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The increasing threat of antimicrobial-resistant bacteria, particularly Staphylococcus aureus, which rapidly de-
velops multidrug resistance and commonly colonizes wound surfaces, demands innovative strategies. Phage-
encoded endolysins offer a dual-purpose approach as topical therapies for infectious skin wounds and syner-
gistic agents to reduce high-dose antibiotic dependence. This study explores recombinant CHAPk (rCHAPK),
efficiently synthesized within 3 h, displaying broad-spectrum antibacterial activity against 10 Gram-positive
strains, including resistant variants, with rapid bactericidal kinetics. Application of 10 pg of rCHAPk reduced
ODggp by 0.4 within 5 min against a clinical methicillin-resistant S. aureus (MRSA) strain. Combining rCHAPk
(1.875 pg/mL) with oxacillin/vancomycin lowered their minimum bactericidal concentrations to 1 pg/mL from
initial values over 64 pg/mL and 32 pg/mL, respectively, with a fractional inhibitory concentration index below
0.1. rCHAPKk retained efficacy after one year of refrigerated storage. In in vivo experiments, rCHAPk out-
performed commercial fucidin therapy in MRSA-induced murine wound models over two weeks, enhancing
wound healing by modulating pro-inflammatory cytokine responses and the proliferative phase. This study, for
the first time, investigates rCHAPK’s in vitro combination with antibiotics and wound healing parameters,
highlighting its potential as a potent antibacterial agent synergizing with antibiotics to address antibiotic-
resistant bacterial wound infections.

1. Introduction

Bacteriophages, bacterial viruses, have been used for over 100 years
to treat bacterial infections, including various ESKAPE members [1].
However, phage therapy faces several challenges in many countries,
including issues with pharmaceutical production, dosing control,
immunogenicity, the potential for horizontal gene transfer, resistance,
and legal barriers [2]. Around 20 years ago, researchers initiated
exploring the potent bactericidal activity of phage-encoded antibacterial

enzymes, also referred to as endolysins or enzybiotics, which could
overcome the limitations mentioned [3]. Endolysins, characterized by
their primary role in peptidoglycan degradation, serve as crucial agents
facilitating the liberation of nascent phages from bacterial cells, thereby
contributing to the progression of the phage lytic cycle [4]. When
endolysins are produced and purified by recombinant protein technol-
ogy and then exogenously treated into Gram-positive bacteria, they
cause external lysis, resulting in the death of the bacteria [2,5,6].
Endolysins, unlike antibiotics, exhibit superior functionality as an

Abbreviations: rCHAPK, recombinant CHAPk; MRSA, methicillin-resistant S. aureus; FIC, fractional inhibitory concentration index; MIC, minimum inhibitory

concentration); MBC, minimum bactericidal concentration; TR, turbidity reduction.
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‘active mode of action’ [7], and are also characterized by high enzymatic
activity, pathogen specificity, structural and activity diversity, low
propensity for bacterial resistance development, stability over a broad
pH and temperature spectrum, and efficacy in biofilms and mucosal
surfaces, often synergizing with various antibacterial agents [8-13].
Phages are natural components of the human microbiota, therefore, the
release of phage-derived endolysins is unlikely to have a detrimental
effect on human health [14]. They can be administered into the body via
different routes of drug delivery, such as topical (creams, ointments, and
gels), parenteral (intravenous or intraperitoneal), oral, transnasal, or
vaginal [2,15]. Endolysins have been tested in various animal models to
combat bacterial infections in animals and humans. They have under-
gone clinical trials in recent years [7]. Clinical trials began eight years
after the first successful in vivo trial in 2001, and as of 2021, some
commercial enzymes are in the final phase of testing. Enzybiotic-based
commercial products are predicted to become widespread in the near
future, with increased use in clinical, food, and agriculture settings
[3,7,16].

The focus of this study is the CHAP (cysteine- and histidine-
dependent amidohydrolase/peptidase), domain of the LysK enzyme,
which was identified in the genome of bacteriophage K (ATCC, 19685-
B1), a polyvalent broad host range antistaphylococcal phage [17]. In
2009, it was demonstrated that the truncated enzyme (CHAPk) had
about twice the activity of LysK [18]. The following year, rapid progress
was made with the first in vivo study showing that CHAPk eliminated
S. aureus in the nares of mice [19]. In an ex vivo experiment, CHAPk
application on pig skin effectively eradicated 2.5 x 10° CFU/cm? bac-
teria [20]. Recent studies have focused on examining its antibiofilm
activity across diverse strains, encompassing hospital-associated and
bovine-derived MRSA [21,22]. As the skin and mucosal membranes are
the two main reservoirs of S. aureus in humans and animals, and MRSA is
one of the leading resistant organisms in healthcare settings, studies on
the elimination of MRSA in the nasal passages and on the skin surface
are currently popular [23-26].

The current investigation not only corroborates earlier research
findings but also researches into, for the first time, the synergistic
interaction of the rCHAPk enzyme with three distinct antibiotics in vitro,
and its application in a murine model of MRSA-infected wounds com-
parison with commercial Fucidin.

2. Materials & methods
2.1. Microorganisms and the growth conditions

S. aureus (ATCC 25923) was utilized to propagate bacteriophage K
(ATCC® 19,685-B1™) in Brain Heart Infusion (BHI) broth using the
double-layer agar technique [27] and zymogram assay. Transformed
Escherichia coli BL21 (DE3) was used for protein expression and grown
on Lysogeny Broth (LB) agar plates or in LB broth supplemented with
ampicillin (100 pg/mL). Microorganisms that were mentioned in Table 1
are from the culture collection of the Microbiology Laboratory at the
Department of Molecular Biology and Genetics, Yildiz Technical Uni-
versity, were used for TR (turbidity reduction) assays. Additionally, a
clinical MRSA strain was utilized for MIC (minimum inhibitory con-
centration)/ MBC (minimum bactericidal concentration), shelf-life, and
in vivo experiments. For all bacteria, the optimum growth temperature
condition was 37 °C. The L929 mouse fibroblast cell line used for
biocompatibility assay is from Yeditepe University’s Cell Culture
Laboratory.

2.2. Cloning of CHAPk domain from the lysK gene

Gene lysK from phage K was previously identified (NCBI GenelD:
19622106) [28], elucidated its domains [17] (Fig. S1), and the 3-D
structure of CHAPk (PDB no: 4CSH, [29]). The CHAPk sequence from
lysk gene was amplified by PCR using Phusion High-Fidelity DNA
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Table 1
Tested microorganisms and their sensibility results against rtCHAPKk.

