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Infections caused by invasive intracellular bacteria pose major therapeutic challenges due to pathogen
survival and growth inside of host cells as well as the low intracellular accessibility for conventional
antibiotics. The limited ability of most antibiotics to enter intracellular compartments underscores

the urgent need for innovative antimicrobial agents capable of overcoming these barriers. In this
study, the antibacterial peptide Pac525 was synthesized with the RGD domain to facilitate efficient
penetration into eukaryotic cells. The efficacy and safety of RGD-Pac525 was evaluated in intracellular
infection models, using the macrophage cell line RAW 264.7, chicken intestinal organoids, and chicken
embryo tissues via the chorioallantoic membrane (CAM). Our findings from cell line experiments
demonstrate that the RGD-Pac525 peptide retained the antimicrobial properties of the original peptide
without compromising its efficacy. While RGD-Pac525 reduced the intracellular adherent-invasive
pathogen Escherichia coli KV203 by 50% in RAW 264.7 macrophage cells, it did not adversely affect
the macrophage viability. Additionally, RGD-Pac525 effectively reduced the intracellular bacterial
burden in organoids, without compromising their structural integrity. In ovo bioassays, a substantial
reduction in the bacterial load was observed in liver and intestinal tissues, indicating the peptide
ability to achieve systemic distribution and to overcome tissue barriers. RGD-Pac525 was effective

in infection models by suppressing bacterial growth. Preliminary observations suggest it may also
affect host responses, indicating a potential for combined antimicrobial and therapeutic effects that
warrant further studies. This study provides a compelling proof of concept for utilizing RGD-modified
antimicrobial peptides for treatment of intracellular bacterial infections.
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Intracellular (IC) bacterial infections pose serious health and economic threats due to bacterial ability to evade
humoral immune responses and antimicrobial treatments!. The intracellular environment provides protection
from extracellular factors and contributes to the chronic and recurrent nature of IC infections?. Intracellular
E. coli include uropathogenic (UPEC), enteroinvasive (EIEC), and adherent-invasive (AIEC) pathotypes that
employ various strategies to survive within host cells**. These include evading exocytic processes, escaping
into the host cell cytoplasm, spreading laterally among cells, and re-entering through the basolateral plasma
membrane®. AIECs can migrate deep to tissues, continuously activate macrophages, and potentially induce
granuloma formation, characteristic of Crohn’s disease lesions®8. The destabilization of the intestinal barrier
occurs directly via invasive properties of bacteria or indirectly through macrophage activation leading to
production of pro-inflammatory cytokines and persistent intestinal inflammation®.

The treatment of IC infections is challenging due to the limited permeability of conventional antibiotics into
eukaryotic cells'®!! and their low antimicrobial activity in the acidic intracellular environment!'?~16. In addition,
inadequate efficacy of antibiotics against IC pathogens may promote selection of resistant mutants!'”. These
challenges highlight the need for novel approaches in the treatment of intracellular infections.
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The promising alternatives to conventional antibiotics are antimicrobial peptides (AMPs). These peptides are
natural components of the innate immune system with a broad-spectrum antibacterial, antiviral, anti-parasitic,
and antitumor activity'®-2! and potential to modulate the host immune responses®2. It has been shown that
the antibacterial effects of AMPs involve disrupting bacterial cell membranes and interfering with bacterial
intracellular processes??*?*, Antimicrobial peptides preferentially target the negatively charged surface of
bacterial cells?® which limits their penetration into eukaryotic cells and poses a challenge for treatment of
intracellular infections. Therefore, it is necessary to devise a strategy for intracellularization of the drug. One
of those strategies is the combination of AMPs with the arginine-glycine-aspartic acid (RGD) motif that is
recognized by integrin glycoproteins on the eukaryotic cell surface followed by internalization?*?”.

In order to overcome limitations of AMPs derived from natural sources, such as low stability, poor salt
tolerance, and high toxicity?’synthetic peptides with enhanced properties have been developed'®. The synthetic
peptide Pac-525 has demonstrated efficacy against several microbial taxa, including E. coli, Pseudomonas
aeruginosa, Staphylococcus aureus (including methicillin-resistant strains), S. epidermidis, Candida albicans, and
Fusarium solani®®=32,

To evaluate the potential of synthetic peptides for treatment of intracellular bacterial infections, in ovo
models provide a unique platform to study the antibacterial efficacy of peptides in a complex, yet controlled
biological system, mimicking the multicellular environment***. Similarly, intestinal organoids derived from
primary tissues offer a physiologically relevant three-dimensional system to assess peptide antibacterial activity
and interactions with the host cells*>3®. These approaches not only enhance our understanding of peptide
efficacy but also bridge the gap between simplified in vitro models and in vivo systems and provide valuable
insights into peptide functionality in a host-like environment.

