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With antibiotic resistance being a major global concern, there is a huge need of new
treatment options to fight bacterial infections. In this study, we highlight the
antibacterial and host-protective roles of a novel synthetic antimicrobial peptide in
uropathogenic Escherichia coli-infected uroepithelial cells. This peptide, designed
from a fragment of human cathelicidin LL-37 and named LD4-PP, was found to be
highly potent against clinical isolates of E. coli as well as ESBL-producing and multi-
drug resistant E. coli. Additionally, LD4-PP inhibited the formation of new biofilm,
damaging both the bacterial surface and the bacterial genome. LD4-PP also
modulated the host cell lipid vacuole, caveolin-1, and Rho GTPase B affecting
bacterial survival. Furthermore, LD4-PP exerts immunomodulatory effects by
modulating free radical formation, expression of antioxidants, and inflammasome-
mediated cell death. Pronounced uroepithelial cell death was observed after E. coli
infection which was significantly inhibited by LD4-PP without affecting the cellular
toxicity. Overall, the peptide LD4-PP is shown to be a strong candidate for future
clinical applications, particularly to prevent and treat urinary tract infections.

KEYWORDS

E. coli, synthetic antimicrobial peptide, immune response, urinary tract infection,
innate immunity

Introduction

The emergence of antimicrobial resistance against commonly used antibiotics has resulted
in the growing incidences of difficult-to-treat infectious diseases. Therefore, antimicrobial
resistance is a major threat and a challenge for the treatment of patients. The risk of treatment
failure and increase in complications poses an economic burden and demands for an effective
alternative treatment approach (1). Interestingly, antimicrobial peptides (AMPs), which are
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endogenously expressed and amenable to chemical synthesis, have
therapeutic values against these drug-resistant strains (2, 3).

Urinary tract infections (UTIs) are often caused by uropathogenic
Escherichia coli where the infection is frequently self-limiting. In
contrast, extended spectrum beta-lactamase (ESBL) or multi-drug
resistant (MDR) isolates and infections such as acute pyelonephritis
are more difficult to treat, increasing the risk of bacterial spread to the
bloodstream with life-threatening consequences. AMPs are a crucial
part of the innate host defense system. Most AMPs are cationic with
strong bactericidal effects. Importantly, resistance development against
AMPs appears slow and incomplete (4). However, toxicity to host and
stability are major hurdles in pursuing AMPs for drug development
and therapeutic use. Chemically synthesized AMPs, designed to have
improved stability and less toxicity, could serve as an alternate
treatment option. With regards to UTI, several endogenously
expressed AMPs, including LL-37 (5), defensins (6), RNase7 (7), and
psoriasin (8), are known to play important roles in both combating and
preventing infection. We and others have also shown the antimicrobial
effect of chemically synthesized peptides, in particular short sequences
originating from LL-37 and cyclic dimers based on those peptides (2, 9,
10), promising potential therapeutic options against drug-resistant
pathogens. Apart from antimicrobial activity, AMPs are also known
to modulate the innate immune system by recruiting immune cells
(11), by strengthening the epithelial barrier function (8, 12), by
promoting cellular proliferation (13), angiogenesis (14), and by
stimulating wound healing (15).

In the current study, we highlight the efficacy of the novel peptide
LD4-PP in combating uropathogens and its immunomodulatory effect
in uroepithelial cells. This peptide is designed from the potent core
antimicrobial sequence of LL-37, the long peptide consisting of 12
residues (out of 37) known as KR-12. Furthermore, we also report the
anti-biofilm and the protective effect on uroepithelial cells upon E. coli
infection. LD4-PP exhibited immunomodulatory effects by altering cell
surface receptors, formation of free radicals and antioxidants, and
regulation of cytokines through the inflaimmasome pathway. Most
importantly, LD4-PP prevented E. coli infection-induced host cell
death without affecting the cell organelle structures.

Materials and methods

Synthesis of LD4-PP

LD4-PP peptide was assembled using fluorenylmethyloxycarbonyl
(Fmoc)-based solid-phase peptide synthesis (SPPS) on a CEM Liberty 1
automated microwave-assisted peptide synthesizer using previously
described methods (10). In brief, the C-terminal amidated peptide
was synthesized on a 0.25-mmol scale using TentaGel Rink-K Amide
resin (Rapp Polymere, Tubingen, Germany) and using piperidine (20%
v/v in dimethylformamide) as a deprotecting agent. Large-scale
purification was carried out on Claricep C-18 (20-35 pum, 100 A)
columns (Agela Technologies, Torrance, USA) using an Akta FPLC
with a flow rate of 10 mL/min. Solvents A (0% AcN, 0.05% TFA) and B
(100% AcN, 0.05% TFA) were used in a linear gradient from 5% to 95%
solvent B over 70 min. Final peptide purity was >95% as judged
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by analytical RP-HPLC-UV (215 nm), and the identity of the
peptide was confirmed using LC-MS. The full sequence is
CPGGKRIVKRIKDFLRGPGGKRIVQRIKDFLR, with the
monoisotopic mass of 3,618.25 Da (Figure 1A).

Nuclear magnetic resonance analysis

Dissolved in a mixture of H,O and D,O (9:1, v/v) at pH 5 was 1
mg of LD4-PP. NMR spectra were recorded with and without the
addition of deuterated sodium dodecyl sulfate (SDS; Merck;
peptide: SDS 1:40 molar ratio) or lyso-phosphatidylglycerol (lyso-
PG) micelles at a concentration of 1 mM, specifically using 16:0
lyso-PG [1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-(1’-rac-
glycerol)] sodium salt obtained from Avanti Polar Lipids. The
acquired spectra included both one-dimensional (1H) and two-
dimensional (IH-1H TOCSY, 1H-1H NOESY) experiments, and
the processing steps followed were consistent with previously
established methods (16). The NMR analyses were performed
using a Bruker Avance Neo 600 MHz spectrometer equipped
with a TCI cryoprobe (CRPHe TR-1H &19F/13C/15 N5 mm-EZ).

Circular dichroism spectrum analysis

The circular dichroism (CD) spectrum was evaluated following
procedures as described previously (16). In short, the o-helical
content of the peptide was assessed using a JASCO J810
spectropolarimeter (JASCO Corporation, Easton). Monitoring
changes in the 200-260-nm range was conducted in a 10-mM
Tris buffer at pH 7.4, with stirring, within a 1-cm quartz cuvette.
Signals from the peptides, maintained at a concentration of 10 UM,
were recorded both in the buffer alone and in the presence of 10
mM 16:0 lyso-phosphatidylglycerol (lyso-PG) micelles, establishing
a 1:1 peptide-to-micelle ratio (equivalent to a 1:200 peptide-to-
phospholipid ratio).

Bacterial strains

Uropathogenic E. coli strain CFT073 E. coli ESBL-producing
(CCUG 55197) and multidrug-resistant (MDR) E. coli (CCUG
62975) were used for in vitro experiments. A total of 10 clinical
E. coli isolates of antibiotic-sensitive E. coli and ESBL-producing
and MDR E. coli were obtained from the Department of Clinical
Microbiology, Karolinska University Hospital, Sweden. The
bacteria were cultured aerobically overnight on blood agar plates
at 37°C, resuspended in 1x phosphate-buffered saline (PBS),
measured spectrophotometrically, and confirmed by viable count.