Bacteria Strain characteristics rCHAPk Indicated on TR
effect graphs as:
S. aureus ATCC 25923 Positive S. aureus ATCC
25923
S. aureus RN4220 Positive S. aureus
RN4220
S. aureus ATCC 67101, Methicillin- Positive MRSA
resistant
S. aureus ATCC BAA-2419, Positive MSSA
Methicillin-susceptible
Isolated from wound source
S. aureus ATCC 25923, Oxacillin- Positive MOSSA
susceptible
S. aureus ATCC 43300, Methicillin- Positive MORSA
oxacillin-resistant
Staphylococcus Resistance phenotype: E, Positive S. epidermidis
epidermidis AMC, P, AM Isolated from food strain 1
milk source
Staphylococcus Isolated from milk source Positive S. epidermidis
epidermidis food strain 2
Staphylococcus Isolated from milk source Positive S. chromogenes
chromogenes
Listeria Isolated from food source Negative Listeria
monocytogenes monocytogenes
S. aureus Clinical strain, Methicillin- Positive MRSA clinical
resistant, Resistance strain
phenotype: FOX (diameter:
12 mm)
Bacillus cereus ATCC 10876 Negative
Bacillus subtilis ATCC 6633 Negative
Enterococcus Resistance phenotype: P, Negative
faecalis AM Isolated from milk
source
E. faecalis Resistance phenotype: SXT, Negative
P, AM Isolated from milk
source
E. faecalis ATCC 51299, Vancomycin- Negative
resistant
E. coli ATCC 25922 Negative

FOX = cefoxitin; E, erythromycin; AMC, amoxicillin-clavulanic acid; P, peni-
cillin G; AM, ampicillin; SXT, trimethoprim-sulfomethoxazole.

Polymerase  (Thermo  scientific- F530L) (forward primer:
5'GGTGATGATGATGACAAGGCTAAGACTCAAG3,, reverse primer:
5'GGAGATGGGAAGTCATTATGCTTTTACAGG3"), and inserted into the
pLATES1 vector of the aLICator LIC Cloning & Expression System
cloning kit (Thermo scientific- K1251, Thermo Fisher Scientific, MA,
USA) according to the kit instructions. The obtained ligation product
was transformed into chemically prepared competent E. coli BL21 (DE3)
cells, and the resulted colonies were selected through colony PCR, then
the confirmed recombinant plasmids were extracted with QIAprep Spin
Miniprep Kit (Qiagen-Cat. No. 27104), and analyzed through Sanger
sequencing for further confirmation.

2.3. Expression, purification, and concentration of rCHAPk protein

E. coli BL21 cells transformed with pLATES51 including CHAPKk insert
were grown at 37 °C in 50 mL of LB medium supplemented with 100 pg/
mL of ampicillin until reaching an ODggp = 0.5-0.7. 1mM of IPTG
(isopropyl-B-D-thiogalactopyranoside) was used to induce rCHAPKk (re-
combinant CHAPK) protein expression, and cells were harvested after
induction for 3 h at 28 °C 220 rpm. Crude of intracellular protein lysate
from induced culture resuspended in the PBS (20 mM sodium phosphate
buffer and 300 mM NaCl pH:7.4) was produced by cell disruption using
both lysozyme (1 mg/mL) treatment and sonication for 8 min on ice (60
% power and 10 s on/ 15 s off). His-tagged rCHAPKk from the protein
lysate was purified under native conditions using the Ni-NTA Purifica-
tion System (Thermo Fisher Scientific) according to the manufacturer’s
instructions, where rCHAPk was recovered in elution buffer (PBS with
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400 mM imidazole) [30]. The eluents were concentrated against 10 mM
sodium acetate buffer (pH 7.0) using an Amicon® Ultra-15 Centrifugal
Filter Unit (MWCO.10 K; Millipore) and following quantified using
Bradford assay (Bio-Rad).

2.4. SDS-PAGE, zymogram, and Western blot assay

The concentrated protein was run on two of the 20 % SDS-PAGE gels
(Bio-Rad, Hercules, USA), and one of them was visualized with then
Coomassie Brilliant Blue R-250 staining (Bio-Rad). Another gel con-
taining mid-log phase S. aureus (ATCC 25923), as a substrate, was used
for zymogram analysis. In the assay, Donovan et al.’s method was con-
ducted with minor modifications [31]. After electrophoresis, the gel was
soaked in distilled water for 10 min, in 2.5 % Triton X-100 (v/v) for 20
min, and in distilled water two times for 30 min, then incubated in PBS
overnight. Clearness against a turbid background is an indication of
enzymatic activity. For the Western blot assay, the concentrated protein
was run by 15 % SDS-PAGE and the proteins on the gel were transferred
onto the nitrocellulose membrane (Thermo Fisher Scientific). His-probe
Antibody (H-3): sc-8036 primary antibody (Santa Cruz Biotechnology,
Dallas, USA) and Goat anti-Mouse IgG (H + L) secondary antibody
(Invitrogen, MA, ABD) were used for marking and chromogenic visu-
alization of the rCHAPk with His-tag [32].

2.5. In vitro antibacterial analyses of rCHAPk

2FIC = FIC;cuark + FlCantibiotic

(FICrCHAPk = MICrCHAPk with antibiotic /MICrCHAPh FIcantibiotic = Mlcantibiotic with rCHAPk/MICantibiotic)

2.5.1. Determining the host range of rCHAPk through TR assay and
evaluating its activity at various initial substrate concentrations

The enzymatic activity of rCHAPk was determined using a Micro-
plate Spectrophotometer (BioTek Epoch 2) through a TR assay. The
tested bacteria (refer to Table 1) were grown at 37 °C and 180 rpm until
they reached an optical density at 600 nm (ODggg) of 0.6-0.7. The cells
were then pelleted by centrifugation and resuspended in 10 mM sodium
acetate buffer (pH 7.0). For MRSA (clinical strain) only, the culture was
also diluted to an ODggg of 0.25 and 0.12 with the same buffer and the
maximum velocity of an enzymatically catalyzed reaction was calcu-
lated (see Fig. S4 for equations). A volume of 100 pL of rCHAPK at five
different concentrations (10 pg, 6 pug, 3 pg, 1.5 pg, and 0.75 pg, corre-
sponding to 2.28 pM, 1.37 pM, 0.68 pM, 0.34 pM, and 0.17 pM,
respectively) was added to 100 pL of bacterial cultures prepared in the
same buffer within the wells of a 96-well microplate. Absorbance values
were obtained at 5-min intervals for 1 h at 37 °C at 600 nm. Gram-
negative Escherichia coli (ATCC 25922) was evaluated as a negative
control, and the blank control was carried out by adding 10 mM sodium
acetate buffer (pH 7.0) without the enzyme in the assay. Experiments
involving 17 different bacteria and 5 different enzyme concentrations
were independently performed in triplicate. The reduction curves were
created using spectrophotometric measures, and also bacterial reduction
was confirmed with standard plate counts on Baird-Parker Agar (BPA,
Laborlar Biyoteknoloji, Turkey) supplemented with egg yolk tellurite
and Tyriptic Soy Agar (TSA, Merck, Germany) plates.

