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Endolysins have drawn considerable attention as viable modalities for antibiotic use. The most significant
obstacle for Gram-negative targeting endolysins is the presence of the outer membrane barrier. A heterologously
expressed endolysin encoded by bacteriophage PBPA90 infecting Pseudomonas aeruginosa exhibited intrinsic
antibacterial activity against P. aeruginosa. The antibacterial efficacy was improved by substituting 15 amino
acids and by fusing cecropin A to the N-terminus. The resulting engineered endolysin, LNT103, demonstrated
strong antibacterial activity, with minimum inhibitory concentrations as low as 4 pg/ml, against various Gram-
negative pathogens in addition to P. aeruginosa, including Acinetobacter baumannii, Escherichia coli, Klebsiella
pneumoniae, Klebsiella aerogenes, and Enterobacter cloacae. The engineered endolysin rendered both the outer and
the inner bacterial membranes permeable. It exhibited a synergistic effect with colistin, and additive effects with
carbapenem antibiotics. Bacterial resistance development to LNT103 was none to minimal in vitro. Its in vivo
efficacy was verified in bacteremia models of mice infected with A. baumannii. The endolysin led to a resensi-
tization of resistant bacteria to meropenem when used in combination in vivo.

1. Introduction render these enzymes antibacterial [6]. Endolysins may possess mur-

alytic activities, with examples including amidase, endopeptidase, lytic

Endolysins are enzymes produced by bacteriophages that degrade
the peptidoglycan cell wall via a regulated process where large quanti-
ties of spontaneously assembled phage particles burst out from inside
host bacteria. Phage-encoded proteins, called holins, are directed to the
plasma membrane and form a transmembrane multimer complex, which
creates a hole [1,2]. Assembled virions then pass through the mem-
brane, only to encounter the second barrier, the peptidoglycan cell wall.
The latter cell wall is a thick and rigid structure and enzymes to degrade
the barrier are required. This role is performed by phage-encoded
endolysins [3-5]. The cell wall-degrading activities of endolysins

transglycosylase, or glucosaminidase. When recombinant endolysins are
applied from outside the cell, the peptidoglycan cell wall of a bacterium
can be instantly degraded upon contact, especially in the case of Gram-
positive bacteria. Several endolysins targeting Gram-positive Staphylo-
coccus aureus are currently under clinical evaluation [7-9].

In Gram-negative bacteria, endolysins from outside a cell make first
contact with the outer membrane, not the cell wall. Accordingly, they
must penetrate the former membrane to find and then degrade the
peptidoglycan cell wall. Many endolysins targeting Gram-negative
bacteria that have been characterized to date lack antibacterial
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efficacy [10]. Five different globular endolysins from bacteriophages
infecting Klebsiella were reported to have muralytic activities against
Gram-negative bacteria only in the presence of the outer membrane
permeabilizer, EDTA [11]. Another endolysin from Klebsiella phage
KP27 was also shown to possess peptidoglycan-degrading activity on
membrane-permeabilized bacteria [12]. Nonetheless, some exceptional
cases have been reported. LysPA26 demonstrated endolysin activity
against Pseudomonas aeruginosa without pretreatment with an outer
membrane permeabilizer [13]. Another endolysin, Ply6A3, was shown
to have efficacy against Acinetobacter baumannii both in vitro and in vivo
[14]. A 2 to 3.7 log-reduction of various Gram-negative bacterial loads
was reported with endolysin Ts2631 from Thermus scotductus phage
vB_tsc2631 [15]. Also, endolysin LysSS was effective against various
Gram-negative pathogens both in vitro and in vivo [16]. Yet another
endolysin, LysAB54, was seen to possess bactericidal activity against
various Gram-negative pathogens resuspended in buffer, though activity
was not seen in a complex medium or in human serum [17]. The diffi-
culty in finding effective endolysins against Gram-negative bacteria has
led to the development of engineered Artilysins, where Artilysins
combining a polycationic nonapeptide for penetration of the outer
membrane and a modular endolysin were able to kill Gram-negative
multidrug-resistant (MDR) strains in vitro with a 4- to 5-log reduction
within 30 min [18,19].

Other engineered endolysins have also been reported on. Cecropin A
is the most used antimicrobial peptide (AMP) for enhancing the anti-
microbial efficacy of engineered endolysins. Cecropin A-fused endolysin
LysMK34, LNT113, 1D10, and PBST08 were seen to be effective against
A. baumannii [20-24]. The N-terminal 8 amino-acids derivative
(KWKLFKKI) from cecropin A was also used for the same purposes
[25-27]. Furthermore, a previous study, where peptides derived from
the endolysin LysAB2 encoded by the A. baumannii phage fAB2 dis-
played a potent antibacterial activity against A. baumannii (MIC, 4 uM),
demonstrating that part of an endolysin could be selectively used as an
antimicrobial peptide [28]. Similarly, the fusing of a sensitizing peptide,
KL-N9P, improved the efficacy of a native endolysin against various
Gram-negative pathogens [29]. Strategies for overcoming the outer
membrane barrier of Gram-negative pathogens have been previously
well reviewed [30,31].

With emphasis on the development of an endolysin as a novel anti-
bacterial drug, we report on the in vitro and in vivo characterization of an
engineered endolysin against various Gram-negative pathogens. In
particular, comparisons with currently utilized antibiotics, and the
limitations of mouse infection models used for the evaluation of anti-
bacterial efficacy, have been explored in depth.

2. Materials & methods
2.1. Bacteriophages and endolsyins

Bacteriophage PBPA9O0 infecting P. aeruginosa PAO1 was obtained
from the Bacteriophage Bank of Korea (www.phagebank.or.kr). The
phage was isolated from a wastewater facility in Gwacheon in the Re-
public of Korea (‘Korea’) and was selected for further development
based on the endolysin's initial antibacterial efficacy.