Minimum inhibitory concentration assay

The minimum inhibitory concentration (MIC) of LD4-PP was
evaluated against the type strain and the 10 clinical bacterial isolates
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FIGURE 1

Design and structure of LD4-PP. (A) LD4-PP was designed by substituting the amino acid residues Q5 and D9 in the KR-12 peptide with K and A,
respectively. In the final peptide, two KR-12 (Q5K, D9A) monomers form a continuous peptide backbone using four amino acid residue linkers. The
C-terminus is amidated. The full sequences of KR-12 and LD4-PP are shown with the substitutions highlighted in red. When LD4-PP interacts with
the lipid membrane, the structure changes from disordered in solution to mainly a-helical, as judged by membrane-mimetic models in NMR and
CD. The subpanels below show 1D 1H NMR spectra of KR-12 and LD4-PP in solution and in lyso-PG (2D TOCSY and NOESY spectra are found in
the Supplementary Information). (B) In solution, the chemical shift assignment was challenging, especially for LD4-PP due to significant overlap
between 8 and 9 ppm, indicating unstructured conformations. (C) In lyso-PG, amide chemical shifts were better dispersed, with a-helical
characteristics evident for KR-12. However, despite improved peak dispersion, the chemical shift assignment remained difficult for LD4-PP which
was resolved by CD experiments. The mean residue ellipticity is plotted against the wavelength in CD spectra, and the relative percentage of o.-
helical content is determined from the signal intensity at 225 nm using poly-Lys as a reference. In Tris buffer containing micelles, the peptide adopts

a predominantly o-helical profile (86% o-helical content).

using a two-step micro-dilution assay (2, 17). The concentrations of
LD4-PP were prepared double strength with twofold serial dilutions
ranging from 10 to 0.15 uM in 50 uL of 10 mM Tris buffer, pH 7.0,
in a U-bottom 96-well plate (Corning). The bacteria were grown to
mid-log phase before diluting to a final concentration of 1 x 10°
CFU/mL in 10 mM Tris buffer using a Densichek Plus
(BioMeérieux). To each well, 50 pL suspension was added and
incubated at 37°C for 1 h, and the final concentrations of peptide
tested were from 5 to 0.078 uM. Afterward, 5 pL of 20% (w/v)
tryptic soy broth (TSB) was added and incubated at 37°C for
another 16-18 h, after which the MIC was measured. The MIC
was read spectrophotometrically at 595 nm. MIC was defined as the
lowest concentration of LD4-PP which inhibits bacterial growth.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to evaluate
bacterial morphology after treatment with LD4-PP as described
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previously (2). E. coli CFT073 was grown to mid-log phase and
thereafter diluted in 10 mM Tris buffer at a cell density of 10° CFU/
mL. Bacterial suspensions (100 pL) were then incubated with LD4-
PP [final concentration, 7.8 uM (5x the MIC at standard cell
density)] for 1 h at 37°C. After the exposure experiment, bacterial
suspensions (100 pL) were deposited on Nunc'™ Thermanox
coverslips (Thermofisher Scientific) and left to adhere for 1 h. The
bacterial cells were then fixated with 4% paraformaldehyde (VWR)
in PBS overnight at 4°C and washed 2x with PBS and deionized
water. The samples were then dehydrated with a series of ethanol
concentrations (10%, 30%, 50%, 70%, 90%, and 100% (v/v))
followed by further dehydration with hexamethyldisilazane
(HMDS; Sigma-Aldrich) solutions (HMDS/ethanol 1:2, 2:1, and
100% HMDS). The HMDS solution was removed, and the samples
were left to air-dry overnight. Coverslips were mounted on carbon
stubs and sputter-coated with a conductive thin layer of gold and
palladium. Bacterial cells were imaged using a LEO 1550 SEM
instrument (Zeiss) with an InLens detector at 2- to 3-kV
acceleration voltage and at 2- to 3-nm working distance.
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Liposomal leakage assay

The liposome production and the liposome leakage assay were
performed as previously described (18). In brief, dry lipid films of E.
coli polar lipid extract (Avanti Polar Lipids) were formed on round-
bottom flask walls and re-suspended in Tris buffer containing 100
mM 5(6)-carboxyfluorescein. Multilamellar structures and
polydispersity were reduced by repeated extrusion through 100-
nm polycarbonate membranes mounted in a LipoFast mini-
extruder (Avanti Polar Lipids). Untrapped carboxyfluorescein was
removed by separation on Sephadex PD-10 columns (Cytiva).
Membrane permeability was measured by monitoring
carboxyfluorescein efflux from the liposomes to the external low-
concentration environment, resulting in a loss of self-quenching
and increased fluorescence signal.

Biofilm formation

To investigate if LD4-PP can prevent the formation of bacterial
biofilm, the crystal violet assay was used. In brief, 50 uL of 10° CFU/
mL of uropathogenic E. coli CFT073, ESBL-producing E. coli
(CCUG 55197), 10 strains each of biofilm-forming clinical
isolates of E. coli, MDR E. coli, and ESBL-producing E. coli were
added in 150 pL LB broth without salt, with or without 5 uM of
LD4-PP added. After 2 days of incubation at 37°C, the old media
was discarded, and 200 pL of fresh LB broth was added to each well
as described above. After an additional day of incubation, the wells
were washed 3x with sterile water. Each well was stained for 15 min
with 0.3% crystal violet. Non-bound crystal violet was removed, and
the wells were washed 3x with PBS. The bound crystal violet was
dissolved using an ethanol/acetone solution (4:1, v/v), and the
absorbance was read at 570 nm.

Cell lines and culture conditions

Human uroepithelial cells 5637 (HTB-9, American Type
Culture Collection) were cultured in RPMI 1640 (Life
Technologies) supplemented with 10% fetal bovine serum (FBS;
Life Technologies). The cells were cultured at 37°C and 5% CO,.

XTT assay

The effect of varying concentrations of LD4-PP (25 to 0.39 uM,
using twofold dilutions) on uroepithelial cells 5637 metabolic
activity was determined using an XTT assay as described
previously (19). No cytotoxicity was observed below 10 uM as
confirmed by XTT cell viability assay (Supplementary Figure S1),
and therefore 5 uM was selected as the LD4-PP concentration to be
used in all in vitro cell experiments.

The effect of LD4-PP on the metabolic activity of E. coli was also
determined using the XTT assay. In brief, 50 UL from a bacterial
suspension corresponding to a 0.5 McFarland standard was added
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to 150 uL of LB broth with a final concentration of 1.56 uM LD4-PP
(corresponding to the MIC) and kept at 37°C for 24 h. The samples
were then incubated with 200 UL of 20% solution of 1 mg/mL XTT
(Sigma) in LB broth for 4 h. The conversion of tetrazolium salt XTT
to a colored formazan derivative was measured at 450 nm in a 96-
well plate. Viability controls not treated with LD4-PP were
maintained throughout the cell viability assay. Media blanks were
subtracted from the test strains.