This study focused on the efficacy of the synthesized peptide Pac-525 combined with RGD tripeptide against
intracellular ATEC E. coli KV203 in the macrophage cell line, the chicken intestinal organoid model, and the
chorioallantoic membrane (CAM) assay’”%. By employing these approaches, this study seeks to explore the
potential of the RGD-Pac525 peptide as a therapeutic agent for treatment of intracellular bacterial infections.

Materials and methods

Chemicals

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) with purity meeting the
standards of the American Chemical Society (ACS), unless noted otherwise.

Peptides, cell lines, and bacterial cultures

Peptides RGD (H-RGD-OH), Pac525 (H-KWRRWVRWI-OH), and RGD-Pac525 (HRGDKWRRWVRWI-
OH) were purchased, all with purity>96%, from HENA s.r.0., Banov, Czech Republic (Supplementary Table S1).
Synthesized and freeze-dried peptides were stored at — 20 °C. The macrophage RAW 264.7 cell line was purchased
from American Type Culture Collection (Manassas, VA, USA); cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin and 0.1 mg/ml
streptomycin in a humidified atmosphere containing 5% CO, at 37 °C. The murine macrophage cell line RAW
264.7 was selected for its widespread use and well-established role as a model for investigating bacterial uptake,
survival, and intracellular trafficking in phagocytic immune cells*. Its application is particularly prominent
in studies of bacterial virulence, including that of E. coli, due to its functional parallels with innate immune
cells that mediate early host-pathogen interactions. Escherichia coli KV203 was obtained from the Faculty of
Medicine, Masaryk University, Brno, Czech Republic*’ (Supplementary Table S2). Bacteria were cultured on
Mueller Hinton (MH) agar and incubated at 37 °C for 24 h or in Miller Luria Bertani (LB) broth at 37 °C for
24 h, depending on the experiment.

Cell viability: MTT assay

The short-term effect of peptides on cell viability was assessed using the MTT
(3(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The macrophage cell suspension (5000
cells/50 pl of media per well) was incubated for 24 h at 37 °C with 5% CO,. RAW 264.7 cells at passage 6 were
used for all experiments. Peptides were dissolved in ACS-grade water prior to dilution in the culture medium.
At 60-80% confluence, the peptide at concentration of 500 to 1.95 ug/ml was added. After 24 h, 10 pl of 5 mg/
ml MTT dye solution was added. After 3 h of incubation, the medium containing MTT solution was replaced
with 100 ul of 99.9% dimethyl sulfoxide (DMSO), incubated for 5 min and the absorbance of the samples was
determined using Infinite 200 PRO (A=570 nm) (Tecan, Mannedorf, Switzerland). Control cells treated only
with the culture medium were considered 100% viable, and the reduction in cell viability by more than 30%
(IC,,) was considered cytotoxic according to the ISO 10993-5 guidelines*'.

Bacterial growth and viability

The antibacterial activity of peptides against E. coli KV203 was determined via absorbance measurements using
the Bioscreen C MBR system (Oy Growth Curves Ab Ltd., Finland) at an optical density of 600 nm (OD,, ).
Using a 100-well honeycomb plate, the studied peptides were serially diluted two-fold in Phosphate-Buftered
Saline (PBS) at concentrations from 1000 pg/ml to 1.95 pg/mland E. coli KV203 in double-concentrated Mueller-
Hinton broth was added to each well, resulting in final peptide concentrations ranging from 500 pg/ml to 0.98 pg/
ml and the final inoculum concentration of 4.0 x 10° CFU/ml. Bacteria were incubated in the Bioscreen C MBR
at 37 °C for 24 h, and the growth (absorbance) was measured every 30 min. The control treatment was set up as
above with PBS instead of peptides. All experiments were conducted in three independent biological replicates,
each performed in a technical triplicate (n=9).
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Based on growth curves, minimal inhibition concentration (MIC) and MIC, were calculated. The relative
optical density (%) was determined from the absorbance value after 24 h and compared to the absorbance value
of control (considered 100%).

Cell infection and treatment

For cell infection and treatment, a modified gentamicin-protection assay was used*? with following specifications.
RAW 264.7 cells were seeded at a density of 1.5x 10° cells per well in 24-well plates, and allowed to adhere
overnight in a humidified atmosphere containing 5% CO, at 37 °C. The cell medium was removed, and cells
were infected with E. coli KV203 (multiplicity of infection, MOI, 100:1) by incubating the cultures with DMEM
containing the bacteria supplemented with 10% FBS without antibiotics (0.5 ml). After a two-hour infection
period, cell monolayers were washed with PBS and treated with the cell medium containing gentamicin (100 pg/
ml) for one hour to kill extracellular bacteria.