2.5.2. MIC/MBC assays of rCHAPk-antibiotic combinations

The antimicrobial activity of rCHAPk was assessed using a broth
microdilution assay against clinical MRSA. The assay was conducted
following the Clinical & Laboratory Standards Institute (CLSI) standard
[33], with some modifications due to the non-activation of rCHAPKk in
Mueller-Hinton broth (MHB, Merck, Germany). Clinical MRSA was first
grown in MHB at 37 °C for 4-6 h. They were then diluted to 5 x 10°
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CFU/mL in 10 mM sodium acetate buffer (pH 7.0) for use in this study.
The rCHAPk was tested at concentrations ranging from 1.875 to 50 pg/
mL prepared in 10 mM sodium acetate buffer (pH 7.0). After 2 h of
treatment with the protein (only buffer was used for bacteria control),
the bacteria were harvested by centrifugation. Finally, the pellets were
resuspended in MHB and transferred into wells of a 96-well plate. The
plate was then incubated at 37 °C and the absorbance values (ODgg)
were recorded in real-time at 30-min intervals for 18 h. The growth
curves of left MRSA after enzyme treatment were created using spec-
trophotometric measures, and also bacterial reduction was confirmed
with standard plate counts on TSA plates. All experiments were inde-
pendently conducted in triplicate.

To determine the synergetic effect of ampicillin/vancomycin/
oxacillin antibiotics and rCHAPk on MRSA, MIC (minimum inhibitory
concentration) and MBC (minimum bactericidal concentration) values
of the antibiotics were first determined using the previously described
broth microdilution method [34]. Fifteen different reactions for each
antibiotic were carried out based on the three lowest concentrations
(7.5-3.75-1.875 pg/mL; 0.342-0.171-0.086 pM, respectively) of
rCHAPKk and the MIC values of the antibiotics, as well as the four values
below the determined MICs. The previously mentioned method was used
exactly, but antibiotics were added after the pellet resuspension with the
MHB step. The fractional inhibitory concentration (FIC) index (X) of the
antibiotic and rCHAPk was calculated using the following equation [35]:

@

A XFIC value of <0.5 indicates a synergistic interaction between the
two substances.

2.6. Shelf-life analysis

Given the importance of the enzyme for commercial use, the activity
of rCHAPk in 10 mM sodium acetate buffer (pH 7.0) stored in the
refrigerator (4-8 °C) was tested at a concentration of 2.28 pM using the
TR analysis described above on clinical MRSA strain for 1 year at
different time intervals. At the end of the reaction setup, samples were
spread onto BPA, and incubated overnight at 37 °C. The surviving
bacteria were counted the following day by observing visible colonies. In
this study, only buffer treatment was used as a control. Each experiment
was independently performed in triplicate. The logarithmic reduction
and killing percentage of the gels on the test organisms were calculated
to measure antibacterial activity [36]:

Reduction, %(CFU/mL) = x 100 2)

Log, reduction = Log;, (B) — Log;, (A) 3)

where, A: CFU per milliliter for the well containing bacteria treated with
rCHAPkK, and B: CFU per milliliter for the “bacteria control” well
untreated.

2.7. Determination of the endotoxin level and in vitro cytotoxicity assay

Endotoxin contamination of 500 pg/mL purified rCHAPk was
measured using a PierceTM Chromogenic Endotoxin Quant Kit (Ther-
moFisher Scientific), according to the manufacturer’s instructions. The
biocompatibility of rCHAPk was evaluated using the MTT method on
1929 (ATCC CCL-1) mouse fibroblast cells. The cells were cultured in
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RPMI1640 medium supplemented with 10 % fetal bovine serum (FBS)
and antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin)
under standard conditions (37 °C, 5 % CO,) in flasks [37,38]. Cell
viability was assessed using trypan blue before the cytotoxicity test,
achieving a range of 93-95 %. The cells were then seeded in 96-well
plates at a density of 5 x 10* cells/well and grown as sub-confluent
monolayers at 37 °C in 5 % CO,. The culture medium was subse-
quently replaced with varying concentrations of rCHAPk (2-200 pg/
mL), and the plates were incubated for 24 h under the same conditions.
All experiments were independently performed in triplicate, and cell
viability was measured spectrophotometrically at ODs99 nm and calcu-
lated using the following formula [39]:

cell viability% = [(A1 — A2)/(B1—B2)] x 100 4

where Al is the absorbance value from wells with rCHAPk, A2 is the
absorbance value of the blank well containing culture medium with the
corresponding rCHAPk concentration, B1 is the absorbance value of
untreated control cells, and B2 is the absorbance value of the blank well
containing culture medium.

2.8. In vivo experiments of rCHAPk

2.8.1. Animals and housing

All animal procedures and experiments conducted in this study
adhered strictly to national guidelines for the ethical use and care of
laboratory animals. The Kastamonu University local animal care com-
mittee approved the study under reference number E-16498365-
050.06.04-2300092798/(04.09.2023). A total of 132 male BALB/c mice
aged 6-8 weeks and weighing between 25 and 30 g were procured from
the Kastamonu University Experimental Research and Application Unit.
The mice were housed in standard plastic cages lined with sawdust
bedding within a climate-controlled environment set at 22 + 1 °C,
subjected to lighting conditions alternating between 12-hour periods of
light and darkness, and fed ad libitum standard laboratory chow and
water.

2.8.2. Experimental design and treatment

The main hypothesis aimed to determine whether differences could
be identified among the experimental groups. Changes in cytokine levels
were considered the primary outcome variable. Based on an effect size of
0.50, a = 0.05, and power = 0.8, with three measurement points in the
wound model (days 3, 7, and 14), and 8 experimental groups, a total
sample size of over 110 animals was calculated using G*Power 3.1.9.7.
This corresponds to 5 animals per endpoint. To ensure that potential
animal loss would not compromise the total sample size, the initial
number of animals was increased by 20 %. The mice were randomly
separated into 8 main groups: Healthy (Control, n = 6), Wound forma-
tion (W, n = 18), Wound formation + Fucidin treatment (W + Fucidin, n
= 18), MRSA infected wound model (W + MRSA, n = 18), Animal Model
+ Fucidin treatment (W &= MRSA+Fucidin, n = 18), Animal Model +50
pg rCHAPk treatment (CHAPk-50, n = 18), Animal Model +100 pg
rCHAPk treatment (CHAPk-100, n = 18), Animal Model +200 pg
rCHAPK treatment (CHAPK-200, n = 18). The mice were anesthetized
intraperitoneally using a mixture of 1.6 mL xylazine (20 mg/kg) and 5
mL ketamine (100 mg/mL) at a dose of 0.01 mL per animal. They were
then positioned in a prone orientation on a sterile surgical drape. The
dorsal region was shaved and cleansed with 2 mL of 0.9 % saline solu-
tion without the use of any chemical agents or antiseptics. A full-
thickness wound measuring 8 mm in diameter was created along the
dorsal midline using sterile tissue scissors with curved blades. The sur-
gical procedure was conducted at room temperature and adhered to
aseptic principles. For the creation of the MRSA-induced wound model,
MRSA (clinical isolate) stored in a stock solution was cultured afresh in a
petri dish utilizing Mueller Hinton agar (Sigma-Aldrich). Following
sufficient proliferation, colonies obtained from the medium via a swab
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were diluted in 0.9 % isotonic NaCl solution, and a dosage of 1 x 108
CFU/100 pL was inoculated into each wound area. The application of
topical formulations commenced three days post-bacterial inoculation,
upon establishment of infection within the wound area. Subsequent
applications were conducted every 12 h over a period of 14 days.
Fucidin (Fucidin 2 % cream) served as a positive control and was
administered concurrently with other formulation applications in
accordance with its prescribed instructions. At the termination of the
experimental period at days 0, 3, 7, and 14, the animals underwent
photographic documentation. On days 3, 7, and 14, six mice from each
group were administered euthanasia with a high dose, subsequently,
excision areas measuring 4 x 2 cm were meticulously removed. The
tissue from each animal was reserved for molecular, biochemical, and
histopathological investigations.