Cell infection assays

Uroepithelial cells 5637 were seeded at ~80% confluency in 24-
well plates (Costar) with a multiplicity of infection (MOI) 5 of E.
coli CFT073, ESBL-producing E. coli (CCUG 55971), and
multidrug-resistant (MDR) E. coli (CCUG 62975). Infection was
induced for 2 h prior to treatment with 5 UM of LD4-PP for 2 h (2).
This condition was compared to untreated control. During
experiments, the media did not contain FBS. After 2 h of
infection, old media and non-adherent bacteria were removed by
washing the wells 3x with 500 pL of PBS and fresh media, with or
without LD4-PP added. The cells were re-incubated for another 2 h
at 37°C with 5% CO,. After 2 h (total of 4 h) of infection, the old
media was removed, and the cells were washed. To collect cell-
associated and intracellular bacteria, the cells were lysed with 200 pL
of ice-cold 0.1% Triton X-100 in PBS and scraped thoroughly.
Lysates were serially diluted in PBS and plated on blood agar plates,
and a viable count was performed.

Gene expression analysis

Uroepithelial cells 5637 were seeded in 24-well plates, and four
conditions were established: cells treated with or without 5 pM of
LD4-PP and with or without infection with MOI 5 of E. coli
CFT073. The cells were infected for 2 h before LD4-PP treatment
and RNA isolation. Total RNA was extracted using the E.Z.N.A
Total RNA Kit (Omega Bio-Tek) according to the manufacturer’s
protocol. The concentration and purity of RNA were determined
using a Nanodrop UV spectrometer, and up to 0.5 pg of RNA was
transcribed to ¢cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Expression of target
genes was analyzed using SYBR Green reagent or TagMan
reagents in Rotor-Gene PCR cycler (Corbett Life Science) with
gene-specific primers or probes (Supplementary Table S1). Relative

expressions of target genes were presented as 2"

AACT

and fold change

as 2" compared to uninfected or non-treated control.

Immunofluorescence of cells

Uroepithelial cells 5637 were seeded in 24-well plates with 12-
mm coverslips, and four conditions were established: cells treated
with or without 5 uM of LD4-PP and with or without infection with
MOI 5 of E. coli CFT073. After the required incubation time, the
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cells were fixed in 4% PFA for 15 min at room temperature and
permeabilized with 0.1% Triton X-100 in PBS. Thereafter, the cells
were blocked for an additional 60 min with the 5% BSA. The cells
were stained with specific antibodies as described earlier (8). The
required dilution of both primary and relevant secondary
antibodies is mentioned in Supplementary Table S2. Thereafter,
cells were counter-stained using 2.5 pug mL™ 4',6-diamidino-2-
phenylindole (DAPI, Invitrogen). Confocal images were acquired
on a LSM 700 microscope (Carl Zeiss) using x63 oil immersion
objective. Images were processed for intensity quantification by
Image] software (NITH).

Caspase 1 activity assay

Uroepithelial cells 5637 were grown in respective media to reach
80% confluence in a 96-well plate, pre-incubated with 50 uM
caspase 1 substrate Ac-YVAD-AMC (Enzo Life Sciences) for 1 h
at 37°C and 5% CO, prior to the E. coli infection. The cells were
infected with E. coli at MOI 5 and treated with 5 uM of LD4-PP at 1
h after infection. Comparisons were made between uninfected or
infected cells treated with LD4-PP. Samples were analyzed after 6 h
of infection with a fluorescent plate reader (Cytation 3 BioTek) at
excitation/emission settings of 340/440 nm. The substrate with only
medium was used as a control to subtract the basal
fluorescence later.

IL-1P release

Uroepithelial cells 5637 were grown in RPMI-1640 media to
reach 80% confluence in a 96-well plate. The cells were infected with
E. coli at MOI 5 and treated with 5 uM of LD4-PP at 1 h after
infection. After a total infection time of 6 h, an enzyme-linked
immunosorbent assay (ELISA) was performed to measure IL-13
(ELISA MAX Deluxe Sets, BioLegend).

Free radical formation assay

Uroepithelial cells 5637 were treated with 5 uM of LD4-PP and
infected with E. coli. Supernatants were collected and mixed with
equal volumes of Griess reagent (Invitrogen) based on the
manufacturer’s protocol after 3 h of infection. Optical density was
measured at 550 nm, and free nitrite was evaluated and normalized
in untreated control cells.

For total ROS analysis, 10 uM DCFH-DA (Sigma) was added to
the cells, and these were incubated at 37°C and 5% CO, for another 2 h.
Fluorescence intensity was measured at excitation 485 nm and
emission 530 nm (Fluostar Omega). Similarly, for mitochondrial
ROS analysis after 1 h of E. coli infection, the cells were first washed
with 1x Hanks’ balanced salt solution (HBSS), and then 5 uM Mitosox
(Life Technologies) was added and left for 30 mins. Live cell imaging
was done using Zeiss LSM 700 to measure the mitochondrial ROS.
Fluorescence intensity was quantified using Image].
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Statistical analysis

All statistical tests were performed in GraphPad Prism version
5. Data were obtained from Student’s unpaired t-test, non-
parametric test using Mann-Whitney U-test, paired t-test and
non-parametric one-way ANOVA, Bonferonni’s multiple
comparisons, and Dunnett’s one-way ANOVA test as
appropriate. Differences with p-values below 0.05 were considered
statistically significant.

Results

LD4-PP design and structural change
when in contact with membrane

The sequence of LD4-PP represents a dimer of the shortest
antimicrobial (KR-12) sequence of the human cathelicidin peptide
LL-37 (20). It includes two linker regions inherited from a cyclic
variant of the same sequence, and key residue substitutions are
maintained at positions 5 and 9, augmenting antimicrobial activity.
The C-terminal is amidated for stabilization toward exoproteases
and to facilitate automated peptide synthesis in high yield.
Figure 1A shows the design and amino acid sequence of LD4-PP.

NMR was first used to investigate the structure of LD4-PP in
solution. 1D and 2D spectra revealed limited dispersion and
broadened peaks, indicating an unstructured state in aqueous
conditions. To investigate potential structural changes in
environments resembling bacterial membranes, SDS-micelles
were introduced. However, the complexity of the NMR spectra
rendered precise assignments impossible, and the exact structure
remained unknown. Then, 16:0 lyso-phosphatidylglycerol (lyso-
PG) micelles were used instead of SDS. These micelles mimic the
anionic composition of microbial membranes, with a diameter
comparable to biological membrane thickness, and were
employed at a 1:1 peptide-to-micelle ratio. Due to substantial
spectral overlap and the high concentration of lyso-PG, the
spectra were again challenging to assign, although amide protons
were slightly better dispersed. Figures 1B, C show the 1H spectra,
and TOCSY and NOESY spectra of LD4-PP are found as shown in
Supplementary Figure S2.

In contrast to NMR, circular dichroism (CD) spectroscopy
provided insight into the secondary structure. CD spectra of the
peptide were recorded in Tris buffer with and without lyso-PG
micelles. LD4-PP displayed random coil confirmations in the
absence of micelles, consistent with the NMR experiments above;
in the presence of micelles, the peptide is predominantly o-helical.