2.2. Bacterial strains and culture conditions

ATCC strains were procured from the American Type Culture
Collection (ATCC). KCTC strains were obtained from the Korean
Collection for Type Cultures (KCTC, Korea, http://knrrb.ccarm-bio.or.
kr/index.jsp?rrb=ccarm). CCARM strains were sourced from the Cul-
ture Collection of Antimicrobial Resistant Microbes (CCARM, Korea,
http://knrrb.ccarm-bio.or.kr/index.jsp?rrb=ccarm). F strains, which
were gifts kindly provided by Professor Kwan Soo Ko (Sungkyunkwan
University School of Medicine, Korea), were clinically isolated. The
colistin-resistant FORC81 strain was also generously provided by
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Professor Sangryeol Ryu (Seoul National University, Korea). All strains
were grown in LB (Luria-Bertani) broth, CAA medium (5 g/L casamino
acids, 5.2 mM KoHPOy4, and 1 mM MgS0O4), or MHB (2 g/L beef infusion,
1.5 g/L starch, 17.5 g/L casein hydrolysate) at 37 °C.

2.3. Molecular cloning

The endolysin (GenBank accession no. MW815133) from bacterio-
phage PBPA90 was named LNT101. For amino acid substitution, 14
closely related sequences observed through a BLAST search are illus-
trated in Supplementary Table 1. A derivative, LNT102, was generated
by substituting 15 amino acids by gene synthesis (Bioneer, Korea)
(Table 1). Another derivative, LNT103, was constructed by fusing the
antimicrobial peptide cecropin A (full length, GenBank accession no.
0708214A) to the 5 end of LNT102 with a GS linker. The coding
sequence of LNT103 was amplified by PCR. An LNT103 gene fragment
was inserted between the Nhel and Xhol restriction sites of pET21a +
(Merck, Germany), with the resulting recombinant protein having a C-
terminal His-tag.

2.4. Recombinant protein expression and purification

Endolysin expression vectors were introduced into E. coli BL21 Star
(DE3) (Invitrogen, USA) using heat shock transformation. The cells were
induced with Isopropyl p-D-1-thiogalactopyranoside (IPTG; Duchefa,
the Netherlands) at a concentration of 0.5 mM at 25 °C for 5 h. The
bacterial cells were harvested by centrifugation and the pellets resus-
pended in lysis buffer (20 mM Tris-HCl, pH 7.5, 300 mM NacCl, and 20
mM Imidazole). The resuspended cells were disrupted by homogenizer.
After centrifugation at 8,000 xg at 4 °C for 20 min, the supernatant was
recovered and filtered through 0.2 pm pores. The filtered supernatant
was purified using FPLC (AKTA pure, Cytiva, UK).

A Ni-His tag affinity chromatography (Capto Chelating, Cytiva) was
performed as the first process and eluates were collected using 500 mM
imidazole. The eluates were diluted with an equilibration buffer (20 mM
sodium phosphate, pH 7.5) and then loaded on a cation exchanger
(Capto S, Cytiva). Elution from the cation exchange column was per-
formed with a linear gradient of NaCl from 0 to 1 M in 20 mM sodium
phosphate, pH 7.5. Buffer exchange of the eluate was performed by ul-
trafiltration and diafiltration in an equilibration buffer (20 mM Tris-HCI,
pH 7.5, 150 mM NaCl), and the mixture was loaded onto an anion
exchanger (Capto Q, Cytiva) to remove endotoxins. The eluate was
mixed with 20 mM Tris-HCl, 2 M ammonium sulfate, pH 7.5. Then, the
mixture was subjected to hydrophobic interaction chromatography
(Butyl HP, Cytiva). Elution was performed with a linear gradient of
ammonium sulfate from 1 to 0 M in 20 mM Tris-HCl, pH 7.5. Finally,
buffer exchange of the eluate was performed by ultrafiltration and

Table 1
Substituted amino acids and their position from the endolysin LysPBPA90
(LNT101) to LNT102.

Amino acid position LNT101 LNT102

22
27
28
45
48
49
50
60
63
64
65
103
125
147
176
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diafiltration in a storage buffer (20 mM sodium phosphate, 150 mM
NacCl, pH 7.0). As a control, full length cecropin A (KWKLFKKIEKVGQ-
NIRDGIIKAGPAVAVVGQATQIAK-NH2) was obtained via the peptide
synthesis service (AbClon, Korea).

2.5. Gel-clot assay for endotoxin

Quantitative analysis of endotoxin in purified LNT103 was per-
formed using Endosafe® Gel-clot LAL Vial at a sensitivity of 0.03 EU/ml
(R12003, Charles River, USA). LNT103 was prepared by 4-fold dilution
with endotoxin-free water. Control Standard Endotoxin (CSE) at 0.0625
EU/ml served as a positive control and endotoxin free water was used as
a negative control. Samples in dedicated tubes were mixed with Limulus
amoebocyte lysate (LAL) reagent and incubated at 37 °C for 1 h.
Following the reaction, the tubes were immediately inverted to confirm
whether a gel had formed. All tests were performed in duplicate. The
final endotoxin limit of LNT103 was calculated using the following
equation: Endotoxin limit (EU/mg) = Sensitivity of LAL reagents (0.03
EU/mg) x dilution factor / concentration of LNT103. The endotoxin
content of purified LNT103 (section 2.4) was found to be <0.005 EU/
mg.

2.6. Antibacterial activity assay (Viable cell counting)

The antibacterial activity of the purified protein was assessed for
various Gram-negative bacteria. Briefly, bacteria were grown to an
exponential phase (ODggo = 0.5), washed with reaction buffer (20 mM
HEPES-NaOH, pH 7.4), and diluted in the buffer to approximately 10°
cells/ml. Then, 100 pl of the bacterial suspension was mixed with 100 pl
of the purified endolysin and/or colistin in reaction buffer and the
mixture incubated at 37 °C for 2 h. Finally, the mixture was diluted with
PBS and plated on LB agar. After overnight incubation at 37 °C, colonies
were counted.

For salt stability, the same reaction was carried out in 20 mM HEPES-
NaOH, with 0, 50, 150, 300, or 500 mM NaCl (pH 7.4). For thermal
stability, LNT103 was incubated at different temperatures (4, 25, 37, 50,
60 or 70 °C) for 1 h followed by antibacterial activity assay against
A. baumannii ATCC 19606 in reaction buffer (20 mM HEPES-NaOH, 150
mM NaCl (pH 7.4)). The antibacterial activity for all results is repre-
sented as a percentage of relative activity compared to the control (4 °C).
To test the effect of pH, the reaction was performed in 20 mM sodium
phosphate, 150 mM NacCl, adjusted to different pHs (6, 6.5, 7, 7.5, or 8).
The cells suspended in the buffer for each pH were mixed with LNT103
and incubated at 37 °C for 1 h. For the control, cells were suspended in
HEPES-NaOH buffer, 150 mM NaCl, pH 7.4 mixed with LNT103 and
incubated at 37 °C for 1 h.

