobacter phage WCHABP12  100.00%
ORF33 - 12,871 14,172 1302 433 Replicative DNA helicase Acinetobacter phage Abp9 99.77%
ORF34 - 14,172 14,927 756 251 DNA replication protein Acinetobacter phage Brutus 90.04%
ORF36 - 15,149 15,862 714 237 Anti-repressor Ant Acinetobacter phage WCHABP12  100.00%
ORF40 + 17,064 17,651 588 195 HNH endonuclease Acinetobacter phage LZ35 100.00%
ORF42 + 17,998 18,810 813 270 Putative transcriptional regulator Acinetobacter phage LZ35 100.00%
ORF46  + 19,738 20,637 900 299  Recombinase RecT Escherichia coli 100.00%
ORF47 + 20,634 21,389 756 251 Exonuclease Acinetobacter phage 99.20%
vB_AbaM_AB3P2
ORF50 + 21,843 22,376 534 177 Putative nucleoside triphosphate Acinetobacter phage 61.38%
pyrophosphohydrolase vB_AbM_WUPSU
ORF52 - 22,692 23,300 609 202 Endolysin Acinetobacter phage WCHABP12  100.00%
ORF54 - 23,546 23,866 321 106 Holin Acinetobacter phage Cato 98.11%
ORF55 - 23,942 26,140 2199 732 Tail fiber protein Acinetobacter phage WCHABP12  99.86%
ORF56 - 26,154 26,999 846 281 Tail fiber protein Acinetobacter phage 95.73%
vB_AbaM-IME-AB2
ORF57 - 26,992 27618 627 208 DUF2612 domain-containing protein  Escherichia coli 97.12%
ORF58 - 27618 28,802 1185 394 Baseplate J/gp47 family protein Acinetobacter phage LZ35 99.75%
ORF59 - 28,799 29,152 354 117 Baseplate wedge subunit Acinetobacter phage AP22 98.29%
ORF61 - 29,298 29,942 645 214 Baseplate assembly protein Acinetobacter phage WCHABP1 96.73%
ORF62 - 29,923 30,813 891 296  Baseplate hub Acinetobacter phage LZ35 100.00%
ORF63 - 30,923 31,198 276 296 Virion structural protein Acinetobacter phage LZ35 100.00%
ORF65 - 31,820 33,868 2049 682  Putative tail-fiber/lysozyme protein Acinetobacter phage Ab31 84.53%
ORF66 - 33,871 34,083 213 70 Putative tail-fiber/lysozyme protein Acinetobacter phage 90.00%
YMC-13-01-C62
ORF67 - 34,113 34,538 426 141 Tail assembly chaperone protein Acinetobacter phage Scipio 99.29%
ORF69 - 35,046 36,509 1464 487 Tail sheath Acinetobacter phage WCHABP1 98.56%
ORF71 - 36,990 37,553 564 187 Head protein Acinetobacter phage WCHABP1 100.00%
ORF72 - 37,528 38,199 672 223 Transcriptional regulator Acinetobacter phage WCHABP1 100.00%
ORF74 - 38,489 38,926 438 145 Putative RNA polymerase Acinetobacter phage BUCT629 97.93%
ORF78 - 40,050 40,502 453 150  Virion structural protein Acinetobacter phage LZ35 100.00%
ORF80 - 40,934 41,926 993 330  Major capsid protein Acinetobacter phage Scipio 99.70%
ORF81 - 41,937 42,431 495 164  Capsid stabilizing protein Acinetobacter phage Scipio 100.00%
ORF82 - 42,431 43,789 1359 452 Prohead core protein protease Acinetobacter phage Scipio 100%

effect. Subsequently, phage HZY2308 was administered
with TGC at concentrations of 1/2 MIC and 1/32 MIC
for a 24 h dynamic inhibition study. This analysis dem-
onstrated that the combination produced a greater
inhibitory effect than TGC alone. Initially, the phage-
only treatment mirrored the efficacy of the combination
therapy up to 13 h, post 13 h, however, its effectiveness
decreased (Fig. 4H). This decline suggested the onset

of phage resistance, highlighting that the combina-
tion therapy could extend the period before resistance
development.