2.9. Biochemical analysis

Tissue samples obtained from each mouse were pulverized in liquid
nitrogen using a TissueLyser II grinding jar set (Qiagen, Hilden, Ger-
many). Approximately 100 mg of pulverized tissue was homogenized
with TissueLyser II (Qiagen) in 1 mL of PBS homogenate buffer within an
Eppendorf tube, followed by centrifugation. Measurements were con-
ducted using the Commercial Kit method following the manufacturer’s
protocol. Superoxide dismutase (SOD) activity (Cat No. Eo290Mo, BT
LAB ELISA KIT, Shanghai Korain Biotech, China), glutathione (GSH)
levels (Cat No. E0394Mo, BT LAB ELISA KIT, Shanghai Korain Biotech,
China), and malondialdehyde (MDA) levels (Cat No. EO625Mo, BT LAB
ELISA KIT, Shanghai Korain Biotech, China) were quantified in each
sample supernatant and standards using previously established enzyme-
linked immunosorbent assay (ELISA) methods at room temperature
[40]. A standard curve was generated, and an equation was derived from
the absorbance of the standards. Linear SOD, GSH, and MDA concen-
trations were calculated based on this equation and expressed as U/mg
protein, nmol/mg protein, and nmol/mg protein, respectively. The ob-
tained data were presented as mean =+ standard deviation (SD) per 1 mg
of protein. All measurements were performed in triplicate. All chemicals
utilized were of analytical grade and were procured from Sigma-Aldrich
(Germany).

2.10. Molecular analysis

2.10.1. Total RNA extraction and cDNA synthesis

The scar tissue was preserved in RNA Stabilization Solution and
stored at —80 °C before being pulverized in liquid nitrogen using a
TissueLyser II (Qiagen, Hilden, Germany). Approximately 35 pg of
pulverized tissue was homogenized with TissueLyser II (Qiagen) in 350
uL of RLT-buffered homogenate buffer within an Eppendorf tube, fol-
lowed by centrifugation. Total RNA isolation was carried out using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions,
utilizing Qiaqube (Qiagen). The purified total RNA was subsequently
reverse transcribed into complementary DNA (cDNA) employing the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA), following procedures outlined in our previous
study [41].

2.10.2. Relative quantification of the gene expression

Relative expression analyses of COL1A, FGF2, MMP9, NF-kf, TGFf1,
TNFa, and VEGFA were conducted using Real-Time Reverse Transcrip-
tase PCR and the StepOnePlus Real-Time PCR System (Applied Bio-
systems). The PCR reactions utilized Primer Perfect Probe mix and
TagMan Probe-based technology (Primer Design Ltd., Southampton,
UK). For each cell group, triplicate determinations were performed for
both targets in a 96-well optical plate. Each 20 pL reaction mixture
contained 9 pL of cDNA (100 ng), 1 pL of Primer Perfect Probemix, and
10 pL of QuantiTect Probe PCR Mastermix (Qiagen, Hilden, Germany).
The thermal cycling conditions were as follows: an initial heating step at
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50 °C for 2 min, followed by 95 °C for 10 min, and 40 cycles consisting of
15sat94 °Cand 60 s at 60 °C. Results were presented as the relative fold
change in expression compared to control animals. Gene transcripts,
including COL1A, FGF2, MMP9, NF-xf, TGFp1, TNFa, and VEGFA, were
amplified using mouse-specific primers (Table S1). The housekeeping
gene B-actin was used for the normalization of gene expression levels
(MmO02619580_g1). The PCR procedure followed the manufacturer’s
protocol and was consistent with the previous study [42]. Gene
expression data were analyzed using the 2722t method and presented
as fold-change relative to the animal groups [43]. All analysis was
performed in triplicate.

2.11. Histological analysis

Following the dissection of the rats, skin tissues were procured and
subsequently fixed in 10 % buffered neutral formaldehyde for 72 h.
These tissues underwent dehydration via a graded alcohol series, were
embedded in paraffin wax, and sectioned to a thickness of 5pm utilizing
a Leica RM2125RT microtome (Leica Microsystems, Wetzlar, Germany).
Subsequently, for histopathological analysis, the sections were subjected
to staining with hematoxylin-eosin, followed by examination under a
light microscope equipped with a camera (Olympus BX43 with DP21
camera system). The evaluation of the wound healing process was
conducted across two distinct phases. The Inflammation Phase encom-
passed the assessment of exudate fields to gauge capillary permeability,
examination of inflammation areas to ascertain leukocyte migration,
and observation of granulation tissue formation indicative of granulo-
matous response. In contrast, the Proliferation Phase involved the
evaluation of angiogenesis, activation of fibroblasts denoting collagen
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synthesis, and the formation of a new matrix. These assessments were
systematically carried out and are summarized in Table 2.

2.12. Statistical analysis

The statistical software used for data analysis was IBM SPSS version
27.0.1 (IBM, Armonk, NY, USA). Descriptive statistics were presented as
‘number (n)’, ‘percentage (%)’, ‘mean’, and ‘standard deviation (SD)’.
One-way ANOVA-Duncan’s and Tukey’s tests were used to analyze all
numerical, independent data with more than two groups. Graphs were
created using GraphPad Prism version 10.1.0 (GraphPad Software, San
Diego, California, USA). All the p-values were based on a two-sided test
of statistical significance. Differences between groups were considered
significant (p < 0.05).

