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Chapter 3

Abstract

Recently, using a deep learning approach, the novel antibiotic halicin was discovered.
We compared the antibacterial activities of two novel bactericidal antimicrobial agents,
i.e., the synthetic antibacterial and antibiofilm peptide (SAAP)-148 with this antibiotic
halicin. Results revealed that SAAP-148 was more effective than halicin in killing
planktonic bacteria of antimicrobial-resistant (AMR) Escherichia coli, Acinetobacter
baumannii and Staphylococcus aureus, especially in biologically relevant media,
such as plasma and urine, and in 3D human infection models. Surprisingly, SAAP-148
and halicin were equally effective against these bacteria residing in immature and
mature biofilms. As their modes of action differ, potential favorable interactions
between SAAP-148 and halicin were investigated. For some specific strains of AMR
E. coli and S. aureus synergism between these agents was observed, whereas for
other strains, additive interactions were noted. These favorable interactions were
confirmed for AMR E. coliin a 3D human bladder infection model and AMR S. aureus
in a 3D human epidermal infection model. Together, combinations of these two novel
antimicrobial agents hold promise as an innovative treatment for infections not
effectively treatable with current antibiotics.
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1. Introduction

Effective antibiotics are essential to our society as they are widely used for the
treatment and prevention of bacterial infections. In addition, they are a prerequisite
for medical innovations, such as transplantations, experimental surgery and
advanced tumor treatments. Already by the 1950s, most classes of current antibiotics
had been discovered, mainly through the screening of secondary metabolites from
environmental microbes for bactericidal activities [1, 2]. Since the 1970s, a wide
variety of analogues and derivatives of these antibiotics with improved activity and
pharmacokinetic properties and (slightly) less resistance has been developed.
However, so far, almost no antibiotics with a mode of action different from the
current antibiotics have been developed. Different approaches have been used in
attempts to discover novel antimicrobial agents. Synthetic biology has focused, for
example, on polyketide synthases and non-ribosomally produced peptide synthases.
This approach has been successful in the production of new antibiotics, such as
macrolides and tetracycline antibiotics, and novel peptides with bactericidal activities
[2]. Recently, a novel class of ribosomally synthesized and post-translationally
modified peptides (RiPPs) was discovered using machine learning algorithms to
predict novel RiPP precursors [3].

Unfortunately, (ab)use of antibiotics in humans and animals has contributed to the
worldwide emergence of antimicrobial-resistant (AMR) bacterial strains [4], which
may lead to a scenario in which simple infections, such as bladder infections,
respiratory tract infections and skin wound infections, pose a major threat to
public health. In addition, biofilm and persister formation by these pathogens
further challenge the efficacy of antibiotics [5, 6]. Together, the increasing failure
of antibiotics highlights the need for innovative therapeutic agents. Consequently,
current research focused on naturally occurring antimicrobial peptides (AMPs) from
an array of species, ranging from plants to mammals, including humans. These
AMPs have been isolated from biological sources and/or identified by mining their
genomes. Libraries of modified peptides have been synthesized and tested for their
ability to combat bacterial infections, including infections caused by antimicrobial
resistant micro-organisms. Synthetic antimicrobial and antibiofilm peptides (SAAPs),
such as SAAP-148, are bactericidal agents that are highly effective against (AMR)
bacterial infections in vitro and in animal models [7, 8]. SAAP-148 quickly induces
bacterial cell death upon interaction with the bacterial plasma membrane, resulting in
membrane destabilization, permeability and leakage [7]. Importantly, another peptide
from the SAAP family, i.e., P60.4Ac, proved successful in the treatment of chronic
otitis media in therapy-resistant patients [9], indicating the potential of SAAPs.
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Over the last few decades, the use of computer-assisted tools has increased
dramatically in the search for novel AMPs and antibiotics [10, 11]. For instance, using
the Drug Repurposing Hub, a deep learning model recently identified halicin as a new
antibiotic [12]. Additional experiments indicated halicin to be bactericidal in in vitro
experiments and in mice. The mode of action of halicin was ascribed to its ability to
dissipate the transmembrane ApH potential of the proton motive force. Likely, halicin
interferes with the electrochemical transmembrane gradient via prior complexation
with iron, which results in reduced viability and eventually the death of bacterial
cells. In addition, the formulation of this antibiotic into electron-spun fibers, which
can potentially be used as wound dressing, maintained biological activity against
strains of Escherichia coli, Staphylococcus aureus and Acinetobacter baumannii,
while completely releasing halicin in two hours [13].