2.7. Permeability test of bacterial membranes

Escherichia coli ML-35p harboring pBR322 produces f-lactamase in
the periplasmic space and p-galactosidase in the cytosol [32,33]. The
disruption of the outer and inner membranes was measured by colori-
metric changes of nitrocefin (Abcam, Cambridge, UK) and o-nitro-
phenyl-p-D-galactopyranoside (ONPG; KisanBio, Seoul, Korea),
respectively. E. coli ML-35p cells (10® cells/ml) at the mid-logarithmic
growth phase were treated with different concentrations of endolysins
(0-0.6 pM) in 5 mM HEPES buffer (pH 7.2). Polymyxin B (Sigma-
Aldrich, St. Louis, MO, USA) was used at 1 pM as a control to disrupt the
membranes. Nitrocefin at 50 pg/ml or ONPG at 1.5 mM were added to
the bacterial suspension and the chromogenic changes were determined
at 486 nm or 420 nm, respectively, using a Synergy HTX microplate
reader (BioTek, Paramus, NJ, USA).

2.8. Measuring the minimum inhibitory concentration (MIC)

Except for the growth media, the MIC of LNT103 and the various
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antibiotics were determined by the broth microdilution method in 96-
well, round-bottomed microtiter plates in accordance with Clinical
and Laboratory Standards Institute (CLSI) guidelines. The exponentially
grown cells were diluted in CAA media (106 CFU/ml) and then incu-
bated with recombinant LNT103 (1 to 64 pg/ml) or antibiotics (0.5 to
32 pg/ml) at 37 °C for 20 h. The MIC was defined as the lowest anti-
bacterial concentration that inhibited bacterial growth.

2.9. Checkerboard assay

A checkerboard assay was performed by methods previously
described [34,35]. In short, in a 96-well, round-bottomed microtiter
plate, the two-fold serial dilution of LNT103 was aliquoted along the
wells at the y-axis. In another microtiter plate, a two-fold serial dilution
of colistin was aliquoted along the wells at the x-axis. The two diluents
were combined in a single plate, and bacteria were added to each well at
a concentration of 10° CFU/ml in MHB media. After incubation at 37 °C
for 20 h, the MIC values were recorded. The fractional inhibitory con-
centrations (FIC) for LNT103 or antibiotics were calculated as the MIC
value in the presence of two drugs divided by the MIC value in the
presence of each drug. If the sum of the two FICs (FIC index) was <0.5,
the two drugs were considered to have a synergistic effect.

2.10. Development of bacterial resistance

To test the increase of MIC due to resistance development, bacteria
were continuously exposed to colistin or endolysin by means previously
described [36]. Briefly, the initial MICs of colistin and LNT103 were
determined against various strains of A. baumannii. Then, bacteria were
cultured in MHB media containing half the concentration of MICs at
37 °C. After 24 h, the MICs were determined again. Then, 1:100 diluted
bacterial cells were cultured in a fresh medium containing LNT103 or
colistin. This process was repeated for 15 passages. The MICs were
measured and recorded at each passage.

2.11. Biofilm removal assay

In a 96-well, round-bottomed plate, A. baumannii ATCC 19606 cells
were inoculated at 10° cells/well in LB media and grown at 37 °C for 24
h to allow for biofilm formation. The culture was discarded and each
well washed twice with PBS, followed by treatment with LNT103 or
colistin in a reaction buffer (20 mM Tris-HCL, pH 7.5). After 1.5 h, each
well was washed with PBS and stained with 0.5 % crystal violet for 30
min. The dye was dissolved by adding 150 pl of 100 % ethanol and the
OD was measured at 590 nm using a microplate reader.

2.12. Confocal laser scanning microscopy imaging of biofilms

A. baumannii ATCC 19606 cells (~10% CFU) were placed on slides
and cultured at 37 °C for 24 h. The following day, the culture super-
natant was discarded, and the slides were dried for 10 min. The slides
were then washed with PBS. After drying for 10 min, each test substance
was added and incubated at 37 °C for 2 h. The staining reagent (Live/
Dead Bacterial viability kit L7012, ThermoFisher, USA) was added to
each slide and incubated in the dark for 30 min. Viable cells were stained
green (SYTO 9) and damaged cells were stained red (propidium iodide).
Next, the staining reagents were removed, and the slides were washed
with PBS. The dried slides were then covered with coverslips and
observed under a confocal laser scanning microscope (Leica, Germany).
Z-stack images were created using the Leica Application Suite X software
package (Leica) and images were merged and reconstructed in 3D.

2.13. Hemolysis assay

In vitro hemolytic activity testing of the recombinant endolysins was
performed in sheep red blood cells (RBCs). First, 3 ml of RBCs (MB Cell,
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Korea) was washed four times with phosphate-buffered saline (PBS) at
pH 7.2 and resuspended in 10 ml PBS. Then, 50 pl of RBC solution was
added to 50 pl of LNT103 (2-128 pg/ml), PBS (negative control), or 0.1
% Triton X-100 (positive control) and the mixtures were incubated at
37 °C for 1 h. The mixtures were then subjected to centrifugation (1000
xg, 5 min) and the supernatants were transferred to 96-well plates.
Absorbance was measured at 570 nm. The percentage of hemolysis was
calculated using the following equation: % Hemolysis = {[Abs (sample)
— Abs (negative control)] / [Abs (positive control) — Abs (negative
control)]} x 100.

2.14. In vitro cytotoxicity assay

To test the cytotoxicity of recombinant LNT103, a human hepato-
cellular carcinoma cell line (Huh-7) was used. First, 1 x 10° cells were
seeded in 96-well plates. Then, LNT103 was added to a final concen-
tration of 0.25 or 0.5 mg/ml and the mixtures were incubated for 24 or
48 h. PBS and 1 % Triton X-100 were used as negative and positive
controls, respectively. After incubation, 10 pl of tetrazolium salt solu-
tion, using a D-Plus™ CCK Cell Viability Assay Kit (Dongin Bio, Korea),
was added to each well. The production of formazan was measured at
450 nm.