LD4-PP shows potent antibacterial activity
and damages the bacterial membrane

The MIC of LD4-PP was evaluated against type strains and
clinical uropathogenic bacterial isolates, including both sensitive
and resistant E. coli species. The MIC was determined to be 1.56 uM
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against both type and clinical strains (n=2 and n =10,
different isolates).

Cationic AMPs are known to act on the negatively charged
bacterial cell wall. To examine the effect of LD4-PP, the morphology
of LD4-PP-treated and untreated E. coli CFT073 was observed
under a scanning electron microscope (SEM). The LD4-PP
treatment resulted in a marked increase in membrane roughness,
the presence of blebs throughout the bacterial surface, and evidence
of membrane damage when compared to the untreated control
(Figure 2A). Furthermore, the direct interaction with membranes
was demonstrated with a liposome leakage assay using E. coli
phospholipids. LD4-PP induced leakage at sub-micromolar
concentration with an ECsy of 0.9 uM, as shown in Figure 2B.
The leakage kinetics and concentration dependence were similar in
nature to that of LL-37, implicating bacterial membrane disruption
as the mechanism responsible for the observed bactericidal activity.

10.3389/fimmu.2025.1705805

LD4-PP affects metabolic activity and
inhibits biofilm formation

To assess the bacterial metabolic activity of E. coli, we
performed the XTT assay upon LD4-PP treatment. The metabolic
activity of LD4-PP-treated E. coli was reduced by almost 75%
compared to untreated E. coli (Figure 2C). Furthermore, genomic
DNA was isolated from control and LD4-PP-treated E. coli, clearly
showing a smear indicating the fragmentation of genomic DNA
with 1.56 pM LD4-PP 1-h treatment in E. coli (Figure 2D).

Metabolically active bacteria can form a biofilm, which protects
them from external threats such as host defense peptides and
antibiotics. Hence, we also tested if LD4-PP could inhibit the
formation of biofilm caused by antibiotic-sensitive, ESBL-
producing, and MDR-E. coli. Treatment with LD4-PP showed a
significant reduction, nearly eradicating the production, of biofilm
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LD4-PP showed potent antimicrobial activity. (A) Representative scanning electron microscopy images of LD4-PP-treated and untreated E. coli.
Marked increase in surface roughness, few blebs, and membrane damage (marked with arrows) were observed in LD4-PP-treated E. coli in
comparison to the untreated condition (n = 3). (B) LD4-PP-induced liposome leakage was assessed on E. coli liposomes. LD4-PP induced leakage at
sub-micromolar concentration with an ECsg of 0.9 uM. The results are the means from triplicate experiments with standard deviations. (C) Metabolic
activity of E. coli determined using XTT assay at 24 h after LD4-PP treatment, expressed as the percentage of untreated E. coli (n = 3). (D) The
genomic DNA of E. coli was isolated, and fragmentation of DNA was observed in 1.56 yM LD4-PP-treated E. coli, indicating significant genomic
instability in comparison to the untreated genome (n = 3). The inhibition of new biofilm formation was analyzed after 72 h of incubation; 5 yM LD4-
PP prevented biofilm formation by clinical strains of (E) E. coli (n = 10), (F) ESBL-producing E. coli (n = 10), and (G) MDR E. coli (n = 10). Data are
shown as normalized to control and are mean + SEM. Significance levels were mentioned as **p < 0.01 and ****p < 0.0001
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produced by antibiotic-sensitive, ESBL-producing, and MDR E. coli
(Figures 2E-G).

LD4-PP protects uroepithelial cells from E.
coli infection

After observing the promising direct antibacterial activity, we
investigated the effect of LD4-PP in the treatment of infected
uroepithelial cells. To mimic the natural situation, treatment at 2
h after infection was initiated. Interestingly, we observed a complete
eradication of attached/intracellular bacteria for E. coli CFT073
(Figure 3A), ESBL-producing E. coli (Figure 3B), and MDR E.
coli (Figure 3C).

LD4-PP modulates uroepithelial cell
membrane proteins

Given the results showing significantly less infection in LD4-
PP-treated uroepithelial cells, we hypothesized whether this could
be due to indirect effects, potentiating the direct effect, such as
causing alterations in cell membrane proteins. During UTI, after
bacterial attachment to uroepithelial cells, the cell surface protein
caveolin 1 influences the endocytic uptake of E. coli by forming a
flask-shaped caveolae (21). Interestingly, LD4-PP treatment on
uninfected human uroepithelial cells resulted in a lower
expression of CAVI compared to the untreated control
(Figure 3D). In contrast, when treating cells infected with E. coli,
we did not observe any changes in the expression of caveolin-1,
neither on the mRNA (Figure 3E) nor protein level (Figure 3F)
compared with the infected, non-treated controls, indicating that
infection treatment lacked effect.

Endocytosis of invading E. coli via caveolae is also influenced by
Rho proteins, which localize to caveolae and interact with caveolins
(22). Therefore, we investigated the effect of LD4-PP on Rho
GTPase B which is known to play an important role in
intracellular bacterial survival. Surprisingly, we did not see any
effect on RhoB by LD4-PP alone (Figure 3G), neither on the mRNA
nor on the protein level (Figure 3I). However, in contrast to the
caveolin-1 results in the infection condition, LD4-PP increased the
expression of RhoB both on the mRNA (Figure 3H) and protein
level (Figure 3I) in E. coli-infected cells.

Other cell membrane genes involved in bacterial attachment
and invasion, like ITGBI, were only slightly increased by LD4-PP in
uninfected cells, while UPKIA was not influenced in either
uninfected or infected cells (Supplementary Figure S3).

LD4-PP differentially regulates free radical
formation

Free radical formation is an important innate immune response

upon infection. Interestingly, NOS2 mRNA was upregulated in
LD4-PP-treated uroepithelial cells when treated with LD4-PP
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(Figure 4A), but when treated after E. coli infection, the effect was
outcompeted (Figure 4B). Similarly, in agreement with the mRNA
levels, LD4-PP alone significantly increased the expression of NOS2
at the protein level. E. coli infection further increased the expression
of NOS2, whereas in LD4-PP treated cells, we observed no marked
change in the expression of NOS2 levels at the protein level
(Figure 4C). However, free nitrite levels did not show any
difference between LD4-PP and untreated cells, whereas E. coli
infection resulted in increased nitrite levels (Figure 4D). This effect
was alleviated by LD4-PP treatment of infected cells. In contrast,
LD4-PP treatment after infection resulted in slightly increased
levels of total intracellular ROS as compared with the control
(Figure 4E). Similarly, LD4-PP treatment resulted in increased
levels of mitochondrial ROS. In contrast, we observed no clear
difference in mitochondrial ROS between E. coli-infected and LD4-
PP-treated cells and control cells infected with E. coli (Figure 4F).