For the infection treatment, the medium was replaced with the fresh cell medium containing the peptide
(250 pg/ml) and gentamicin (100 pg/ml), to prevent the extracellular growth of E. coli) and incubated for 4 h.
After that, the medium was removed, cell monolayers were washed with PBS and lysed with Triton X-100 (1.0%
w/v) for 10 min. The obtained cell lysates were serially diluted in PBS and seeded on Mueller-Hinton agar plates,
which were incubated for 16-20 h at 37 °C and then the number of CFUs were counted. This assay was carried
out as two independent experiments (biological replicates), each in technological pentaplicate for every peptide
and control (n=10). One-way ANOVA and Dunnett’s Test were used for the statistical analysis.

Peptide fluorescent labelling

To visually confirm the penetration of the conjugated peptide across the cell membrane of eukaryotic cells,
the synthesized peptides were labelled with the fluorescent dye Rhodamine B (acryloxyethyl thiocarbamoyl
rhodamine B). The peptide, at a concentration of 1.0 mg/ml, was incubated overnight with Rhodamine B at a final
concentration of 100 pg/ml at room temperature under continuous rotation. Unbound dye was removed using
the Pur-A-Lyzer Midi Dialysis Kit (Sigma-Aldrich, USA), and the result was confirmed by gel electrophoresis
(data not shown).

Escherichia coli KV203 transformation with pGLO-GFP plasmid

Competent cells were prepared according to the manufacturer’s protocol**with minor modifications. An
overnight culture of E. coli KV203 was diluted 1:100 into 50 ml of fresh LB broth. The centrifugation step was
repeated five times with resuspension three times in 500 pl of ice-cold 10% glycerol, followed by 250 pl and
100 pl, to achieve a high concentration of competent cells. For electroporation 50 ul of competent cells with 1 pl
of pGLO-GFP plasmid DNA of concentration 50 ng/pl were mixed and electroporated (2.5 kV, 200 Q, and 25 pF).
The transformed cells were incubated at 37 °C for 1 h with shaking at 250 rpm and 100 pl of the transformation
mixture was plated onto LB agar containing 100 ug/ml ampicillin and inducers, such as arabinose, for GFP
expression, and incubated overnight at 37 °C. The next day, plates were observed for colony growth and checked
for GFP expression under UV light.

Verification of peptide entrance to eukaryotic cells

To study the ability of peptides to penetrate into the RAW 264.7 cell line, approximately 10° cells were seeded
on the bottom of uDish 35 mm (ibidi GmbH, Grifelfing, Germany) and left to adhere overnight. The DMEM
medium was replaced with the fresh medium containing Rhodamine B-labelled peptides (RGD, Pac525 or RGD-
Pac525) at the concentration of 250 pg/ml for 4 h, after which the cells were washed with prewarmed (37 °C)
PBS. Visualization was carried out using the Axio Imager D1 confocal microscope (Carl Zeiss, Germany).

Imaging of infected cells

RAW 264.7 cells were seeded in p-Dish and left to adhere overnight. The medium was removed, and DMEM
containing pGLO-GFP-transformed E. coli KV203, supplemented with 10% FBS and no antibiotics, was added
to the cells. Cells were then incubated for 2 h at 37 °C in a humidified atmosphere. The infection was carried
out at an MOI 100:1. Subsequently, cell monolayers were washed with prewarmed PBS and treated with the cell
medium supplemented with gentamicin (100 ug/ml) for one hour to kill extracellular bacteria, after which cells
were washed with prewarmed PBS. Visualization was carried out using the Axio Imager D1 confocal microscope
(Carl Zeiss, Germany).