2.15. Statistical analysis

For in vitro studies, all experiments were carried out in triplicate and
the results were given as the mean =+ standard deviation (SD). Statistical
analysis was performed in Prism version 9 (GraphPad, Dotmatics). NPN
assay and CFU reduction assay were analyzed using one-way ANOVA
with Tukey's multiple comparisons test.

2.16. Mouse infection models

All animal experiments were approved by the Animal Ethics Com-
mittee of Kangwon National University, Korea (KW-231019-4). 6-week-
old BALB/c female mice were used. Mice were pre-treated (intraperi-
toneal) with cyclophosphamide (in 100 pl PBS) at a concentration of 3
mg/mouse at four days and one day before the bacterial inoculation to
induce neutropenia [37-39]. Either 2 x 10% CFU (A. baumannii
ATCC19606) or 1 x 107 CFU (A. baumannii CCARM12233) in 100 ul PBS
were intraperitoneally injected and the endolysin LNT103 in 100 pl PBS
was treated with IV bolus at 1 h post infection. The amount of each
A. baumannii strain used for inoculation was empirically determined as
the minimal number of bacteria which could lead to animal death
(Supplementary Fig. 1). Meropenem (Sigma, USA) at the indicated
concentration in 30 pl PBS was treated SC at 1 h post infection as
required. For enumerating the blood bacterial burden, peripheral blood
samples (100 pl) were collected from the retro-orbital venous sinus at
the indicated time points post-infection. The blood was diluted four-fold
in PBS, plated on LB agar plates containing trimethoprim (2.5 pg/ml),
and incubated at 37 °C for 18 h. The bacterial burden was quantified by
calculating CFU/ml from the plated blood samples. For quantifying
serum cytokine levels, serum was obtained by subjecting 100 pl of blood
samples collected at 15 h post infection from A. baumannii-infected mice
to centrifugation for 30 min at 3000 xg at 4 °C. The levels of IL-6 and
TNF-alpha in the serum were quantified using the Mouse IL-6 Uncoated
ELISA Kit (Invitrogen #88-7064-88) and the Mouse TNF-a Uncoated
ELISA Kit (Invitrogen # 88-7324-88), respectively. Prior to collection,
the mice were anesthetized with isoflurane to minimize stress and
discomfort. The animals were sacrificed using CO3 inhalation.

2.17. Anti-drug antibody tests
Anti-drug antibody testing was performed at BioToxTech, Korea. All

procedures in this study were fully in compliance with the Animal
Protection Act of Republic of Korea (2011, as amended) and the Guide
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for the Care and Use of Laboratory Animals (8th Edition, 2011). Nine 6-
month-old male and nine 6-month-old female beagle dogs were obtained
from Jiangsu Zhaoshengyuan Biotechnology Co., Ltd., the People's Re-
public of China. The dogs were divided into three groups and a daily
dose of 0, 3, or 10 mg/kg of LNT103 was intravenously administered,
respectively. Blood collection and serum separation for ADA analysis
were performed on all of the animals at days 0 and 15. Blood samples of
approximately 2.5 ml were collected from the jugular vein using a 3 ml
disposable syringe and placed in SST bottles and centrifuged at 3000
rpm for 10 min at 4 °C to obtain serum. An analysis of ADA levels was
performed by Keyfron Bio Co., Ltd. (Korea).

3. Results
3.1. Endolysin LysPA90 and its engineering

LysPA90 (LNT101) is based on an ORF annotated as an endolysin
(GenBank accession no. MW815133) from the genome of bacteriophage
PBPA9O0 (Fig. 1A). It consists of a peptidoglycan binding domain at the
N-terminus (amino acids 10-65) and a muramidase (lytic trans-
glycosylase) domain (amino acid 95-174) in the middle of the ORF. It
harbors an amphipathic helix at its C-terminus (amino acids 298-311,
LAEIYKLF (hydrophobic)/ EDKVSK (hydrophilic), Fig. 1B), which is a
common feature of endolysins exhibiting intrinsic antibacterial activity
against Gram-negative pathogens [40,41].

We subsequently attempted to improve its activity. First, site-
directed mutagenesis was performed based on amino acid sequences
found in 14 closely related entities from a BLAST search. Six were an-
notated as endolysins (ANM44938.1, NP_803710.1, YP_009619739.1,
YP_006546280.1, AUG88272.1, and YP_009609055.1) and eight were
annotated as peptidoglycan binding proteins (YP_009609112.1,
QBJ02724.1, QEM41943.1, YP_007349105.1, ASZ78903.1,
AYP28388.1, QIQ61961.1, and AV0O22912.1) (Supplementary Table 1).
Based on an assumption that a frequently found amino acid at a specific
position reflects an evolutionary advantage, we performed site-directed
mutagenesis at 15 such positions (Table 1). For the substitutions, the
rationale was to select the most commonly found amino acids at the
indicated positions for CBD from the eight peptidoglycan binding pro-
teins, and the mostly found amino acids at the indicated positions for
EAD from the six endolysins (Supplementary Fig. 2). The resulting
mutant endolysin demonstrated much-improved activities (more than a
log reduction in bacterial counts) against A. baumannii and
K. pneumoniae (Fig. 1D) and was named LNT102. A further improvement
of LNT102's antibacterial activity was obtained by fusing an antimi-
crobial peptide called cecropin A to its N-terminus (Fig. 1A and D),
resulting in LNT103. The three endolysins purified to near homogeneity
are illustrated in Fig. 1C. Varying degrees of antibacterial efficacies were
observed, ranging from <0.5 log to 6 log reductions of viable cells. The
antibacterial efficacy of endolysin LNT103 against a wider range of
bacterial strains, including antibiotic resistant ones, are provided in
Supplementary Fig. 3A and B. As expected, the antibacterial-resistant
nature of the target strain did not affect the endolysin's antibacterial
efficacy. Cecropin A itself exhibits antibacterial efficacy, but LNT103
demonstrated a further substantial increase in efficacy in vitro.

Fig. 2 shows the predicted structures of LNT101 and LNT102. The 15
amino-acid substitutions led to a structural change in the N-terminal cell
wall binding domain (Fig. 2A). The orientation of 3 a-helices at the N-
terminus was altered and it also led to a change in the overall orientation
of N- and C-termini. The substitution resulted in an increase in the
positive charge in the N-terminus (Fig. 2B), possibly leading to a
stronger interaction with the bacterial membrane.