Upon response to free radicals, host cells express antioxidants to
limit excessive self-damage. Since an increase in the expression of
free radicals in LD4-PP-treated uroepithelial cells was observed, we
expected compromised levels of regulators of antioxidants, like
nuclear factor erythroid 2 related factor 2 (NRF2). Interestingly,
we observed a decreased expression of NRF2 in uninfected and
LD4-PP-treated cells, respectively (Figure 5A), and when treating
infected cells with LD4-PP (Figure 5B). Similar observations were
observed for KEAPI mRNA (Figures 5C, D). Furthermore, to
support the effect of NRF2 translocation, NRF2 target genes like
HMOX1 were analyzed and found to have decreased mRNA
expression in LD4-PP-treated uroepithelial cells (Figure 5E) but
did not alter after E. coli infection (Figure 5F).

LD4-PP-mediated inflammasome pathway
and secretion of proinflammatory
cytokines

E. coli infection triggers the inflammasome-mediated pathway,
which, in turn, activates inflammatory responses and cell death,
such as NLRP3 and Apoptosis-associated Speck-like protein
containing a CARD (ASC). Therefore, we investigated the effect
of LD4-PP on inflammasome markers during E. coli infection. LD4-
PP treatment significantly increased the mRNA of NLRP3 in
uninfected cells (Figure 6A) and when cells were infected with E.
coli and treated (Figure 6B), whereas no difference was observed in
the ASC expression (Figures 6C, D) with decreased expression of
CASPASEI (Figures 6E, F) when compared to the respective control
cells. LD4-PP alone did not significantly increase the caspase 1
activity (Figure 6G). However, after 6 h of E. coli infection, caspase 1
activity was increased in LD4-PP-treated cells (Figure 6H).

The increased expression of caspase 1 activity resulted in an
increased expression of ILIB mRNA in LD4-PP-treated (Figure 6I)
and E. coli-infected uroepithelial cells (Figure 6]) with a similar
observation for IL6 and CXCL8 mRNA (Supplementary Figure S4).
However, IL-1f ELISA revealed increased levels with LD4-PP only
at the uninfected state (Figure 6K) and with decreased levels in
LD4-PP-treated E. coli-infected cells (Figure 6L). This observation
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coli multidrug-resistant (MDR) (CCUG 62975) after infection in uroepithelial cells 5637 followed by treatment of 5 uM LD4-PP 2 h post-infection (n = 3).
ND, not detected. Expression of CAVI mRNA (D) upon 5 uM LD4-PP treatment and (E) at 1 h after infection followed by 1 h of 5 yM LD4-PP treatment

). (F) Intracellular caveolin-1 was stained with Alexa-647 (magenta) and DAPI (blue) for LD4-PP alone at 2 h after

E. coli infection or 1 h after infection followed by 1 h of LD4-PP treatment (n = 3). Similarly, expression of RHOB mRNA (G) upon 5 yM LD4-PP

treatment and (H) at 1 h after infection followed by 1 h of 5 uM LD4-PP treatment in human uroepithelial cells 5637 (n =

4). (I) Intracellular RhoB was

stained with Alexa-488 (green) and DAPI (blue) for LD4-PP alone at 2 h after E. coli infection or 1 h after infection followed by 1 h of LD4-PP treatment
(n = 3). Data are shown as mean + SEM. Significance levels were mentioned as *p < 0.05 and **p < 0.01.

could be due to the increased levels of IL-1f triggered by E.
coli infection.

LD4-PP protects host cells from E. coli-
induced cell death

In addition to their immunomodulatory influence, AMPs can
be toxic to cells depending on the concentration. Although we used
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a non-cytotoxic concentration, we were interested in investigating a
possible impact on cell death and therefore analyzed specific cell
death markers. Apoptotic markers caspase 3 (Figure 7A) and
caspase 9 (Figure 7B) revealed increased expression due to E. coli
infection, whereas LD4-PP treatment nullified the effect of
infection. Furthermore, the staining of relevant cell organelles,
lysosome (Figure 7C), and mitochondria (Figure 7D) confirmed
the toxic effect caused by infection and the rescue by treatment with
LD4-PP.
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treatment with 5 uM of LD4-PP, E. coli-infected cells after 2 h, followed by 1-h treatment of LD4-PP (n = 4). (F) For mitochondrial ROS, the
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PP treatment (n = 3). Data are shown as mean + SEM. Significance levels were mentioned as **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Discussion

Appropriate clinical antibiotic stewardship is made difficult
with the increase in broad-range antibiotic resistance, thus calling
for immediate action. We speculate that AMPs can serve as a

complement or potential alternative to traditional antibiotics due to

Frontiers in Immunology

their high and broad antimicrobial activity, lower rate of resistance
development, and positive host immunomodulatory effects as a
future treatment regime. Presently, the intrinsic instability of
natural AMPs poses a major challenge for their usage in clinical
settings, but chemical modifications can significantly increase their
stability (23).
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shown as mean + SEM. Significance levels were mentioned as *p < 0.05 and **p < 0.01**.

The basis for LD4-PP peptide design was based on our previous
work by combining two monomers, each featuring two amino acid
substitutions and originating from the shortest antibacterial peptide
sequence identified in LL-37 (known as KR-12) (16, 20).
Significantly, each linker comprises a proline residue to introduce
a kink in the backbone to potentially facilitate the folding of the
peptide into two adjacent ci-helices. To assess the success of the
structural design, NMR spectroscopy was initially employed.
However, the assignment of residues proved challenging due to
overlapping signals and poor peak dispersion, suggesting a
disordered peptide. The use of lyso-PG micelles did improve
dispersion, indicating some elements of structure. The use of CD
then revealed the secondary structure of the peptide; in buffer, LD4-
PP adopts a random coil conformation, transitioning into a broadly
o-helical conformation in membrane-mimicking environments.
This transition is analogous to the parent peptide, KR-12.

The ability to separate internal from external components is
essential for a cell to survive. Therefore, for bacteria to multiply and
survive, membrane integrity is fundamental. We observed an
increased number of bacterial blebbing on the LD4-PP-treated E.
coli surface as well as significant changes in the membrane surface.
Stressors, including AMPs, are known to alter the peptidoglycan of
the cell wall, leading to membrane blebbing, a known determinant
of integrity loss (24). Bacterial metabolic activity was also impacted
by LD4-PP, which is in line with previous reports where synthetic
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and endogenous AMPs are known to inhibit metabolic activity by
inhibiting the cell wall, nucleic acid, protein synthesis, or enzymatic
activity (25). AMPs, being positively charged, are well known for
making pores on the bacterial surface. The impact of entry by these
small peptides can be investigated by evaluating the impact on the
genetic material of the bacteria. Interestingly, we observed that
LD4-PP can degrade the bacterial DNA at the MIC concentration,
thereby suggesting a possible genotoxic effect, similar to the AMP
clavanin A, which triggers DNA damage in E. coli (26).

Biofilm is a major hurdle to effective antibiotic treatment in
UTIs. It is well known that multiple bacterial species reside in the
mature biofilm and often complicate the antibacterial treatment.
Interestingly, LD4-PP was found to be potent in inhibiting the
biofilm formation of both sensitive and multidrug-resistant E. coli
clinical strains, highlighting the broad-spectrum ability of LD4-PP.