3. Results & discussion
3.1. Achieved rapid large-scale production of rCHAPk in a short period

The truncated endolysin CHAPk has a known endopeptidase activity
on the pentaglycine cross-bridge of the peptidoglycan layer of S. aureus
[44], therefore this activity can be utilized for exogenous treatment on
S. aureus or other cells that have similar cell surface organization by
decreasing cell wall stiffness and integrity due to a reduced level of
peptidoglycan cross-linking. Based on this function, the in vitro anti-
bacterial activity of the rCHAPk enzyme produced in our study was
measured against various bacteria at different concentrations. Addi-
tionally, its synergy with antibiotics was examined using the MRSA
clinical strain, which is highly sensitive to rCHAPk. It is widely

Shelf-life

lysis of CHAPk

@ ana

cell cultur

In vivo experiments
of CHAPk

“6 ...oocoo.l . 4
€ x ; i 'y
@ 80000
L0 Q.. 7
£ < o,
£S5
$ Cellwal Gallembrane 500 bp
g T
= 250 bp
Holn _ Endolysin
c
2
% D 1.h 2.h 3.h
X
< N
CE 2
= 3
o O 2
t\. — = 25 kDa
c ©
2.8
F=d A 15 kDal
<z ,/
c -
©

S | s )
—y

Fe

25kDapp

15 kDa

-

Fig. 1. A Schematic representation of the study workflow (created with BioRender.com), B the CHAPk sequence amplicon, C the clone cells transformed with the
CHAPk-inserted plasmid, D SDS-PAGE result of rCHAPk expressed at 1 h, 2 h, and 3 h first three elution fractions from purification step, respectively, E and F

zymogram assay and Western blot result of rGp45, respectively.
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acknowledged that the commercial value of a pharmaceutical product is
determined by its shelf-life, toxicity, and bioactivity. Considering this,
all culture and in vivo studies were conducted in a controlled manner
(Fig. 1A).

During the initial step of the research, CHAPk sequence was ampli-
fied as 495 bp in length which is the first 495 nucleotide of lysK gene
(Fig. 1B), E. coli BL21 (DE3) transformed with the CHAPk-inserted
PLATES51 was obtained (Fig. 1C) and the clones were validated both
colony PCR (Fig. S2) and sequence analysis which was revealed no base
differences or frameshifts of the CHAPk sequence on the plasmid
(Fig. S3), and finally, N-terminus 6 x His-tagged rCHAPk was success-
fully overexpressed for 3 h and purified using the nickel-NTA column at
the predicted molecular mass of 21.95 kDa (Fig. 1D). At 28 °C, signifi-
cant increases in protein expression were observed during the first 1 to 3
h of induction, with no appreciable differences in yield detected be-
tween 3, 4, and 6 h (Fig. S6). The combination of a 1 mM IPTG con-
centration and an induction period within the 3- to 6-h range
demonstrated compatibility with the 28 °C incubation condition,
yielding consistent and reproducible protein expression. In zymogram
analysis which was performed by co-polymerizing S. aureus ATCC 25923
into the gel matrix, a clear band on the turbid background due to the cell
substrate indicating enzymatic activity was observed in the same size
region (Fig. 1E). The protein was also confirmed by Western blot assay
utilizing the polyhistidine tail (Fig. 1F) and at an amount of approxi-
mately 7 mg using the Bradford assay in a single expression process.

3.2. rCHAPk is effective against 10 different microorganisms including
those that are resistant, its activity increases with the amount of substrate
used, and there is a high synergistic effect between low-concentration
rCHAPk and antibiotics

TR assays (Fig. 2) clearly demonstrate that rCHAPk had an anti-
bacterial effect on 11 different strains of the tested microorganisms

A S. aureus ATCC 25923

S. aureus RN4220

Time (min)

MORSA

MRSA

Time (min)

S. epidermidis food strain 1
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(Table 1), including 3 resistant, 3 different species of the same genus,
and 1 different genus. The antibacterial effect increased as the concen-
tration increased from 0.375 pg to 10 pg in all experiments studied, with
no significance difference between 6 pg (1.37 pM) and 10 pg (2.28 pM)
(p > 0.05), especially for MOSSA, MORSA, S. epidermidis food strain 1,
and MRSA clinical strain (p > 0.9). As the application time increased, the
amount of substrate digested decreased after an average of 20 min.
However, two bacteria stand out at this point; MOSSA and MRSA clinical
strain (all concentrations have p -values below 0.001). An average
decrease of 0.3 and 0.4 ODggo was achieved in the first 5 min for 10 and
6 pg treatment, respectively. Therefore, after the first 10 min, the
amount of substrate in the environment is much less compared to the
other studied groups. Since analysis of all results indicated the highest
enzyme activity on the MRSA clinical strain, this strain was chosen as
the reference for further analysis. When comparing host range and dose
studies with other investigations involving rCHAPK, the literature
consistently demonstrates its efficacy across a broad spectrum of hosts
[21,45]. This broad effectiveness is a characteristic trait of Gram-
positive endolysins, which is due to the structure of the Gram-positive
cell surface [46,47]). Furthermore, the rCHAPk enzyme’s solitary cat-
alytic domain inherently displays increased and less specific activity
when lacking a CBD [18]. This phenomenon cannot be avoided.
Notably, studies such as the one conducted by Fenton et al. [45]
demonstrate that CHAPk exhibits activity even at very low doses. For
example, their study on S. aureus DPC5246 showed a 70 % kill rate with
only 10 pg of protein in just 5 min [45]. This is similar to the 65-70 %
effectiveness observed on MRSA clinical strains in our current study.
Additionally, similar studies have demonstrated CHAPk’s effectiveness
against a wide range of species and genera [21,45]. Consistent with
these findings, our study confirms the broad-spectrum activity by
demonstrating efficacy against different strains.

When analyzing enzyme activity based on the initial substrate
amount (Fig. 2B), it was observed that the velocity decreased as the
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Fig. 2. The TR assay yielded results from two experiments: A, which involved testing various strains with an average initial substrate concentration, and B, which
focused on the reference clinical strain MRSA with varying initial substrate concentrations (for enhanced readability of the graph, the baseline was set at 0.08,
reflecting the absorbance value of approximately 0.083 obtained from the blank control). The p-values are shown as p < 0.05(*), p < 0.01(**), and p < 0.001(***) to
denote the statistical significance of the OD decrease compared to the control. The error bars indicate the standard deviation from the mean, with a sample size of n

=3.
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Fig. 3. Graphs presenting antimicrobial data from only rCHAPKk treatment and in combination with antibiotics. A The growth curves of MRSA cells treated with
rCHAPK per 200 pL reaction, with absorbance values recorded every half hour over 18 h, are presented. The p-values are presented as p < 0.01(**) and p < 0.001(***)
to indicate the statistical significance of the OD reduction relative to the control. The error bars represent the standard deviation from the mean, derived from a
sample size of n = 3. B Depicting MIC/MBC values of only antibiotic and rCHAPk/antibiotic synergism on clinical MRSA strain. The colour scale, ranging from white
to dark purple, reflects increasing antibiotic concentrations from 1 pg/mL to 128 pg/mL. The first column of both the MIC and MBC fields shows the values of the
reaction in the absence of rCHAPK for the antibiotics alone, while the subsequent columns represent the decreasing concentrations of rCHAPk added.

number of binding cells decreased to the enzyme, calculated as 0.17 for
0.6 ODgqg, 0.1 for 0.25 ODggg, and 0.09 for 0.12 ODgqg in the reaction
setting up with 10 pg rCHAPK (Fig. S4). However, almost all the sub-
strate in the reaction was digested within one hour for the initial amount
of 0.12 ODggo. The same result was observed for all initial amounts
except for the lowest amount of enzyme at the initial amount of 0.25
ODggp. For the initial amount of 0.65 ODggo, there were still undigested
bacteria at the end of the reaction.