Screening and characterization of phage-resistant
bacterial strains

Phage HZY2308 was co-cultured with the host bacte-
rium AB48 (MOI=0.01) for 24 h, a phage-resistant strain,
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AB48-R was isolated, following inoculation on a blood
agar plate and three successive passages. Plaque assays
confirmed that AB48-R was not lysed by phage HZY2308
after subculturing (Fig. 5A). The colonies of AB48 and
AB48-R on the blood agar plate were consistent in size,
color, and luster, appearing as white, round formations
with well-defined edges. Gram staining revealed the
bacteria as eosin colored, predominantly bulbous, and
either scattered or paired (Fig. 5B). The growth dynam-
ics of AB48 and AB48-R were assessed by measuring
OD600nm values, with results indicating no statistically
significant differences in growth rates between the two
strains at any time point (Fig. 5C). The initial step in
phage infection, adsorption to the bacterial surface, was
examined. This study measured the adsorption efficiency
of phage HZY2308 to AB48 and AB48-R. The adsorption
efficiency for AB48 was 54%, but it decreased to 25% for
AB48-R (Fig. 5D). We hypothesized that the resistance
of AB48-R to phage HZY2308 might be due to the loss
or mutation of the adsorption receptor on the bacterial
surface.

The antibiotic susceptibility profiles of AB48 and
AB48-R, determined by the Vitek 2 Compact system,

were presented in Table 3. AB48 was sensitive to TGC,
colistin, and trimethoprim/sulfamethoxazole, and resis-
tant to other antibiotics. In contrast, AB48-R showed
altered susceptibility, shifting from resistant to sensitive
for amikacin and tobramycin, and from resistant to inter-
mediate for cefepime and gentamicin. Additionally, the
MIC values for imipenem and ciprofloxacin were deter-
mined for both strains. The MIC for imipenem was 1 mg/
mL for AB48, but decreased to 0.25 mg/mL for AB48-R.
Conversely, the MIC for ciprofloxacin was 0.25 mg/mL
for AB48, but increased to over 1 mg/mL for AB48-R
(Fig. 5E).

Discussion

Multidrug resistance is one of the prominent features of
AB infection [31]. According to the U.S. Centers for Dis-
ease Control and Prevention, the incidence of multidrug
resistance of AB is 4 times that of other gram-negative
bacteria such as Klebsiella pneumoniae and Pseudomo-
nas aeruginosa [32]. The drug resistance of AB has been
associated with increased mortality rates and poses chal-
lenges for effective treatment in clinical infections [33],
highlighting the pressing need for the development of
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Fig. 4 Inhibition and disruption of biofilm formation by phage HZY2308 and antimicrobial effect in combination with tigecycline. Inhibition of biofilm
formation by phage HZY2308: (A) Crystal violet staining to semi-quantify the amount of biofilm at different time points. (B) Bacterial activity in biofilm at
different time points by XTT reduction method. (C) Biofilm structure at different time points under fluorescence microscope; Biofilm disruption by phage
HZY2308: (D) Crystal violet staining to semi-quantify the amount of biofilm at different time points. (E) Bacterial activity in biofilm at different time points
by XTT reduction method. (F) Biofilm structure at different time points under a fluorescence microscope. (G) Checkerboard analysis of phage HZY2308
in combination with tigecycline. (H) Inhibition curves of HZY2308, TGC, and HZY2308+TGC acting on AB48. Data are expressed as mean £ SD(n =3). ("**"

indicated P<0.01,"****"indicated P< 0.0001)

novel antibacterial agents targeting this pathogen. Due to
the high host specificity and good biosafety, lytic phage
has become a natural antibiotic substitute, attracting
people’s attention in the treatment of severe bacterial
infections [10]. In 2017, the U.S. Food and Drug Admin-
istration (FDA) approved the first phage therapy study for
treating patients with AB infections [34]. Subsequently,
Wu et al. [35] successfully treated four patients with sec-
ondary AB infection in the intensive care unit by admin-
istering phage cocktails (pAb121 and ¢pAb124). Rao et al.
[36] adopted phage AbW4878¢1 with broad-spectrum
antibiotics, significantly improving clinical symptoms in
patients with ventilator-associated pneumonia caused
by MDR-AB after 21 days of treatment via nebulization
and intravenous injection. Nir-Paz et al. [37] used phage
$AbKT21phi3 (for extensively drug-resistance AB, XDR-
AB), ¢KpKT21phil (for MDR Klebsiella pneumoniae),
meropenem, and colistin in combination for the treat-
ment of patients with trauma-associated bacterial infec-
tions of the left tibia after observing their antimicrobial
effects in vitro, and satisfactory results were obtained.