Apart from its direct in vitro antibacterial activity, LD4-PP was
also found to be highly potent in killing bacteria infecting human
uroepithelial cells. This observation could be due to the direct
antimicrobial activity of LD4-PP alone, but peptide-induced
alterations in the host cell response could be a contributing
factor. We observed that LD4-PP treatment alone reduced the
expression of cell membrane lipid caveolae, caveolin 1. This is
intriguing because caveolin 1 influences the endocytic uptake of E.
coli through caveolae (21). Rho proteins can often be regulated by
localizing to caveolae and interacting with caveolins (22).
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LD4-PP regulates the inflammasome pathway. Expression of NLRP3 mRNA (A) upon 5 uM LD4-PP treatment and (B) at 2 h after E. coli infection and
5 uM LD4-PP treatment in human uroepithelial cells 5637 (n = 4). Expression of ASC mRNA (C) upon 5 uM LD4-PP treatment and (D) at 2 h after

E. coli infection and 1 h treatment of 5 uM LD4-PP treatment in human uroepithelial cells 5637 (n = 4). Expression of CASPASELI mRNA (E) upon 5
UM LD4-PP treatment and (F) at 2 h after E. coli infection and 1 h treatment of 5 uM LD4-PP treatment in human uroepithelial cells 5637 (n = 4)
Relative caspase 1 activity assay upon 6 h of E. coli infection or after only (G) LD4-PP treatment (n = 3), and (H) after E. coli infection (n = 3)
Expression of ILIB mRNA (I) upon 5 pM LD4-PP treatment, (J) at 2 h after E. coli infection and 1 h infection, followed by 1 h of 5 uM LD4-PP

treatment in human uroepithelial cells 5637 (n =

4). Expression of IL-1p peptide (K) upon 5 uM LD4-PP treatment and (L) after 3 h of infection

followed by 3 h of 5 uM LD4-PP treatment in human uroepithelial cells 5637 (n = 3). Data are shown as mean + SEM. Significance levels were

mentioned as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Interestingly, in contrast to our caveolin-1 results, in post-infection
LD4-PP-treated cells, we observed an increased expression of Rho
GTPase B. This observation is of particular notion as a lower
expression of RhoB in human uroepithelial cells is known to
increase the intracellular bacterial load (27). Our data suggests
that the LD4-PP-mediated alteration in cellular membrane could
reflect the lower rate of infection in human uroepithelial cells.
Upon bacterial infection, human uroepithelial cells are known
to trigger free radicals (28). LD4-PP differentially regulated the
expression of NO in the human uroepithelial cells. NOS2 mRNA
was found to be upregulated, whereas at the protein level, this was
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inversely proportional to the bacterial load. This discrepancy may
be explained by the infection and the well-known IL-1B-mediated
regulation of NOS2 expression via ERK1/2 and STAT1o signaling
pathways (29).

Virulence factors from uropathogenic E. coli are known to
activate NLRP3- and caspase 1-mediated inflammasome in
bladder epithelial cells (30) (31). LD4-PP was found to trigger
NLRP3 without altering ASC mRNA. However, caspase 1 mRNA
was downregulated in LD4-PP-treated cells. This alteration in the
inflammasome pathway could highlight a differential priming
signaling leading to the expression of the cytokine IL-1f without
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involving the activation signaling pathway (32). This observation is
further supported by IL-1 where E. coli-infected and LD4-PP-
treated cells showed a lower IL-1P expression compared to E. coli-
infected cells alone. This indicates that while both LD4-PP and E.
coli infection trigger IL-1P release, treatment with LD4-PP is able to
alleviate the overstimulation of uroepithelial cells.

Apart from the inflammasome pathway, uropathogenic E. coli is
known to induce a series of extrinsic and intrinsic cascades to
initiate uroepithelial apoptosis (33). Several reasons, such as
differentially induced uroplakin III expression, promote
uroepithelial cell death upon response to uropathogenic E. coli
(34), and ferritinophagy helps in the bacterial persistence in
uroepithelial cells (35). We therefore investigated the effect of
LD4-PP on host cell death. However, in the concentrations used,
caspase 3 and caspase 9 revealed non-cytotoxic effects and a strong
host protective effect of LD4-PP against E. coli-infected cells. This
host-beneficial effect is relevant as E. coli is known to induce nuclear
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damage in infected cells (36). Furthermore, our data were supported
with healthy mitochondria and lysosomes in LD4-PP-treated E.
coli-infected cells. Our data show that LD4-PP itself does not induce
epithelial cell death, while uropathogenic E. coli (CFT073) causes
pronounced apoptosis that is rescued by LD4-PP. This was evident
from reduced caspase 3 and caspase 9 expression and preserved
mitochondrial and lysosomal integrity (Figure 7) (33, 34, 37).

Conclusion

Overall, this work highlights the potential of a novel synthetic
AMP as a possible therapeutic agent to prevent and treat UTIs. The
peptide LD4-PP shows strong antibacterial activity against
uropathogens, particularly against drug-resistant bacteria.
Furthermore, the host-protective effect proves that this peptide is
a strong candidate for future clinical development and application.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1705805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mohanty et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.

Author contributions

SM: Conceptualization, Formal Analysis, Investigation,
Methodology, Writing - original draft. JW: Conceptualization,
Formal Analysis, Investigation, Writing — review & editing, Writing
- original draft. YY: Investigation, Writing — review & editing. TM:
Conceptualization, Formal Analysis, Investigation, Writing — review
& editing. ID: Formal Analysis, Investigation, Resources, Writing —
review & editing. AS: Formal Analysis, Investigation, Writing — review
& editing. SG: Formal Analysis, Investigation, Writing — review &
editing. NF: Formal Analysis, Funding acquisition, Resources, Writing
- review & editing. UG: Conceptualization, Formal Analysis, Funding
acquisition, Resources, Writing - review & editing. AB:
Conceptualization, Formal Analysis, Funding acquisition, Project
administration, Resources, Supervision, Writing - original draft,
Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by the Region Stockholm (ALF project) and the Swedish
Neurological Association (AB). Karolinska Institutet’s Research
Foundation (SM, and AB). Swedish research council (Grant

References

1. Wagenlehner F, Wullt B, Ballarini S, Zingg D, Naber KG. Social and economic
burden of recurrent urinary tract infections and quality of life: a patient web-based
study (GESPRIT). Expert Rev Pharmacoecon Outcomes Res. (2018) 18:107-17.
doi: 10.1080/14737167.2017.1359543

2. White JK, Muhammad T, Alsheim E, Mohanty S, Blasi-Romero A, Gunasekera S,
et al. A stable cyclized antimicrobial peptide derived from LL-37 with host
immunomodulatory effects and activity against uropathogens. Cell Mol Life Sci.
(2022) 79:411. doi: 10.1007/s00018-022-04440-w

3. Gan BH, Gaynord J, Rowe SM, Deingruber T, Spring DR. The multifaceted nature
of antimicrobial peptides: current synthetic chemistry approaches and future
directions. Chem Soc Rev. (2021) 50:7820-80. doi: 10.1039/D0CS00729C. Erratum in:
Chem Soc Rev. (2022) 51(2):792. doi: 10.1039/d1¢s90109¢