3.2. Invitro antibacterial efficacy of LNT103

We examined the contribution of cecropin A to LNT102 for the
antibacterial efficacy of LNT103, namely the fusion of cecropin A to
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Fig. 1. Improvements of antibacterial activity of the endolysin PA90 (LNT101)

(A) A peptidoglycan binding domain (PG domain) and a muramidase domain are illustrated. The numbers above each box indicate the amino acid residue of the
enzyme. Those amino acids subjected to replacement in LNT102 are shown with vertical bars (orange) (and provided in Table 1). LNT103 has cecropin A fused to the
N-terminus of LNT102. (B) A predicted amphipathic helix shown between amino acids 299 and 302 in LNT101 (LysPA90) using NetSurf 3.0 (https://services.healthte
ch.dtu.dk/services/NetSurfP-3.0). 3D structure is predicted using ColabFold v1.5.5 (https://colab.research.google.com/github/sokry
pton/ColabFold/blob/main/AlphaFold2.ipynb#scrollTo=G4yBrceuFbf3) and drawn wusing 3D viewer Mol* (Protein Data Base, https://www.rcsb.
org/docs/3d-viewers/mol*/getting-started). The amphipathic helix at the C terminus is indicated in red. (C) SDS-PAGE analysis of purified endolysins LNT101,
LNT102, and LNT103. The estimated molecular weight of 30.1 KDa (LNTO1 and LNT102) and 33.9 KDa (LNT103) are shown at the bottom. The molecular weight
marker is seen in the left lane. (D) Antibacterial activities of LNT101, 102, or 103 (1 pM for 1 h) against various Gram-negative bacteria (** p < 0.005, * p < 0.05).
CCARM strains were antibiotic-resistant and obtained from the Culture Collection of Antimicrobial Resistant Microbes. For the control, no endolysin was added to the

mixture. Three independent experiments were performed. Statistical analysis was conducted against the control in each bacterial group.

LNT102 (Fig. 3A). Cecropin A alone reduced the bacterial count by 3.5
logs while fusion of EGFP to cecropin A completely abolished antibac-
terial activity. LNT102 alone reduced the bacterial count by 1 log, and
addition of cecropin A further reduced the bacterial count by 4 more
logs. LNT103 reduced the bacterial count 2 logs more than cecropin A
alone and 4 logs more than LNT102. Accordingly, the fusion of the
antimicrobial peptide and the endolysin led to a synergistic increase in
antibacterial efficacy. Since colistin-resistant strains are increasingly
reported on [42], we tested whether LNT103 was also effective against
one of these strains, E. coli FORC81 (Fig. 3B). Colistin did not reduce the
bacterial count at concentrations of 0.5 and 2 pM, while LNT103
reduced the bacterial count by 4 logs at 0.5 pM and to a below countable
limit at 2 pM in 120 min. We also tested whether LNT103 was effective
for removing bacteria in biofilms (Fig. 3C). It was seen to remove bac-
teria in a dose-dependent manner, leading to a 65 % removal at 3 puM,
while colistin did not result in any removal at 3.6 pM. The same com-
parison was shown in a confocal microscopic analysis of biofilms treated
with either colistin or the endolysin (Fig. 3D). The biofilm remained
intact with treatment of colistin at 4 pM, while the endolysin removed
the biofilm in a dose-dependent manner. The MICs of LNT103 against
100 different strains of A. baumannii are listed in Supplementary Table 2,
where MICso was 4 pg/ml. MICs, for 62 strains of K. pneumoniae was 4
pg/ml, MICsq for 100 strains of E. coli was 8 pg/ml, and MICsq for 84
strains of P. aeruginosa was 8 ug/ml (data not shown).

3.3. Cecropin A fusion facilitated the disruption of the double-membraned
envelope

The permeability of the outer membrane increased more when
treated with LNT103 than with LNT102 (Fig. 4A). But most notably, the
time needed for reaching the highest value was much shorter with
LNT103 (6 min) than with LNT102 (16 min). Thus, the permeability of
the inner membrane increased up to 2 folds more in 30 min with LNT103
than with LNT102 (Fig. 4B) and the action was also quicker with
LNT103. The increases were in a dose-dependent manner. Polymyxin B
was less effective than the endolysins LNT102 or LNT103, being far less
effective in permeabilizing the inner membrane than the outer mem-
brane. Permeabilization of the outer membrane may enable entrance of
the endolysin leading to cell wall destruction, while permeabilization of
the inner membrane may further damage the bacteria by disrupting
membranepotential leading to death.

3.4. Biochemical nature of the antibacterial activity

The endolysin LNT103 demonstrated a time-dependent activity
against A. baumannii (Fig. 5A). For A. baumannii, the bacterial count
decreased 3 logs in one minute and to a below detectable level at 60 min
post treatment with the endolysin at 0.2 pM. When comparing with
colistin, the endolysin reduced the number of target bacteria remarkably
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overlap

LNT102

(A) Alphafold 2-predicted structures of LNT101 (green) and LNT102 (blue) are indicated. Substituted amino acids are shown in violet. The altered orientation of 3
a-helices is marked by a yellow circle. (B) Comparison of charge distribution between LNT101 and LNT102. Positive charge is shown in blue and negative charge in

red. An increased positive charge in the N-terminus is marked by a yellow circle.

faster (Supplementary Fig. 4). Next, we observed changes in antibacte-
rial efficacy under various salt, pH, and temperature conditions. The
antibacterial activity of the endolysin started to decrease in the presence
of NaCl at 150 mM and was completely lost in the presence of NaCl at
500 mM (Fig. 5B). Since the physiological NaCl concentration of human
serum is 150 mM, we can expect the loss of activity to a certain extent in
vivo. The enzymatic nature of the protein would lead to decreases or
increases of activity in the presence of various levels of salts. Never-
theless, in vivo efficacy was confirmed in the mice infection models (see
section 3.8). The antibacterial activity of the endolysin remained con-
stant at physiological pHs (6 to 8, Fig. 5C). The enzyme remained stable
when incubated at temperatures of up to 50 °C for one hour, but lost 60
% of its activity at 60 °C (Fig. 5D).