Applying only rCHAPK resulted in a bactericidal effect on bacteria at
50 pg/mL (MBC). At 30 pg/mL (MIC) and 15 pg/mlL, a bacteriostatic
effect was observed, and a delay in bacterial lag-phase of 4 h 19 min, and
3 h occurred, respectively (Fig. 3A). The antibacterial effect at 7.5-3.75-
1.875 pg/mL was found to be minimal (1 h delay in lag-time and an
average ODg(o decrease of 0.035) when compared to the growth of the
control without rCHAPk treatment (Fig. 3A). Although this effect may
seem unimportant, it raises the question of whether high antibiotic
synergism can be achieved with the lowest concentrations of the
enzyme, and also considering the economic value of low doses for a
commercial drug. Therefore, the study investigated the antibacterial
effects of antibiotics when combined with the three lowest concentra-
tions of rCHAPKk. First, the MIC/MBC values of the MRSA clinical strain
for each antibiotic were determined as follows: 16 pg/mL MIC - 32 pg/
mL MBC for ampicillin, 16 pg/mL MIC - 32 pg/mL MBC for vancomycin,
and 64 pg/mL MIC - >64 pg/mL MBC for oxacillin. Fig. 3B shows that all
combinations of rCHAPk concentrations resulted in a considerable
reduction of the MIC/MBC values for the synergetic effect. The new MBC
values for oxacillin and vancomycin were 1 pg/mL, whereas the new
MIC value for ampicillin was 8 pg/mL and the MBC was 16 pg/mL
(Fig. S5). The XFIC value is 0.56 for rCHAPk and ampicillin, but it is
below 0.1 for rCHAPk and oxacillin/vancomycin, indicating a consid-
erably high synergetic effect [48]. Upon reviewing the literature, several
studies concerning S. aureus and MRSA support our findings. Kim et al.
[35] reported synergy between SAL200 and vancomycin across various
S. aureus strains [35]. Likewise, Kashani et al. [49] confirmed highly
synergistic interactions between CHAP-amidase and vancomycin for
MRSA252, with a ZFIC value of 0.375 [49]. Daniel et al. observed ZFIC
values of <0.5 for both interactions involving ClyS endolysin, vanco-
mycin, and oxacillin on vancomycin-intermediate strains of S. aureus
(VISA) and MRSA [50]. These investigations collectively underscore the

notable synergistic effects of vancomycin and oxacillin in conjunction
with endolysins on resistant S. aureus strains. Our study has successfully
demonstrated synergy between rCHAPk and three distinct antibiotics
against a clinical MRSA strain for the first time in the literature. We
recommend further investigations focusing on the combined application
of rCHAPk with vancomycin and oxacillin.

Endolysins have an active mode of action that differs from antibi-
otics, as they clear not only dividing cells but also all bacteria present in
the environment. When the enzyme combines with the substrate, rapid
digestion occurs. Saturation can be observed in the TR graphs in Fig. 2 if
the enzyme is not re-added to the medium. As a solution to this situation,
combined approaches with commercially available antibiotics can
reduce the development of resistance and provide economic benefits.
Based on our study, clinical studies can be conducted with two types of
scenarios: (i) based on the growth inhibition shown in Fig. 34, it is
recommended to administer daily repeated doses of endolysin treatment
alone. The advantage of endolysins is that their catalytic domains
directly target vital components of the bacterial wall [51]. Although the
remodeling of the bacterial wall structure raises concerns about an
evolutionary change episode of the bacterium, there is a possibility of a
loss in the sustainability of its life activity [51]. The bacterium is un-
likely to develop resistance, as supported by studies in the literature
[52,53]. Therefore, considering that the activity of the enzyme may
decrease due to the in vivo environment, in vitro active doses of the
enzyme can be given at regular intervals (1-12 h intervals according to
the graph for our study). In this method we chose for the in vivo model,
rCHAPk was applied on a wound model, and considering the pH, tem-
perature, etc. conditions around the wound [54], the doses of 50 pg/mL,
100 pg/mL, and 200 pg/mL will be given twice a day at 12 h intervals,
taking the inhibition dose of the enzyme in broth microdilution as
reference [51] pg/mL); (ii) an alternative proposal involves the con-
current examination of endolysins and antibiotics. To mitigate the ne-
cessity for elevated antibiotic dosages amidst the resistance crisis, a
synergistic dual antibacterial approach can be effectively deployed
[55,56], a premise substantiated by our in vitro investigation. For con-
ditions such as acne or other dermatological infections, implementing a
co-prescription regimen wherein rCHAPKk is administered initially, fol-
lowed by antibiotics after a 2-h interval, presents a viable therapeutic
strategy. This approach is in line with the crucial role of current
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antibiotics as essential agents in fighting bacterial infections, despite the
fact that we are currently in a post-antibiotic era. In the context of
managing financial ramifications stemming from epidemics/pandemics
triggered by resistant bacterial strains and curtailing the resurgence of
resistance, advocating for distinct targeted or mechanistic pharmaceu-
tical models offers a promising avenue for biocontrol. This advocacy is
supported by utilizing current resources and the capabilities of recom-
binant DNA technology, enabling cost-effective large-scale production
[57].

3.3. rCHAPk maintained its enzymatic activity for a year, and its low
endotoxin level and biocompatibility make it suitable for in vivo and
clinical research

For therapeutic proteins to be considered a valid product, the desired
shelf-life stability is usually between 2 and 3 years at 2-8 °C which is the
intended commercial storage temperature [58,59]. Fig. 4B-C shows that
rCHAPk remained active with an average 5.23 log-reduction/99.8 % kill
rate after being refrigerated (4-8 °C) for one year, emphasizing its
therapeutic efficiency (it is been kept in the same condition for further
examination). In comparison to Fenton et al.’s study, which observed a
rapid loss of activity after 2 months of CHAPKk stored in sterile water at
4 °C [45], the rCHAPk that we produced has demonstrated significant
stability for 1 year. It is possible that storing the enzyme in a buffer
solution may be a more effective strategy [60]. The endotoxin level of
the rCHAPKk product was determined to be 0.75 EU/mL. This value is
well below the accepted threshold of 20 EU/mL for biomedical appli-
cations, indicating the product’s suitability for use in therapeutic and
diagnostic contexts [61]. The MTT cell viability assay results
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demonstrate the effect of rCHAPk on L929 cell viability. The bioavail-
ability of rCHAPk was determined by comparing the percentage of
viable cells to untreated control cells. A bioavailability threshold of 70 %
was used to interpret the results, as per established literature [62,63].
Therefore, the results indicate that rCHAPKk treatments did not induce
any toxic effects on L929 cells at all tested doses, and there were no
substantial changes in cell viability after 24 h. The low level of endo-
toxin, and cell culture viability of over 70 % underscore the quality and
safety of the rCHAPk protein, emphasizing its potential for use in various
therapeutic applications.