Generation of 3D chicken intestinal organoids

The fertilized chicken eggs purchased from a local provider (INTEGRA, a. s., Zabcice, Czech Republic) were
incubated with rotation at 37.5 °C and 65% humidity for 15 days. The full intestine was removed, cut open
longitudinally into 3 mm sections and collected in ice-cold PBS. The intestinal crypts were isolated from
the tissue using a previously established protocol** with slight modifications. In brief, the intestine sections
were washed with ice-cold PBS until most luminal contents were cleared, and the villi were scraped off with a
coverslip. After an additional washing with ice-cold PBS, the intestine was transferred to a 50 ml tube. Twenty
ml of ice-cold PBS were added, and the fragments were washed by gently pipetting them up and down with a
10 ml pipette. The supernatant was discarded after settling. This washing step was repeated 10 times until the
supernatant was almost clear. Then, 20 ml of ice-cold crypt isolation buffer (5 mM EDTA in PBS) were added,
and the tube was gently rocked at 4 °C for 30 min. The tissue in solution was pipetted up and down every 10 min.
After the fragments settled, the supernatant was removed, and 20 ml of ice-cold PBS was added to wash the
fragments using a pipette. This procedure was repeated until most crypts had settled, and the crypt fractions
were passed through a pluriStrainer Mini 70 um system (pluriSelect, Leipzig, Germany). The intestinal crypts
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were collected into 50 ml tube(s) after adding 5% FBS to the crypt solution. The crypt fractions were centrifuged
at 300 x g for 5 min and resuspended in 20 ml of organoid culture medium (advanced Dulbecco’s modified Eagle
medium/F12 supplemented with penicillin/streptomycin, 10 mmol/l HEPES, Glutamax), quantification of live/
dead cells by the Countess FL IT Automated Cell Counter (Thermo Fisher Scientific, Waltham, MA, USA), and
seeded onto mini petri plates and incubated at 37 °C, 5% CO,,.

Escherichia coli KV203 colonization of chicken intestinal organoids

Six-day-old organoids in a mini petri plate (each plate containing several organoids cultured in the defined
volume of the medium) were colonized with E. coli KV203 pGLO-GFP (100,000 CFU in 20 pl) for 5 min.
Subsequently, RGD-Pac525 (50 pg in 100 pl) was added to the organoid medium and PBS was used in the control
group. After 2 h of incubation at 37 °C with 5% CO,, organoids were examined using the EVOS FL Auto Cell
Imaging System (Thermo Fisher Scientific). The green fluorescence emitted by E. coli KV203 was captured at
488 nm using the GFP light cube (Thermo Fisher Scientific). To observe whether the bacterial invasion occurred
inside the organoids after 2 h post-infection, the organoids were centrifuged, the medium was replaced with
fresh medium, and organoids were microscopically examined.

The in Ovo chicken embryo Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were obtained from the Integra Farm (INTEGRA, a. s., Zabcice, Czech Republic) were
incubated with rotation at 37.5 °C and 65% humidity for 10 days. To create an opening in the egg and to prepare
the CAM for pre-infection steps, a protocol described previously was followed*’. The CAMs were then infected
with a 25 yl dose of E. coli KV203 pGLO-GFP inoculum (40.000 CFU/ml) applied topically. After 15 min. of
incubation, RGD-Pac525 (25 pug in 50 ul) was directly administered onto each CAM. The embryos were left
undisturbed for 30 min to allow for the absorption of RGD-Pac525 at the infection site and to prevent embryonic
death. Control CAMs were treated with 50 pl of RGD-Pac525 without bacteria. Eggs were then incubated for
additional 48 h.

To fluorescently label the blood circulation, 50 pl of 10 pg/ml of LCA solution (Vector laboratories,
Burlingame, CA, USA) was injected at indicated time-points to the peripheral veins of the viable CAM using
a 30G hypodermic needle. Then, portions of the CAM, brain, liver and intestine were harvested to perform
additional analyses, and to localize E. coli KV203 in the tissues. The EVOS FL Auto Cell Imaging System (Thermo
Fisher Scientific, Waltham, MA, USA) was used to detect the emitted green light from E. coli KV203, and red
light from the rhodamine labelled peptide. To quantify vascular density on the CAM, the tissue was harvested
at the end of the experiment and micrographs were captured from the bottom side using a stereomicroscope
(DSTM 723 W 1.3 with digital video-camera). The micrographs were then analyzed for vascular density using
the Vessel Analysis tool in Image]J software (NIH). To locate the infection of E. coli KV203 in chicken brain, liver
and intestine, the tissues were manually homogenized, serially diluted in PBS and inoculated on petri dishes
with MH agar. After over-night cultivation at 37 °C, the CFUs were counted.