The narrow host range is one of the obstacles of phage
therapy [38]. In this study, we isolated a broad host range
phage HZY2308, with a retractable tail. The lysis rate
of phage HZY2308 to AB isolates was 39.53% (17/43),
with a notably higher rate observed for CRAB strains
at 42.42% (14/33), and the EOP demonstrated a high
and medium production rate of 47.06% (8/17) for phage
HZY2308. Compared with other AB phages [39, 40], this
phage had a shorter incubation period, larger burst size,
and higher adsorption rate, suggesting that HZY2308 is
a promising candidate for the treatment of CRAB infec-
tion. Our results showed that phage HZY2308 was stable
under different pH and temperature conditions, did not
show any cytotoxic effect on THP-1, and its endotoxin
content was much lower than the FDA’s recommended
dose of endotoxin in an intravenous solution [41]. In
addition, no antibiotic resistance genes, virulence factor
genes, and lysogenicity genes were found to be carried in
the genome of phage HZY2308, which proved the safety
of phage HZY2308 application at the genetic level.
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Table 3 Comparison of antibiotic susceptibility between AB48 The mechanisms of drug resistance in AB are complex,
and AB48-R with biofilm formation being a significant contributor
Antibiotics AB48 AB48-R [42]. A biofilm is a highly structured aggregate of micro-

MiC SR MIC S//R colonies formed by bacteria on both living and non-living

Piperacillin =128 R =128 R surfaces to adapt to their environment. It is composed
Ampicillin/sulbactam 232 R 232 R of macromolecular substances such as exopolysaccha-
Ticacillin/covelaricaci =128 R =128 R rides (EPS), extracellular proteins, and extracellular DNA
Piperacillin/Tazobacta =128 R =128 R produced by bacteria [43]. AB exhibits a strong ability
Ceftazidime >64 R 264 R to form biofilms [4, 44]. Phages, as viruses that specifi-
Cefoperazone/Sulbactam 264 R 264 R cally lyse bacteria, have increasingly been shown to be a
Cefepime 232 R 16 ! novel and effective strategy for biofilm control [45, 46)].
Ceftriaxone 264 R 264 R Jiang et al. [47] found that phage vB_AbaM-SHI alone
Imipenem =16 R =16 R could effectively inhibit the biofilm formation of AB. In
Meropenem =16 R =16 R this study, phage HZY2308 not only significantly inhib-
Gentamicin =16 R 8 ' ited the formation of AB48 biofilms but also disrupted
Amikacin =64 R =165 the mature biofilm structure, achieving a lysis rate of over
T@ramqu =16 i <! > 60% for bacteria within the biofilm (£<0.05). This indi-
C'prOﬂoxaFm =4 g =4 i cated that phage HZY2308 might be a promising antibac-
Levofloxacin >8 R >8 R . . . . .

Doxycycline 16 . 16 R terial agent for controlling AB biofilm 1nfect10f1s.
Tigacycline 5 s 5 s Phages can penetrate the extracellular matrix of bacte-
Colistin <05 < , s rial biofilms and destroy them by encoding and secreting
Trimethoprim/sulfarmisoxazole <20 ¢ <90 s endolysins, holins, and virion-associated peptidoglycan

hydrolases (VAPGHs) [48-50]. Endolysins are cell wall
peptidoglycan hydrolases encoded by phages, utilized
by most dsDNA phages to degrade the cell wall peptido-
glycan layer and release progeny phages [27]. The endo-
lysin Abtn-4, encoded by AB phage D2, has been shown

Note: S: Sensitivity; I: Intermediary; R: Resistance
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to reduce biofilm formation [51]. Phage endolysins
LysAm24, LysAp22, LysECD7, and LysSi3 have demon-
strated efficacy against biofilms with high matrix con-
tent (Klebsiella pneumoniae), low matrix content (AB),
and dual-species biofilms, resulting in at least a twofold
reduction in biofilm mass [52]. Holin is a small molecule
transmembrane hydrophobic protein that is crucial for
endolysins to enter the periplasm [53]. It was found that
compared to phage PEf771, phage holin pEF191 exhibited
a superior effect in eliminating biofilms [54]. The genes
ORF52, encoding endolysin, and ORF54, encoding per-
forin, were identified in the genome of phage HZY2308.
These genes might contribute to the high bactericidal
activity of phage HZY2308, including against biofilms,
but further confirmations are required.