3.4. Comparing therapeutics and control groups showed that rCHAPk
significantly promoted faster healing by reducing pro-inflammatory
cytokine response and accelerating the wound healing proliferative phase

For macroscopical evaluation, Fig. 5A summarizes the example
photographs from each group that demonstrate wound closure ratios in
a day-dependent manner. Compared to all the treated groups, a signif-
icantly higher wound healing was observed in the group treated with
200 pg rCHAPKk until the 14th day. Also, lower doses were effective and
all three doses’ wound healing effects were better than fucidin’s. Upon
examination of the skin tissue sections for microscopic evaluation, it was
observed that the epidermis had ulceration, leukocyte infiltration in the
dermal area, chronic inflammation, and necrotic foci. In contrast, the
Control group sections exhibited a normal appearance as expected,
without any wounds. Significant effects were noted on the epidermis in
both the W and the W + MRSA groups, characterized by ulceration and
severe dermal inflammation on days 3 and 7. However, on the 14th day
of the experiment, a partial reduction in this damage was observed,

128
64
32

Doses (ug/ml)

50 100

Control 10 ug rCHAPK
1 year

Fig. 4. Shelf-life and biocompatibility analysis of rCHAPk. A The graph of the log-reduction and percentage of bacteria killed by rCHAPk over a period of one year at
three-month intervals, measured by B the colony count of the remaining bacteria in the reaction with/without rCHAPK, respectively (due to similar results, only the
colony images from the first and last-12th month were shared). C The biocompatibility assessment outcome of rCHAPk for 24 h.

The error bars denote the standard deviation from the mean, based on a sample size of n = 3.
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J

Fig. 5. Macroscopic and microscopic evaluations of wound areas before and after euthanasia of mice. A Macrophotographs depicting wound progression in each
experimental group at 0, 3, 7, and 14 days post-wounding. B Appearance of histopathological changes of skin tissues from wound regions observed on the 3rd, 7th
and 14th days, respectively. i. Control, ii. W, iii. W + Fucidin, iv. W + MRSA, v. W + MRSA-+Fucidin, vi. CHAPk-50, vii. CHAPk-100, and viii. CHAPk-200 groups. Dye:

Hematoxylin-Eosin, Bars = 200 pm.

indicating a spontaneous healing process in the rats. The inflammation
in the dermis decreased, epithelialization commenced, and matrix
reformation occurred progressively from the 3rd to the 14th day in the
W + Fucidin, W + MRSA+Fucidin, and CHAPk (50-100-200 pg) groups.
Significantly, the most notable improvement was observed on the 14th
day with rCHAPk administered at 200 pg. All histopathological changes
are seen in Fig. 5B. The semi-quantitative scoring for the inflammatory
and proliferative phases across all experimental groups was compiled in
Table 2. According to the table, the total inflammation scores, encom-
passing capillary permeability, leukocyte infiltration, and granuloma-
tous scores, were notably elevated in the W and W + MRSA groups,
while exhibiting lower values in the Fucidin and CHAPk groups,

particularly at a dosage of 200 pg of rCHAPk on the 14th day.
Conversely, the total proliferation scores, including angiogenesis,
collagen synthesis, and matrix formation, were diminished in the W and
W + MRSA groups, while displaying a progressive increase in a day-
dependent manner in the CHAPk-200. Furthermore, the results indi-
cated Fucidin’s efficacy in both the W and W + MRSA groups; never-
theless, the CHAPk-200 exhibited superior total inflammation and
proliferation scores on the 14th day compared to the Fucidin groups.
In summary, both macroscopical and microscopical evaluations
suggest that the CHAPk-200 group displayed the most efficacious
healing, likely due to the sustained presence of rCHAPk within the
infected wound area throughout the 14-day period. Our investigation
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Table 2
Semi-quantitative assessment of histopathological changes in all experimental groups.
Histopathological findings/Groups Control group Wound (W) group W+Fucidine group W+MRSA group
5 Exudate fields (Capillary permeability) 0 0 0 4 1 2 1 0 3 3 0
;:; “g_' Inflammation areas (Leukocyte migration) 0 0 0 4 2 3 1 1 4 2 2
® z  Granulation tissue formation
S (Granulomatous) 0 0 0 2 2 1 2 1 1 4 2 1
ZInflammation Score 0 0 0 10 5 4 7 3 2 11 7 3
- 3 Angiogenesis 0 0 0 0 2 2 1 2 4 0 2 3
g E Activation of fibroblasts (Collagen synthesis) 0 0 0 0 3 3 0 3 3 0 2 3
$  New matrix formation 0 0 0 0 1 3 0 3 3 0 1 2
ZProliferation Score | 0 0 0 0 6 8 1 8 10 0 5 8
3.day 7.day 14.day | 3.day 7.day 14.day | 3.day 7.day 14.day | 3.day 7.day 14.day
Histopathological findings/Groups W+MRSA+Fucidine group CHAPk-50 group CHAPk-100 group CHAPk-200 group
5 Exudate fields (Capillary permeability) 3 1 0 3 2 0 4 1 0 2 0 0
§ “g_' Inflammation areas (Leukocyte migration) 3 1 1 3 2 1 3 1 1 3 1 0
® §~ Granulation tissue formation ) 3 0 3 1 1 ) 1 0 ) 1 0
(Granulomatous)
ZInflammation Score 8 4 1 9 5 2 9 3 1 7 2 0
- 3 Angiogenesis 0 2 4 0 2 2 0 2 3 0 3 3
g g Activation of fibroblasts (Collagen synthesis) 0 3 3 0 2 3 0 3 3 0 3 4
$  New matrix formation 0 1 3 0 1 3 0 3 3 0 4 4
ZProliferation Score | 0 6 10 0 5 8 0 8 9 0 10 11
3.day 7.day 14.day | 3.day 7.day 14.day | 3.day 7.day 14.day | 3.day 7.day 14.day

0 = none, 1 = slight, 2 = moderate, 3 = severe, 4 = more severe.

identified the reduction of inflammation, re-epithelialization, and ma-
trix formation as pivotal indicators of the healing process. Consistent
efficacy outcomes of endolysins in MRSA-induced wound models sup-
port our findings, potentially stemming from the action of endolysins in
phage-mediated bacterial lysis. Additionally, the extant literature on
wound models treated with endolysins targeting S. aureus and MRSA
substantiates our observations. Noteworthy, the effectiveness of CPPTat-
JDlys fusion endolysin was demonstrated by the observation of moder-
ate epidermal necrosis and cellulitis in lysin-treated mice after 5 days,
followed by accelerated epidermal regeneration and progressive wound
healing by day 8 in MRSA-induced murine skin infections [64]. More-
over, XZ.700, formulated as a cream, demonstrates significant efficacy
in eradicating S. aureus on reconstituted human epidermis, while the
application of a chimeric enzyme XZ.700-containing gel leads to a
notable reduction in bacterial colonization in a murine model of
S. aureus-induced skin infection compared to untreated controls [65].
Combination therapy with endolysin MR-10 and minocycline surpasses
endolysin monotherapy, which is also effective, in treating burn wound
infections, resulting in rapid wound closure and reduced inflammation,
approximately 98 % wound contraction by the 12th day, followed by
complete closure within around 14 days [66]. These findings support the
utilization of endolysin-based treatments, such as rCHAPk, to fasten
wound healing and combat MRSA infections.