Results

Peptide antimicrobial activity

The antimicrobial activity of Pac525 and its conjugate with the RGD domain was assessed by monitoring the
growth curves using planktonic E. coli KV203 and determination of the minimum inhibitory concentration
(MIC) (Fig. 1a). The resulting MIC values for Pac525 and the RGD-Pac525 conjugate were 62.5 pug/ml and
125.0 pg/ml, respectively. The optical density of E. coli KV203 was calculated relative to the control group that
did not receive any peptide treatment (Fig. 1b). The MIC,  values were 41.0 pg/ml and 92.6 pg/ml for Pac525 and
RGD-Pac525, respectively. The elevated values observed at higher concentrations of Pac525 and RGD-Pac525
were likely due to the optical properties of proteins at high concentrations, rather than actual bacterial growth,
as no visible growth is observed in the corresponding growth curves (Fig. 1a). The RGD motif itself had no
antimicrobial effect. These results show that the antimicrobial activity of peptide Pac525 is maintained upon
synthesis with the RGD domain.

Cell compatibility with the peptides

The cytotoxic effect of the peptides on the macrophage RAW 264.7 cell line was assessed using the standard MTT
assay (Fig. 1¢). The IC,, as defined by the ISO 10933-5 guidelines*' was 363.5 pg/ml for RGD, 330.88 ug/ml for
Pac525 and 446.94 ug/ml for RGD-Pac525. At the highest concentration tested (500 pg/ml), the viability of cells
was 52% for RGD, 40% for Pac525, and 61% for RGD-Pac525. Overall, the combination of antimicrobial peptide
Pac525 with the RGD motif (RGD-Pac525) showed a lower cytotoxic effect compared to that of Pac525 alone.

Visualization of intracellular bacteria

The ability of pPGLO-GFP-E. coli KV203 to invade eukaryotic cells was confirmed and visualized by fluorescent
microscopy. Green fluorescent bacteria were visible in the cytoplasm of RAW 264.7 macrophage cells after 2 h
of infection (Fig. 2a).

Verification of the drug entrance to RAW 264.7

The ability of the peptides to enter the intracellular space of RAW 264.7 macrophages was assessed by fluorescent
microscopy. Our results showed that Rhodamine B-labelled RGD tripeptide attached exclusively to the surface
of macrophage cells (Fig. 2bA). The red fluorescence was apparent on the entire cell surface. The binding or
uptake of the Pac525 peptide was very limited, as only a few fluorescent cells were visible within the entire field
(Fig. 2bC). In contrast, the labelled RGD-Pac525 peptide penetrated the cells, and the red fluorescence was
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Fig. 1. Effects of antibacterial peptides on E. coli KV203 and RAW 264.7. (a) Bacterial growth curves

at different concentrations of peptides RGD, Pac525, and RGD-Pac525. The results are expressed as the

mean +SEM (n=9). (b) Relative optical density upon exposure to different concentrations of RGD, Pac525,
and RGD-Pac525 after 24 h of treatment. Results are expressed as the mean % of control cells treated with

the medium only and considered 100% viable + SEM (n=9). (c) RAW 264.7 cell metabolic activity upon
exposure to different concentrations of RGD, Pac525, and RGD-Pac525 for 48 h (measured by the MTT assay).
The dotted line indicates the cytotoxicity limit established by the ISO 10993-5 guidelines?!. The results are
expressed as the mean % of control cells treated with the medium only and considered 100% viable + SEM
(n=4).

observed in the vesicle-like structures, demonstrating an intracellular, cytoplasmic localization of the peptide
(Fig. 2bE).

Antibacterial activity of peptides against intracellular E. coli KV203

The effect of the peptides on intracellular bacteria was also monitored by fluorescent microscopy. Intracellular
bacteria were not affected by RGD (Fig. 2bB) and Pac525 (Fig. 2bD). In contrast, in the presence of RGD-
Pac525 the link between the amount of labelled peptide in cells and the number of bacteria in their intracellular
compartment was apparent (Fig. 2bF). In this case, the ibidi plate was not washed to remove planktonic bacteria
to detect the effect of the peptide more clearly.

The ability of peptides to eliminate intracellular E. coli KV203 in infected macrophages was quantified by
measuring the reduction in colony-forming units (CFUs) in lysates. The RGD and Pac525 peptides reduced the
intracellular E. coli burden by 18.4% (RGD) and 23.6% (Pac525) while the efficacy of RGD-Pac525 more than
doubled and reduced the intracellular bacteria by 50% (p<0.001) (Fig. 2C).