4. Bechinger B, Gorr SU. Antimicrobial peptides: mechanisms of action and
resistance. ] Dent Res. (2017) 96:254-60. doi: 10.1177/0022034516679973

Frontiers in Immunology

13

10.3389/fimmu.2025.1705805

number 2023-04909, NF).); and the Swedish Research Council
(#2018-03318 and #2023-05530 (UG). This study made use of
the NMR Uppsala infrastructure, which is funded by the
Department of Chemistry - BMC and the Disciplinary Domain of
Medicine and Pharmacy, Uppsala University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1705805/full#supplementary-material

5. Chromek M, Slamova Z, Bergman P, Kovacs L, Podracka L, Ehrén I, et al. The
antimicrobial peptide cathelicidin protects the urinary tract against invasive bacterial
infection. Nat Med. (2006) 12:636-41. doi: 10.1038/nm1407

6. Becknell B, Spencer JD, Carpenter AR, Chen X, Singh A, Ploeger S, et al.
Expression and antimicrobial function of beta-defensin 1 in the lower urinary tract.
PloS One. (2013) 8:€77714. doi: 10.1371/journal.pone.0077714

7. Spencer JD, Schwaderer AL, Wang H, Bartz J, Kline ], Eichler T, et al.
Ribonuclease 7, an antimicrobial peptide upregulated during infection, contributes to
microbial defense of the human urinary tract. Kidney Int. (2013) 83:615-25.
doi: 10.1038/ki.2012.410

8. Mohanty S, Kamolvit W, Scheffschick A, Bjérklund A, Tovi J, Espinosa A, et al.
Diabetes downregulates the antimicrobial peptide psoriasin and increases E. coli
burden in the urinary bladder. Nat Commun. (2022) 13:4983. doi: 10.1038/s41467-
022-32636-y

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1705805/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1705805/full#supplementary-material
https://doi.org/10.1080/14737167.2017.1359543
https://doi.org/10.1007/s00018-022-04440-w
https://doi.org/10.1039/D0CS00729C
https://doi.org/10.1039/d1cs90109e
https://doi.org/10.1177/0022034516679973
https://doi.org/10.1038/nm1407
https://doi.org/10.1371/journal.pone.0077714
https://doi.org/10.1038/ki.2012.410
https://doi.org/10.1038/s41467-022-32636-y
https://doi.org/10.1038/s41467-022-32636-y
https://doi.org/10.3389/fimmu.2025.1705805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mohanty et al.

9. Gunasekera S, Muhammad T, Strémstedt AA, Rosengren KJ, Goransson U. Alanine
and lysine scans of the LL-37-derived peptide fragment KR-12 reveal key residues for
antimicrobial activity. ChemBioChem. (2018) 19:931-9. doi: 10.1002/cbic.201700599

10. Muhammad T, Stromstedt AA, Gunasekera S, Goransson U. Transforming
cross-linked cyclic dimers of KR-12 into stable and potent antimicrobial drug leads.
Biomedicines. (2023) 11:504. doi: 10.3390/biomedicines11020504

11. Liang W, Diana J. The dual role of antimicrobial peptides in autoimmunity.
Front Immunol. (2020) 11:2077. doi: 10.3389/fimmu.2020.02077

12. Johnstone KF, Herzberg MC. Antimicrobial peptides: Defending the mucosal
epithelial barrier. Front Oral Health. (2022) 3:958480. doi: 10.3389/froh.2022.958480

13. Wang]J, Zhang B, Lu W, Liu J, Zhang W, Wang Y, et al. Cell proliferation stimulation
ability and osteogenic activity of low molecular weight peptides derived from bovine gelatin
hydrolysates. J Agric Food Chem. (2020) 68:7630-40. doi: 10.1021/acs.jafc.0c02717

14. Umehara Y, Takahashi M, Yue H, Trujillo-Paez JV, Peng G, Nguyen HLT, et al.
The antimicrobial peptides human B-defensins induce the secretion of angiogenin in
human dermal fibroblasts. Int J Mol Sci. (2022) 23:8800. doi: 10.3390/ijms23158800

15. Wang G, Chen Z, Tian P, Han Q, Zhang J, Zhang AM, et al. Wound healing
mechanism of antimicrobial peptide cathelicidin-DM. Front Bioeng Biotechnol. (2022)
10:977159. doi: 10.3389/fbioe.2022.977159

16. Gunasekera S, Muhammad T, Strémstedt AA, Rosengren KJ, Géransson U.
Backbone cyclization and dimerization of LL-37-derived peptides enhance antimicrobial
activity and proteolytic stability. Front Microbiol. (2020) 11:168. doi: 10.3389/
fmicb.2020.00168

17. Stromstedt AA, Park S, Burman R, Goéransson U. Bactericidal activity of
cyclotides where phosphatidylethanolamine-lipid selectivity determines
antimicrobial. spectra. Biochim Biophys Acta Biomembr. (2017) 1859:1986-2000.
doi: 10.1016/j.bbamem.2017.06.018

18. Stromstedt AA, Kristiansen PE, Gunasekera S, Grob N, Skjeldal L, Goransson U.
Selective membrane disruption by the cyclotide kalata B7: complex ions and essential
functional groups in the phosphatidylethanolamine binding pocket. Biochim Biophys
Acta. (2016) 1858:1317-27. doi: 10.1016/j.bbamem.2016.02.013

19. Alvendal C, Mohanty S, Bohm-Starke N, Brauner A. Anti-biofilm activity of
chlorhexidine digluconate against Candida albicans vaginal isolates. PloS One. (2020)
15:¢0238428. doi: 10.1371/journal.pone.0238428

20. Wang G. Structures of human host defense cathelicidin LL-37 and its smallest
antimicrobial peptide KR-12 in lipid micelles. J Biol Chem. (2008) 283:32637-43.
doi: 10.1074/jbc.M805533200

21. Zaas DW, Swan Z, Brown BJ, Wright JR, Abraham SN. The expanding roles of
caveolin proteins in microbial pathogenesis. Commun Integr Biol. (2009) 2:535-7.
doi: 10.4161/c¢ib.2.6.9259

22. Grande-Garcia A, Echarri A, de Rooij ], Alderson NB, Waterman-Storer CM,
Valdivielso JM, et al. Caveolin-1 regulates cell polarization and directional migration
through Src kinase and Rho GTPases. J Cell Biol. (2007) 177:683-94. doi: 10.1083/
jcb.200701006

23. Han Y, Zhang M, Lai R, Zhang Z. Chemical modifications to increase the
therapeutic potential of antimicrobial peptides. Peptides. (2021) 146:170666.
doi: 10.1016/j.peptides.2021.170666

Frontiers in Immunology

14

10.3389/fimmu.2025.1705805

24. Ultee E, Ramijan K, Dame RT, Briegel A, Claessen D. Stress-induced adaptive
morphogenesis in bacteria. Adv Microb Physiol. (2019) 74:97-141. doi: 10.1016/
bs.ampbs.2019.02.001

25. Brogden KA. Antimicrobial peptides: pore formers or metabolic inhibitors in
bacteria? Nat Rev Microbiol. (2005) 3:238-50. doi: 10.1038/nrmicro1098