3.5. Development of bacterial resistance against LNT103

Although use of colistin is very restricted due to its nephrotoxicity
and neurotoxicity, it remains a last resort Gram-negative antibiotic.
However, the emergence of colistin-resistant pathogens has already
been reported [43-45]. To compare the development of resistance
against colistin or LNT103, 15 serial passages of various strains of
A. baumannii, including both antibiotic-resistant strains and clinically
isolated strains, were performed in the presence of a sublethal dose of
colistin or LNT103. For A. baumannii ATCC19606, a colistin resistance

began to develop in the 9th passage, increasing to >256 times the initial
MIC in the 12th passage, and then leveling out until the final 15th
passage (Fig. 6A). For A. baumannii CCARM12171, a colistin resistance
began to develop in the 10th passage, then increasing to >512 times the
initial MIC by the 13th passage (Fig. 6B). For CCARM12035, a colistin
resistance began to develop in the 4th passage, and reached 64 times the
initial MIC by the 8th passage. (Fig. 6C). For the clinical strain TA5, a
colistin resistance began to develop in the 3rd passage, and reached
>512 times the initial MIC by the 6th passage. (Fig. 6D). In all strains,
resistance to the endolysin LNT103 was not detected after 15 passages.

3.6. Cytotoxicity and hemolytic activity of LNT103

No decrease in the viability of Huh-7 cells treated with LNT103 at the
concentrations of 250 or 500 pg/ml was observed in 48 h, while >99 %
of cell death was seen when treated with Triton X-100 at a concentration
of 1 % (w/v) (Fig. 7A). <1 % hemolysis was observed when treated with
LNT103 at concentrations of 2-128 ug/ml, while treatment with Triton
X-100 at a concentration of 0.1 % (w/v) resulted in 100 % lysis of RBCs
(Fig. 7B). Thus, no significant cytotoxicity or hemolytic activity of
LNT103 was shown in vitro.
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(A) Antimicrobial efficacy of cecropin A, cecropin A-fused to EGFP, or LNT103 against A. baumannii. Each reagent was added to the mixture at a final concentration of
0.5 pM. Three independent experiments were performed. The results of t-tests against each control are shown above each bar and that of one-way ANOVA is dis-

played at the top (* p < 0.05, ** p < 0.01, *** p < 0.001). (B) Antimicrobial efficacy of LNT103 against a colistin resistant strain of E. coli. (C) Biofilm of A. baumannii
ATCC 19606 treated with LNT103 at four different concentrations (0.4-3.0 pM) or colistin (3.6 pM) for 4 h and visualized by staining with crystal violet. (D) Control
indicates the sample treated with buffer only. Dotted lines; limit of bacterial count. Every experiment was performed in triplicate. Student's t-test was performed
against each control and p values can be seen above each bar (* p < 0.05, ** p < 0.01, *** p < 0.001).

3.7. Combination effect of LNT103 and antibiotics

To assess possible synergistic or additive effects between LNT103
and antibiotics, checkerboard assays were performed (Table 2). Five
antibiotics currently used for MDR A. baumannii were selected for
testing; colistin, meropenem, imipenem, ceftazidime and tigecycline
[46,47]. Colistin displayed a strong synergy with the endolysin, sug-
gesting membrane permeability would be a major contributing factor.
Two carbapenem antibiotics, meropenem and imipenem, and a cepha-
losporin antibiotic, ceftazidime, demonstrated additive effects, sug-
gesting cell wall synthesis inhibition by the antibiotics was positively
affected by the membrane permeabilization and/or cell wall degrada-
tion in the presence of the endolysin. Tigecycline, a translational in-
hibitor, had an indifferent effect when combined with the endolysin.

3.8. In vivo efficacy of LNT103 against A. baumannii in mice models

Laboratory mice with induced neutropenia were intraperitoneally

infected with A. baumannii ATCC19606 and IV-treated with LNT103 at
two different doses (Fig. 8A). At 10 mg/kg, the endolysin treatment
increased survival to 55 % while all mice in the control group died on the
first day. The blood concentration of A. baumannii in the same mice
model was examined (Fig. 8B). Blood bacterial titer was 10° CFU/ml at
3 h post infection and increased to 10% CFU/ml at 9 h. When compared
to the bacterial burden at 10 to 10* CFU/ml in usual human blood
stream infections (BSIs) [48], the number of bacteria in this mice model
was 100 to 1000 times higher. For examining the combination effect of
antibiotics and the endolysin, laboratory mice were intraperitoneally
infected with A. baumannii CCARM12233, a carbapenem-resistant
strain, and treated with either meropenem alone or in combination
with endolysin LNT103 (Fig. 8C). All mice treated with low dose mer-
openem (16 mg/kg) died and even 90 % of those treated with a high
dose of the antibiotic (64 mg/kg) died within three days. By contrast,
mice treated with a small amount of the endolysin (0.625 mg/kg) in
addition to meropenem had increased survival rates of 45 % (with low
dose meropenem) and 60 % (with high dose meropenem). Thus, the
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Fig. 4. Cecropin A fusion facilitated the disruption of the double-membraned envelope

Escherichia coli ML-35p cells producing periplasmic p-lactamase and cytoplasmic f-galactosidase were treated with different concentrations of LNT102 (left) and
LNT103 (right). (A) The permeability of the outer membrane was estimated by adding nitrocefin, which is hydrolyzed by periplasmic p-lactamase and changes colour
at 486 nm. (B) Permeability of the inner membrane was measured by adding o-nitrophenyl-f-D- galactopyranoside, which displays colorimetric change at 420 nm by
cytoplasmic p-galactosidase. Polymyxin B (PMB) was added as a control at 1 pM.

additive effects of meropenem and the endolysin (Table 2) were verified
in vivo. Next, blood cytokine levels with the same mice model were
examined (Fig. 8D). The presence of a high number of bacteria in this
model, at concentrations of IL6 (ca. 4000 pg/ml) and TNF-a (ca. 600 pg/
ml) in the serum, led to an instant cytokine storm. Reported serum
cytokine levels of BALB/c mice for IL6 and TNF-a were ca. 100 pg/ml
and 10 pg/ml, respectively [49,50]. Treatment with meropenem did not
alter the cytokine level further, but additional treatment with the
endolysin increased the level of TNF-a by 30 %.