Antibacterial effect of RGD-Pac525 on E. coli KV203 in chicken 3D intestinal organoids

Generation of organoids from chicken intestines was successful, illustrating the onset of a budding structure
that consisted of the central lumen and several surrounding crypt-like domains (Fig. 3a). The organoid cultures
exhibited morphological diversity due to their self-organizing nature and developmental heterogeneity (Fig.
S2a). The invasivity of E. coli KV203 was evaluated by comparison to that of the non-invasive strain E. coli
DHI10B. Fluorescent microscopic imaging of chicken 3D intestinal organoids infected with E. coli DH10B
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Fig. 2. Antibacterial activity of peptides against intracellular E. coli KV203. (a) RAW 264.7 macrophage cells
successfully infected by pGLO-GPEF E. coli KV203. (b) RAW 264.7 macrophage cells with green fluorescence
of E. coli KV203 pGLO-GFP and red fluorescence from Rhodamine-B labelled peptides. (bA) RAW 264.7
cells treated with Rhodamine B-labelled RGD; (bB) RAW 264.7 cells infected with E. coli KV203 and treated
with Rhodamine B-labelled RGD; (bC) RAW 264.7 cells treated with Rhodamine B-labelled Pac525; (bD)
RAW 264.7 cells infected with E. coli KV203 and treated with Rhodamine B-labelled Pac525; (bE) RAW 264.7
cells treated with Rhodamine B-labelled RGD-Pac525; (bF) RAW 264.7 cells infected with E. coli KV203 and
treated with Rhodamine B-labelled RGD-Pac525 without washing away planktonic extracellular bacteria. The
unmerged individual channels are available in Fig. SI. (¢) Intracellular antibacterial activity (expressed as the
number of colony-forming units [CFUs]) of peptides in macrophage cell line RAW 264.7 infected with E. coli
KV203 (n=10). (*p<0.05 and *** p<0.001)

pGLO-GFP (Fig. S2b) revealed a minimal GFP signal, indicating that E. coli DH10B exhibited low invasivity
and limited colonization of the organoids. In the identical experimental setup, fluorescence was observed within
the organoid following the infection with E. coli KV203 (Fig. 3d) after extensive washing. This indicates that
the fluorescent signal was not due to surface adherence or extracellular presence, but rather reflected the real
bacterial invasion.

To examine the impact of RGD-Pac525 on invasion and growth of E. coli KV203 (pGLO-GFP), in vivo
conditions were mimicked by exposing the bacteria to RGD-Pac525 two hours after infection. The treatment of
infected organoids with RGD-Pac525 resulted in a significantly lower number of planktonic bacteria compared
to that of untreated organoids (Fig. 3b). The reduction of bacteria in the medium after treatment was 85%
compared to that of the untreated organoids (Fig. 3¢). The effect of RGD-Pac525 on bacterial invasion to infected
organoids 2 h post-infection was determined by detecting GFP-emission from E. coli after medium replacement.
The GFP was detected in untreated organoids but not in the organoids treated with RGD-Pac525 (Fig. 3d).

Effect of RGD-Pac525 on E. coli KV203 pGLO-GFP in Ovo

To assess the virulence of E. coli KV203 and the antibacterial effects of RGD-Pac525 using the CAM model,
nine eggs were inoculated per each group. Infection of the CAM with E. coli KV203 pGLO-GFP resulted in 25%
embryo mortality compared to no mortality in the group infected and subsequently treated with RGD-Pac525
at 48 h (Fig. 4a). Embryos infected with E. coli KV203 (with and without RGD-Pac525) showed a significantly
lower weight compared to that of uninfected controls (Fig. 4b).
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Fig. 3. Effect of RGD-Pac525 on chicken intestinal organoids infected by E. coli KV203. (a) The organoid
morphology 6 days after the isolation of intestinal crypts from chicken tissue. (b) The impact of RGD-Pac525
(500 pg/ml) on E. coli KV203 (pGLO-GFP) growth inhibition in 6 days chick organoids after 2 h of treatment.
(c) Relative GFP intensity (%) of E. coli KV203 with and without RGD-Pac525. Data represent mean + SEM
(n23). (*p<0.05). (d) Micrographs of E. coli KV203 in organoids 2 h post-infection with and without RGD-
Pac525 (organoids were centrifuged, and the medium was replaced with fresh medium).

The effect of E. coli KV203 infection on CAM morphology and angiogenesis with and without RGD-Pac525
treatment for 48 h is shown in Fig. 4c. The quantification of vascular density (%) revealed higher vascularization
and angiogenesis on the bottom side of the CAM in response to E. coli KV203 (+20%) compared to that of the
uninfected control (£6.5%). A substantial inhibitory effect on the angiogenesis process was observed with a
reduction of approximately 8% in the CAM after 48 h of RGD-Pac525 treatment (Fig. 4d).