Given the increasing antibiotic resistance and the limi-
tations of using phages alone, the combination of phages
and antibiotics can enhance the burst size of phages,
inhibit the development of phage-resistant strains, and
reduce antibiotic resistance. Colistin, polymyxins, and
TGC are the last-resort treatments for CRAB infections.
However, conventional doses of TGC cannot achieve
the blood concentrations necessary to treat bloodstream
infections, and higher doses are associated with hepa-
torenal toxicity and the development of drug resistance
[55, 56]. In recent years, there have been reports of clini-
cal failures and the emergence of drug resistance during
treatment with polymyxins (B and E) [57]. The combina-
tions of the phage KARL-1 with meropenem and colis-
tin, respectively, have significant antibacterial effects on
MDR-AB isolates [58]. A patient with hospital-acquired
pneumonia caused by CRAB was treated with a combi-
nation of an individualized phage preparation, TGC, and
polymyxin E. After 16 days of continuous aerosolized
treatment, pathogen clearance and significant improve-
ment in lung function were observed [59]. In this study,
phage HZY2308 also exhibited excellent antimicrobial
effects when combined with TGC, with fractional inhibi-
tory concentration (FIC) values equal to or less than 0.5,
suggesting a synergistic bactericidal effect between phage
HZY2308 and TGC.

A major obstacle to phage therapy is that single phage
therapy can easily lead to the development of phage resis-
tance, thereby diminishing its therapeutic efficacy [60]. In
this study, the adsorption efficiency of the phage to the
phage-resistant strain AB48-R was significantly reduced
compared to AB48 (Fig. 5D). Adsorption is the initial
stage of phage infection. Phages recognize the host sur-
face receptor via receptor-binding proteins (RBPs), which
are typically located at the end of the phage tail fiber
[61]. Inhibition of phage adsorption through deletion or
structural alteration of phage receptors is the initial step
in bacterial defense against phage infection [62]. The cap-
sule is the most common receptor for phage adsorption
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of AB [63, 64]. Gordillo Altamirano F et al. [65] found
that after incubation with phages ®FG02 and ®COO01,
A. baumannii strains AB900 and A9844 exhibited single
nucleotide deletions at the K site (capsule biosynthesis
locus) [66], resulting in the generation of phage resistant
mutants lacking capsule. Wang et al. [67] demonstrated
through adsorption tests that the capsule was the pri-
mary receptor for Phab24, while the outer membrane
served as a secondary receptor. Additionally, they found
that Phab24-resistant strains regained their sensitivity to
colistin. AB48-R exhibited a shift in susceptibility from
resistant (R) to sensitive (S) to amikacin and tobramy-
cin, and from resistant (R) to intermediate (I) to cefepime
and gentamicin. Under phage selection pressure, a strong
trade-off exists between phage resistance and antibiotic
sensitivity. Specifically, when bacteria alter one trait to
improve fitness, they often exhibit decreased fitness in
another trait [68]. Phages can utilize the outer membrane
protein OprM of the MexAB and MexXY efflux pump
systems as a receptor-binding site. Pseudomonas aerugi-
nosa, in turn, alters the structure of its efflux pump pro-
tein to prevent phage adsorption, resulting in increased
sensitivity to several antibiotics [69]. The mechanism
underlying the change in antibiotic sensitivity of AB48-R
has not been determined and requires further investiga-
tion. In conclusion, the evolutionary trade-off between
the development of phage-resistant bacteria and antibi-
otic resistance may be an effective target for controlling
antibiotic-resistant bacterial infections.

Conclusion

In this study, we isolated a broad-host-range phage,
HZY2308, which efficiently lysed CRAB strains. Phage
HZY2308 demonstrated significant anti-biofilm activity,
and the combination with antibiotics enhanced the anti-
bacterial effect, indicating its potential as an antibacterial
agent to control AB infections.
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