3.9. Appearance of anti-drug antibodies

Dogs were IV-treated with LNT103 at indicated doses daily for 14
days. Anti-drug (LNT103) antibody was detected in 23 out of 24 dogs
when tested at day 15 (Table 3). Only one male dog administered with
10 mg/kg/day remained antibody negative. Whether the antibody had a
neutralizing activity was not determined.

4. Discussion

In the majority of cases, recombinant endolysins derived from
phages targeting Gram-negative bacteria exhibit no antibacterial func-
tion when applied externally. In addition, it has been seen that the
addition of recombinant holins does not improve antibacterial function
[51,52].

By contrast, the success of the engineered endolysin LNT103 can be
seen to be the result of three important factors. Firstly, the native

endolysin from phage PBPA90 (LNT101), targeting P. aeruginosa, has a
rare intrinsic antibacterial activity. Secondly, site-directed mutagenesis
of the 15 amino acids appears to lead to an increase in antibacterial
efficacy. Thirdly, fusion with cecropin A, which is a 37-residue antimi-
crobial peptide (AMP), presumably facilitates further membrane per-
meabilization [53,54]. Cecropin A and the endolysin may, in close
proximity, exert maximal antibacterial activity as a single molecule
rather than two separate ones.

Colistin is an antimicrobial peptide in clinical use. When colistin is
used in combination with LNT103, there are two different membrane
permeabilizers (colistin and cecropin A), and one native endolysin with
additional membrane-permeabilizing ability, all working together and
leading to a synergistic effect. Unfortunately, colistin use is associated
with nephrotoxicity and neurotoxicity, which may limit its general use
[55]. However, as the development of carbapenem resistant Acineto-
bacter (CRAB) is rapidly taking place [56], the additive effect of the
endolysin LNT103 with meropenem demonstrated in vitro and in vivo in
this work could be a more clinically relevant solution. Membrane per-
meabilization and the breaking down of the cell wall by LNT103 may
facilitate the entry of meropenem, leading to an additive effect. This
type of clinical synergy has already been previously reported on, where
the additive effects of colistin and meropenem were observed, with
colistin serving towards membrane permeabilization [57].

Many endolysins reported on to date, whether derived from phages
infecting A. baumannii or from phages infecting various other pathogens,
have been found to be effective against A. baumannii. For example,
LNT101 (LysPA90) in this study was originally derived from a phage
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(A) The bacterial count at O to 60 min after treatment with the endolysin at 0.2 pM. (B) The bacterial count after treatment with the endolysin at indicated con-
centrations in the presence of 0 to 500 mM NacCl for 60 min. (C) The bacterial count after treatment with the endolysin at 0.5 pM for 60 min at indicated pHs. (D) The
bacterial count after treatment with the endolysin at 0.5 pM for 60 min at indicated temperatures. A. baumannii 19,606 was used for the experiments. Each

experiment was performed in triplicate.

infecting P. aeruginosa, and was seen to be more effective against
A. baumannii than other Gram-negative pathogens. Another example is
endolysin Ts2631, originating from a phage infecting Thermus scoto-
ductos [15]. The latter endolysin was observed as being more effective
against A. baumannii than other Gram-negative pathogens including
P. aeruginosa, E. coli, and K. pneumoniae. The endolysin LysSS originating
from a Salmonella enterica phage was also more effective against
A. baumannii than S. enterica [16]. Again, we speculate that the partic-
ular composition of core oligosaccharide and lipid A in A. baumannii
could be the determining factor for the higher efficacy of the endolysins
against this bacterium, and a further study would be needed.

As presented in the introduction to this study, many previous studies
have shown enhanced antimicrobial efficacies of various endolysins
with fusion to cecropin A against A. baumannii. This was also seen to be
the case for endolysin LNT103 in this present study. In the case of E. coli,
a mutant defective in the core oligosaccharide was observed as being
less susceptible to the cecropin-fused endolysin, LNT113, and another
mutant with a compromised lipid A construction, which was more
vulnerable to it [23]. We can perhaps assume that the compositions of
core oligosaccharide and lipid A in A. baumannii are the determining
factors for the higher efficacy of cecropin A-fused endolysins.

In a series of investigations by our group, the same native endolysin,
LNT101 (LysPA90), derived from phage PBPA90, was observed to have
been fused to either a cell penetrating peptide DS4.3 [58], an antimi-
crobial peptide thanatin [59], or, in the present study, the antimicrobial
peptide cecropin A. Antimicrobial efficacies in vitro were demonstrated
and all three exhibited a ca. 5-log reduction in CFU counts of
A. baumannii at 0.2 or 0.25 pM. DS4.3-fused endolysin's in vivo efficacy
was demonstrated only in a Galleria mellonella infection model. In a
mouse infection model, the thanatin-fused endolysin assisted, to a
limited extent, in the prolonged survival of mice. In the same

experiment, the engineered endolysin was intraperitoneally adminis-
tered following an intraperitoneal infection by A. baumannii, in which
route bacterial clearance in situ occurred. Administered endolysin
promptly eliminated the bacteria at the site of injection, limiting the
systemic distribution of the bacteria. Accordingly, this may have led to
the lowered proinflammatory cytokine levels observed in the study.
However, the infection and treatment method used was of limited
clinical relevance. On the other hand, the present study utilized intra-
peritoneal infection followed by intravenous administration of the
endolysin, excluding the possibility of intraperitoneal clearance of
bacteria in situ, allowing for more systemic distribution of the infected
bacteria, and exposing the endolysin directly in blood.

Nevertheless, the findings of in vivo efficacy in this present report can
be translated into clinical investigations with certain limitations, since
mice infection models of bacteremia cannot precisely mimic clinical
bacteremia [60]. For example, the induction of neutropenia was
required to establish bacteremia in mice since A. baumannii is an
opportunistic pathogen. Even in neutropenic mice, a bolus injection of a
large dose of bacteria was needed to overcome host defenses, which does
not mimic human bacteremia where a steady stream of bacteria is pre-
sent. Consequently, the presence of such large numbers of bacteria
promptly elicited cytokine storms, possibly leading to prompt organ
failure. The intravenous administration method also needs to be
considered. Considering the remarkably fast action and relatively short
half-life of the endolysin, a slow infusion method would increase the
antibacterial efficacy. However, it is technically hard to implement this
in mice models. If one can overcome the hurdles of there being up to
1000 times the number of bacteria in the blood for the mice model than
for clinical patients, with the resulting cytokine storms, and the less than
favorable administration method of IV bolus, higher survival rates than
those reported in this study could be expected.
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(A) WST-1 cytotoxicity assay of LNT103 in Huh7 cells. Huh7 cells were incubated with indicated concentrations of LNT103 for 48 h. Triton X-100 was used as a
cytotoxicity control reagent. (B) Hemolytic activity of LNT103. RBCs were incubated with PBS buffer (control) or LNT103 at indicated concentrations at 37 °C for 1h,
and hemolysis was determined by measuring the absorbance of the supernatant at 570 nm. 0.1 % of Triton X-100 was used as a hemolytic control reagent inducing
100 % hemolysis. Experiments were performed at least three times. Student's t-test was performed against each control and the p values are shown above each bar (*

p < 0.05, ** p < 0.01, *** p < 0.001).