Additionally, the in ovo CAM assay was performed to evaluate the inhibitory effects of RGD-Pac525 on the
growth of E. coli KV203 in the CAM. Escherichia coli KV203 infection was successfully established on the upper
CAM as indicated by the extensive GFP signal from the E. coli KV203 and the RGD-Pac525 visibly reduced
the GFP signal of E. coli KV203 (Fig. 4e). The cross-sections of the infection sites in the CAM showed a thicker
bacterial mass and a greater number of internal capillaries in the untreated group infected with E. coli KV203
compared to those treated with RGD-Pac525 (Supplementary Fig. S3).

Assessment of the invasion of E. coli KV203 from the CAM throughout the embryo and colonization of
tissues showed that bacteria were able to colonize brain, liver, and intestinal tissue. In contrast, chickens treated
with RGD-Pac525 showed a significant reduction (*p<0.05) of CFUs of E. coli KV203 in the liver and the
intestine while significant differences were not observed in the brain tissue (Fig. 4f).

Discussion

Conventional antibiotic treatments are largely ineffective against bacteria that can survive and proliferate in the
intracellular environment of eukaryotic cells'”. These treatments also face a growing challenge due to widespread
loss of efficacy caused by acquired antibiotic resistance?’. Therefore, it is crucial to explore new alternatives that
target intracellular infections and that are less likely to develop resistance and that exhibit fewer side effects on
the host.

In the present study, the antibacterial effect of the peptide Pac525 combined with the RGD domain for
efficient penetration of eukaryotic cells was tested against the intracellular infection. Our results demonstrated
that this peptide was able to successfully enter the intracellular space of eukaryotic cells and greatly lowered
intracellular E. coli KV203 in the macrophage cell line, chicken intestinal organoids, and the chicken embryo
tissues.
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Fig. 4. Antibacterial effect of RGD-Pac525 on E. coli KV203 infections in ovo. (a) Embryo mortality (%)

and (b) chick weight (g) after 48 h of E. coli KV203 infection (n>5), compared to that of infected chickens
treated with RGD-Pac525 (1> 5), and of uninfected chicks (n=3). (c) Stereomicroscope images of the top and
bottom sides of E. coli KV203 infection on the CAM treated with RGD-Pac525 for 48 h, compared to that of
untreated control. Scale bar =50 mm. (d) Quantification of vascular density (%) using the ImageJ Vessel tool.
(e) Fluorescent imaging of E. coli KV203 infection in the CAM and distal CAM. Scale bar =200 pm. (f) E. coli
KV203 recovered from brain, liver, and intestine (n>5) after 48 h of infection on the CAM. Data represent
mean +SEM. (*p <0.05, **p <0.01, ***p <0.001)
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The peptide Pac-525 was tested previously as a potent antimicrobial agent on modified surfaces for implanted
biomaterials*®->! where it was effective against E. coli, S. aureus, Streptococcus sanguis, Fusobacterium nucleatum,
and Porphyromonas gingivalis. However, the combination of Pac-525 with the RGD domain and the testing
against intracellular infections has not been explored previously.

The RGD-motif is a versatile ligand for active targeting of various cells and tissues®. For example, RGD-
modified drug delivery systems have been exploited for active targeted delivery of therapeutic or diagnostic
agents®>~%2, RGD peptides enable drug carriers to enter cells by interacting with integrin receptors on the cell
surface. This receptor-dependent endocytosis enhances the intracellular uptake of drugs, thereby improving
their therapeutic efficacy®-%. The role of the peptide size in determining the mechanism of cellular uptake via
the RGD motif has been a subject of discussion®’; however, regardless of the specific uptake mechanism, our
study confirmed that combining the RGD domain with a short antimicrobial peptide enables its delivery to cell
interior.

The combination of the RGD motif with Pac-525 preserved the peptide antimicrobial properties and did
not compromise its efficacy. These findings indicate that the release of the Pac-525 from the RGD carrier is
not required for its antimicrobial activity. This simplifies its application, as RGD-Pac525 does not depend on
external stimuli such as pH, temperature or the presence of specific enzymes to trigger peptide release, unlike
that of delivery systems used in previous studies®>-7°.

To date, no clinical trials using antimicrobial peptides targeting intracellular bacteria have been successful.
One of the reasons for the termination of clinical trials were the adverse effects of tested agents”!. In our study, the
MIC of RGD-Pac525 did not negatively affect the viability of the macrophage cell line RAW 264.7 suggesting no
adverse effects on host cells. Furthermore, we employed additional approaches using in vivo bioassays including
intestinal organoids and chicken embryos.