Fig. 6 presents data on the activity of superoxide dismutase (SOD),
levels of reduced glutathione (GSH), and concentrations of malondial-
dehyde (MDA) in skin tissues. The wound model was established via
MRSA application, and the presence of the antioxidant enzyme SOD,
GSH, and oxidative product MDA was observed in all experimental
groups. A decline in skin SOD activities and GSH levels over time (p <
0.05) was observed in the healthy group compared to others, particu-
larly evident in the W + MRSA group. Conversely, MDA levels showed a
significant increase in the W + MRSA group (p < 0.05) compared to the
healthy control. Additionally, a notable increase in SOD activities and
GSH levels was observed in all treatment groups when compared to the
W + MRSA group. The CHAPk-200 group showed a significant
approximation to the healthy control at day 14 (p < 0.05). Furthermore,
the application of CHAPk-200 significantly reduced the increased MDA
levels (p < 0.05) observed in the W + MRSA group, as shown in Fig. 6.

In this study, we investigated the mRNA expressions of COL1A,

10

FGF2, MMP9, NF-kp, TGFfl, TNFa, and VEGFA utilizing RT-qPCR
methodology. The mRNA expressions of these genes across the 3rd,
7th, and 14th day groups are shown in Fig. 6. Notably, in response to the
application of W + MRSA, a discernible time-dependent escalation in the
mRNA expressions of MMP9, NF-kf, TGFB1, and TNFa was observed (p
< 0.05). Particularly noteworthy is the significantly heightened
expression of these genes in the 14th day W + MRSA groups in com-
parison to both the 3rd and 7th day counterparts (p < 0.05). In
conjunction with the W + MRSA application, a statistically significant
time-dependent reduction was observed in the expressions of COL1A,
FGF2, and VEGFA (p < 0.05). Notably, the expressions of these genes
were significantly decreased in the 14th day W + MRSA group compared
to both the 3rd and 7th day groups (p < 0.05). The administration of
rCHAPKk treatment significantly reduced the mRNA expression levels of
MMP9, NF-kB, TGFp1, and TNFa compared to the W + MRSA groups at
all time points assessed (p < 0.05). Additionally, rCHAPk treatment
upregulated the mRNA expression levels of COL1A, FGF2, and VEGFA,
which were downregulated by MRSA throughout the evaluated time
points (p < 0.05). It is important to note that although other treatment
groups (W + MRSA-+Fucidin, CHAPk-50, and CHAPk-100) also showed
improvement in the damage caused by the MRSA-induced wound
model, the degree of improvement was not as significant as that
observed in the CHAPk-200 group.

CHAPK has previously demonstrated antibacterial effects on pig skin
[20]; however, its effect on wound healing parameters, such as oxidative
stress, inflammatory cytokines and pathways, and growth factors
directly contributing to all processes, has been investigated for the first
time in this study. In one study, the GspA protein, which contains the
CHAP domain and catalyzes the hydrolysis of Gsp to GSH and spermi-
dine, was found to play an important role in redox sensing and protein S-
thiolation [67]. The enzymatic process in which rCHAPk contributes
may be responsible for supporting oxidative balance in the wound area.
By evaluating SOD activity and MDA levels, we can observe the balance
achieved. MDA, as an end-product of lipid peroxidation and degrada-
tion, accumulates in the wound area, and rCHAPk scavenges this end-
product by increasing SOD enzyme and glutathione levels, which are
well-known antioxidant agents [68]. In this study, we also examined
inflammatory markers, as the wound healing process involves different
steps: (i) coagulation and hemostasis; (ii) inflammation; (iii)
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Oxidative stress parameters (SOD, GSH, MDA) and relative mRNA expression levels of pro-inflammatory cytokines (COL1A, FGF2, MMP9, NF-kf, TGFf1,

TNFo, and VEGFA) in wound tissues. Statistical analysis using Duncan’s multiple range test identified significant differences between groups on the same day,
denoted by different letters (a, b, ¢, d, e, f) above the columns. Values with distinct letters differ significantly (p < 0.05), while those sharing the same letters do not (p
> 0.05). The third day is represented by light magenta columns with horizontal stripes, the seventh day by dark magenta columns with sloping lines, and the
fourteenth day by light blue columns with dots. The letters indicating statistical significance correspond to the column colors for each day. Relative expression levels

were calculated using the 2744t

proliferation; and (iv) wound remodeling with scar tissue formation
[69]. To evaluate all steps of the wound healing process, we assessed
both inflammatory and proliferator parameters such as TNFa, NF-«B,
MMP9, COL1A, FGF2, TGFp1, and VEGFA. Previously, Bauerl et al. [70]
demonstrated that the genomes of Lactobacillus casei/paracasei and
Lactobacillus rhamnosus strains carry genes encoding homologues of p40
and p75 from L. rhamnosus GG. These genes encode secreted proteins
with CHAP and NLPC/P60 domains, which display anti-apoptotic and
cell protective effects on human intestinal epithelial cells [70]. This
finding supports our observation that rCHAPk prevents skin tissue
damage. Additionally, in another study, Chopra et al. investigated the
potential effects of combining MR-10, an endolysin product such as
rCHAPKk, with well-known antibacterial agents to treat MRSA-induced
systemic and localized burn wound infections in mice. They suggested
that MR-10 supported wound healing by decreasing oxidative stress and
supporting collagen formation [66]. In contrast to the findings of Chopra
et al., our study demonstrated a distinct enhancement in wound healing
solely through the application of rCHAPk, devoid of adjunctive admin-
istration with a well-known antibacterial agent. Based on the results

11

method. Each value represents the mean + S.D. for six samples per group.

from the literature and our study, we can suggest that rCHAPk enhances
wound healing not only by demonstrating antibacterial effects but also
by supporting the steps of wound healing through anti-inflammatory
and proliferative effects.

4. Conclusion

Phage-encoded endolysins have emerged as a promising approach to
combat the looming antibiotic resistance crisis, which poses a significant
threat to public health. These endolysins offer dual functionality as both
a topical treatment for infectious skin wounds and a potent mediator of
high synergism when combined with antibiotics. This dual functionality
presents a potential solution to the challenge of developing novel anti-
microbial strategies. The results of our in vitro study indicate that syn-
ergistic dual antibacterial approaches have the potential to alleviate the
reliance on elevated antibiotic dosages, which is becoming increasingly
challenging due to the escalating antimicrobial resistance crisis.
Notably, rCHAPk exhibits remarkable efficacy against MRSA-induced
wounds, which warrants further clinical evaluation and the
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exploration of its dual applications alongside established antibiotics in
rigorous in vivo investigations.
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