The endolysin LNT103 has clearly demonstrated antibacterial effi-
cacy against A. baumannii in the present mice models. Notably, it was
very effective in combination with meropenem when combating the
meropenem-resistant strain of A. baumannii. As carbapenem-resistant
A. baumannii (CRAB) are increasingly being encountered, especially in
intensive care units (ICUs), resensitization of the resistant pathogens to
carbapenem antibiotics using the endolysin could be a viable method for

10

combating the deadly bacteria.

Daily administration of the endolysin for two weeks led to the
appearance of anti-drug antibodies in most dogs tested. As the endolysin
was a foreign material, it is expected to elicit immunogenic reactions
naturally from the animals. However, the present study did not evaluate
the neutralizing activity of the antibodies. Considering the fast action of
an endolysin seen in the mice models in this study, a prolonged
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Table 2
Combination effect of the endolysin with various antibiotics as determined by
checkerboard assays.

Antibiotics FICantibiotic FICinT103 FICindex Interpretation
Colistin 0.250 0.250 0.500 Synergistic
Meropenem 0.208 0.500 0.708 Additive
Imipenem 0.250 0.500 0.750 Additive
Ceftazidime 0.417 0.500 0.917 Additive
Tigecycline 0.667 0.667 1.334 Indifferent

FIC index <05; synergy.
FIC index 0.5-1.0; additive.
FIC index >1.0; indifferent.

administration (e.g. 14 days) of the endolysin may not be needed in
clinical situations. Moreover, a shorter period of administration may not
lead to the appearance of anti-drug antibodies. A further study about
immunogenic reactions against the endolysin is thus anticipated and
awaited.

Given the broad spectrum of the endolysin, one might worry about
potential side effects on microbiota. The rationale for using this endo-
lysin is as follows; 1) In vivo evaluation in this report was made for
bacteremia models, and no microbiota would have been present for the
serum or organs. 2) In case the endolysin was used for gut infection,
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the enzymatic nature of the endolysin, gut infection where countless
impurities for enzyme reaction are present, would be the last indication
for a targeted endolysin. 3) Even if alteration of microbiota by endoly-
sins occurred, it could be rectified once the treatment was terminated.
Cures for a life-threatening infection by pathogens would be a priority
over and above that of conserving normal microbiota.

5. Conclusions

In summary, the engineered endolysin LNT103 has the potential to
serve as a new modality for antibiotics, making them effective against
multidrug-resistant pathogens without allowing for the development of
resistance in vitro. Moreover, the synergistic or additive effects with
currently prescribed antibiotics shown in vitro and in vivo suggest that
the endolysin would be a clinically relevant candidate as a novel
antibiotic.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2025.140463.

Sequence information

The sequence for the endolysin from bacteriophage PBPA90 was
deposited in GenBank under the accession number of MW815133.

alteration of microbiota would be conceivable based on the wide range
of Gram-negative microbes affected by the endolysin. But, considering
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Fig. 8. In vivo efficacy of LNT103

(A) Mice pre-treated with cyclophosphamide to induce neutropenia and IP-infected with 10® PFU of A. baumannii ATCC19606. At 1 h post infection, the mice were
IV-treated with endolysin LNT103 at 1 or 10 mg/kg. Each group contained five mice. (B) Mice pre-treated with cyclophosphamide to induce neutropenia and IP-
infected with 108 PFU of A. baumannii ATCC19606. At 1, 3, or 9 h post infection, the mice were sacrificed and the titer of A. baumannii was measured from the
blood. 4 mice were used for 1 h, and 5 mice were used for 3 and 9 h. (C) Mice pre-treated with cyclophosphamide to induce neutropenia and IP-infected with 10” PFU
of A. baumannii CCARM12233 which is resistant to carbapenem antibiotics. At 1 h post infection, mice were SC-treated with meropenem at 16 or 64 mg/kg, with or
without combination IV-treatment with endolysin LNT103 at 0.625 mg/kg. Each group contained 10 mice. (D) Mice were pre-treated with cyclophosphamide to
induce neutropenia and IP-infected with 10” PFU of A. baumannii CCARM12233 resistant to carbapenem antibiotics. At 1 h post infection, mice were either SC-
treated with meropenem at 64 mg/kg alone, or in combination of IV-treatment with endolysin LNT103 at 3 mg/kg. The mice were sacrificed at 16 h post infec-
tion and serum cytokine levels of IL6 and TNF-a were measured by ELISA. 4 mice were used for each group. Statistical calculations for mice survival rates were
performed by the Kaplan-Meier method with log-rank (Mantel-Cox) tests in Prism version 9 (GraphPad, Dotmatics) (* p < 0.05, ** p < 0.01).
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Table 3
Appearance of anti-drug antibodies in dogs.

Group (dose) Sex Animal no. Sampling point Evaluation

1 (control) Male 1101 DO —

D15 —

1102 DO —

D15 -

1103 DO —

D15 —

Female 2101 DO -

D15 -

2102 DO —

D15 —

2103 DO -

D15 —

2 (3 mg/kg/day) Male 1201 DO —

D15 +

1202 DO —

D15 +

1203 DO -

D15 +

Female 2201 DO —

D15 +

2202 DO -

D15 +

2203 DO —

D15 +

3 (10 mg/kg/day) Male 1301 DO —

D15 +

1302 DO —

D15 —

1303 DO —

D15 +

Female 2301 DO -

D15 +

2302 DO —

D15 +

2303 DO —

D15 +
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