Organoids, as animal-free 3D culture systems composed of multiple cell types, represent a promising
alternative to traditional animal models”>~7%. These systems provide a consistent and reproducible platform for
simulating the microenvironment of an organ while avoiding the biological and ethical complications associated
with animal testing. Intestinal organoids are valuable tools for studying microbial-epithelial interactions”~”” and
may provide a key insight into the evaluation of new drugs by significantly increasing the efficiency and accuracy
of in vitro validation and testing’®. In our study, we confirmed the invasive properties of E. coli strain KV203,
which was able to penetrate the organoid lumen. Importantly, the significant reduction of the bacterial load
highlights the potential of RGD-Pac525 to target bacteria that have penetrated deep into epithelial layers, which
a critical requirement for addressing chronic infections such as Crohn’s disease-associated adherent-invasive E.
coli (AIEC)®. Previous studies using intestinal organoids to evaluate antimicrobial agents against E. coli AIEC
strains demonstrated limited success in reducing bacterial invasion without negatively affecting epithelial
integrity’®. In contrast, our results demonstrate that RGD-Pac525 effectively reduces intracellular bacterial
burdens while maintaining organoid morphology. This offers a promising strategy for clinical applications in
managing inflammatory diseases associated with intracellular bacterial infections.

The CAM model, utilized as a low-cost and ethical alternative to mammalian models, provided great insights
into the infection dynamics and therapeutic potential of RGD-Pac525. We observed a marked reduction in
the bacterial load in the liver and the intestinal tissues, indicating that the peptide was capable of systemic
distribution and overcoming tissue barriers.

Similar studies have shown that CAM models effectively predict the systemic dissemination of intracellular
pathogens’ and assess the ability of therapeutic agents to mitigate this spread®’. Previous studies have shown that
chickens hatched from the eggs experimentally infected with E. coli exhibited reduced weight gain, and delayed
yolk absorption®! that corroborates our results. Studies such as those by Li et al. (2022) have demonstrated
similar results using RGD-modified liposomal delivery systems, which achieved high efficacy in reducing
bacterial counts across multiple organs in murine models and supported the therapeutic application of RGD-
based delivery strategies®. The ability of RGD-Pac525 to penetrate intracellular spaces, cross tissue barriers, and
remain effective in diverse biological environments highlights its potential for systemic administration. This is
particularly relevant for treating conditions involving systemic bacterial dissemination, such as sepsis or invasive
gastrointestinal infections where intracellular bacterial reservoirs pose a major challenge®.

Our findings further revealed that untreated infections with E. coli KV203 led to substantial angiogenesis in
the CAM, a response driven by bacterial lipopolysaccharides®. While our data can not conclusively differentiate
direct anti-angiogenic effects of the peptide from indirect effects via bacterial reduction, the observed changes
in angiogenesis were consistent with bacterial load reduction. Nevertheless, further experiments will be required
to delineate these effects. Treatment with RGD-Pac525 significantly inhibited this angiogenic response and
highlighted the peptide dual therapeutic role in managing bacterial infections and associated inflammatory
responses. This observation aligns with previous studies showing that reducing infection induced angiogenesis
can support tissue recovery and prevent further pathogen dissemination®’.

The combined use of organoids and CAM models in our study represents a robust animal-free approach
addressing ethical considerations and the need for high-throughput preclinical testing. These models enable the
evaluation of therapeutic candidates under conditions that closely mimic human physiology, thereby accelerating
drug development while ensuring clinical relevance”>-¢.

This study provides a proof of concept for the use of RGD-modified antimicrobial peptides in targeting
intracellular bacterial infections. By employing organoid and CAM models, we demonstrated the efficacy of
RGD-Pac525 in reducing bacterial load, managing infection-induced angiogenesis, and overcoming tissue
barriers. Future research should focus on validating these findings in mammalian models, optimizing systemic
delivery strategies, and assessing the efficacy of RGD-Pac525 against other IC pathogens. The promising effect of
this peptide could fill gaps in current treatment options for intracellular as well as systemic bacterial infections.
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Conclusions

In conclusion, our study highlights the potential of the RGD-Pac525 peptide as an antimicrobial agent for
treatment of intracellular bacterial infections, such as those caused by adherent-invasive pathotype E. coli KV203.
The peptide effectively inhibited planktonic E. coli, showed no cytotoxicity at relevant concentrations, penetrated
eukaryotic cell membranes, tissue barriers and exhibited antibacterial activity against intracellular bacteria in
vitro. By utilizing innovative models such as chicken intestinal organoids and the CAM assay, this study provides
insights into the peptide antimicrobial activity. These findings underscore the RGD-Pac525 unique ability to
target and eliminate intracellular pathogens, indicating its potential for future clinical applications.

Data availability
Data generated in this study are available from the corresponding author upon reasonable request. The Supple-
mentary Material for this article is provided online.
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