26. Juliano SA, Serafim LF, Duay SS, Heredia Chavez M, Sharma G, Rooney M, et al.
A potent host defense peptide triggers DNA damage and is active against multidrug-
resistant gram-negative pathogens. ACS Infect Dis. (2020) 6:1250-63. doi: 10.1021/
acsinfecdis.0c00051. Erratum in: ACS Infect Dis. (2020) 6(9):2542. doi: 10.1021/
acsinfecdis.0c00549

27. Moorthy S, Byfield FJ, Janmey PA, Klein EA. Matrix stiffness regulates
endosomal escape of uropathogenic E. coli. Cell Microbiol. (2020) 22:e13196.
doi: 10.1111/cmi.13196

28. Mohanty S, Lindelauf C, White JK, Scheffschick A, Ehrenborg E, Demirel I, et al.
Inhibition of COX-2 signaling favors E. coli during urinary tract infection. J
Inflammation (Lond). (2023) 20:30. doi: 10.1186/512950-023-00356-9

29. Singh K, Balligand JL, Fischer TA, Smith TW, Kelly RA. Regulation of cytokine-
inducible nitric oxide synthase in cardiac myocytes and microvascular endothelial cells.
Role of extracellular signal-regulated kinases 1 and 2 (ERK1/ERK2) and STAT1 alpha.
Biol Chem. (1996) 271:1111-7. doi: 10.1074/jbc.271.2.1111

30. Nagamatsu K, Hannan TJ, Guest RL, Kostakioti M, Hadjifrangiskou M, Binkley
], et al. Dysregulation of Escherichia coli a-hemolysin expression alters the course of
acute and persistent urinary tract infection. Proc Natl Acad Sci U.S.A. (2015) 112:E871-
80. doi: 10.1073/pnas.1500374112

31. Verma V, Kumar P, Gupta S, Yadav S, Dhanda RS, Thorlacius H, et al. a-
Hemolysin of uropathogenic E. coli regulates NLRP3 inflammasome activation and
mitochondrial dysfunction in THP-1 macrophages. Sci Rep. (2020) 10:12653.
doi: 10.1038/s41598-020-69501-1

32. Shimizu T, Nakamura H, Kawakami A. Role of the innate immunity signaling
pathway in the pathogenesis of sjogren’s syndrome. Int J Mol Sci. (2021) 22:3090.
doi: 10.3390/ijms22063090

33. Klumpp DJ, Rycyk MT, Chen MC, Thumbikat P, Sengupta S, Schaeffer AJ.
Uropathogenic Escherichia coli induces extrinsic and intrinsic cascades to initiate
urothelial apoptosis. Infect Immun. (2006) 74:5106-13. doi: 10.1128/TAL.00376-06

34. Thumbikat P, Berry RE, Schaeffer AJ, Klumpp DJ. Differentiation-induced
uroplakin IIT expression promotes urothelial cell death in response to uropathogenic
E. coli. Microbes Infect. (2009) 11:57-65. doi: 10.1016/j.micinf.2008.10.008

35. Bauckman KA, Mysorekar IU. Ferritinophagy drives uropathogenic Escherichia
coli persistence in bladder epithelial cells. Autophagy. (2016) 12:850-63. doi: 10.1080/
15548627.2016.1160176

36. Chagneau CV, Massip C, Bossuet-Greif N, Fremez C, Motta JP, Shima A, et al.
Uropathogenic E. coli induces DNA damage in the bladder. PloS Pathog. (2021) 17:
€1009310. doi: 10.1371/journal.ppat.1009310

37. Demirel I, Persson A, Brauner A, Sirndahl E, Kruse R, Persson K. Activation of
the NLRP3 inflammasome pathway by uropathogenic Escherichia coli is virulence
factor-dependent and influences colonization of bladder epithelial cells. Front Cell
Infect Microbiol. (2018) 8:81. doi: 10.3389/fcimb.2018.00081

frontiersin.org


https://doi.org/10.1002/cbic.201700599
https://doi.org/10.3390/biomedicines11020504
https://doi.org/10.3389/fimmu.2020.02077
https://doi.org/10.3389/froh.2022.958480
https://doi.org/10.1021/acs.jafc.0c02717
https://doi.org/10.3390/ijms23158800
https://doi.org/10.3389/fbioe.2022.977159
https://doi.org/10.3389/fmicb.2020.00168
https://doi.org/10.3389/fmicb.2020.00168
https://doi.org/10.1016/j.bbamem.2017.06.018
https://doi.org/10.1016/j.bbamem.2016.02.013
https://doi.org/10.1371/journal.pone.0238428
https://doi.org/10.1074/jbc.M805533200
https://doi.org/10.4161/cib.2.6.9259
https://doi.org/10.1083/jcb.200701006
https://doi.org/10.1083/jcb.200701006
https://doi.org/10.1016/j.peptides.2021.170666
https://doi.org/10.1016/bs.ampbs.2019.02.001
https://doi.org/10.1016/bs.ampbs.2019.02.001
https://doi.org/10.1038/nrmicro1098
https://doi.org/10.1021/acsinfecdis.0c00051
https://doi.org/10.1021/acsinfecdis.0c00051
https://doi.org/10.1021/acsinfecdis.0c00549
https://doi.org/10.1021/acsinfecdis.0c00549
https://doi.org/10.1111/cmi.13196
https://doi.org/10.1186/s12950-023-00356-9
https://doi.org/10.1074/jbc.271.2.1111
https://doi.org/10.1073/pnas.1500374112
https://doi.org/10.1038/s41598-020-69501-1
https://doi.org/10.3390/ijms22063090
https://doi.org/10.1128/IAI.00376-06
https://doi.org/10.1016/j.micinf.2008.10.008
https://doi.org/10.1080/15548627.2016.1160176
https://doi.org/10.1080/15548627.2016.1160176
https://doi.org/10.1371/journal.ppat.1009310
https://doi.org/10.3389/fcimb.2018.00081
https://doi.org/10.3389/fimmu.2025.1705805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Synthetic antimicrobial peptide LD4-PP protects the host against E. coli-induced cell death
	Introduction
	Materials and methods
	Synthesis of LD4-PP
	Nuclear magnetic resonance analysis
	Circular dichroism spectrum analysis
	Bacterial strains
	Minimum inhibitory concentration assay
	Scanning electron microscopy
	Liposomal leakage assay
	Biofilm formation
	Cell lines and culture conditions
	XTT assay
	Cell infection assays
	Gene expression analysis
	Immunofluorescence of cells
	Caspase 1 activity assay
	IL-1β release
	Free radical formation assay
	Statistical analysis

	Results
	LD4-PP design and structural change when in contact with membrane
	LD4-PP shows potent antibacterial activity and damages the bacterial membrane
	LD4-PP affects metabolic activity and inhibits biofilm formation
	LD4-PP protects uroepithelial cells from E. coli infection
	LD4-PP modulates uroepithelial cell membrane proteins
	LD4-PP differentially regulates free radical formation
	LD4-PP-mediated inflammasome pathway and secretion of proinflammatory cytokines
	LD4-PP protects host cells from E. coli-induced cell death

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