In light of the above, the present study compared the in vitro antibacterial and
cytotoxic activities of SAAP-148 and halicin. Since the majority of clinical infections
are biofilm-associated infections, the antibiofilm activities of both agents against
24-hour-immature and 7-days-mature biofilms were determined. Combined treatment
with these two bactericidal agents, which have a different mode of action, can have
attractive advantages. Therefore, this study aimed at identifying possible synergistic
effects between SAAP-148 and halicin. Here, we demonstrate that SAAP-148 and
halicin act synergistically against strains of E. coli and S. aureus. These favorable
interactions were validated in relevant 3D models for E. coli bladder infections and
S. aureus skin wound infections.

2. Materials and methods

2.1. Antibacterial agents

SAAP-148 (acetyl-LKRVWKRVFKLLKRYWRQLKKPVR-amide) was synthesized
by Fmoc chemistry on an automated peptide synthesizer (Syro Il, MultiSyntech,
Witten, Germany), as described previously [14]. The molecular mass of the peptide
(3269.6 g/mol) was confirmed by mass spectrometry and purity amounted to
>95%, as determined by ultra-high-performance liquid chromatography. Lyophilized
peptide was stored at -20 °C until use. For the experiments, a stock solution of
5.12 mM SAAP-148 was prepared in Milli-Q and further diluted in PBS to obtain
working solutions <204.8 yM. Halicin (SU 3327; 261.3 g/mol) was obtained from
Tocris Bioscience (Bristol, UK). For experiments, halicin was dissolved in DMSO to
a concentration of 51.2 mM and further diluted in PBS to obtain working solutions
<204.8 pM.
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2.2. Bacteria

The following strains were used in this study: antimicrobial-resistant (AMR)
A. baumannii strain RUH875; MRSA strains LUH14616 (NCCB100829, AMR),
LUH15051 (methicillin and mupirocin resistant) and LUH15093 (SAC042W/
USA300); and E. coli strains LUH15108 (AMC1677, a pathogenic strain), LUH15117
(colistin resistant, ESKAPE panel (AMR)) and LUH15174 (SPA012, invasive strain,
AMR). Bacteria were stored in glycerol at =80 °C until use. Prior to experiments,
bacteria were cultured on blood agar plates overnight at 37 °C. Thereafter, bacteria
were cultured to mid-log phase in tryptic soy broth (TSB) for 2.5 h under continuous
rotation, centrifuged at 1000xg for 10 min, the broth was removed, and the bacteria
were resuspended in the preferred medium to the required concentrations based on
the optical density at 600 nm.

2.3. In vitro killing assay

Mid-log phase bacteria were resuspended in phosphate-buffered saline
(PBS; pH 7.4) to a concentration of 5x108 CFU/mL. Subsequently, 30 yL of PBS
containing increasing concentrations of SAAP-148 or halicin, 50 pL of pooled human
plasma, pooled human urine or PBS, and finally, 20 uL of the bacterial suspension
were pipetted into wells of a polypropylene V-shape microplate (Greiner BioOne,
Frickenhausen, Germany). After incubation for 4 h at 37 °C under rotation at
200 rpm, the number of viable bacteria was assessed microbiologically. Results are
expressed as lethal concentration (LC),, ., i.e., the lowest concentration of the agent
that killed 99.9% of the inoculum.

99.9’

2.4. Anti-biofilm assay

Bacteria were diluted in BHI (Brain Heart Infusion broth, Oxoid) for 7 days biofilms and
in BM2 medium (prepared as previously described [15]) for 24 h biofilms. Briefly, 100
uL of a suspension of log-phase bacteria (1107 CFU/mL) was added to each well
of a polypropylene flat bottom microplate (Greiner BioOne, Germany) and incubated
for 24 h or 7 days at 37 °C. Next, the planktonic bacteria were removed from the
wells and the latter was washed twice with 100 uL of PBS to remove the remainder
of the non-adherent cells. The biofilms were subsequently exposed to increasing
concentrations of the peptide or halicin in PBS (both at range 0-204.8 uM) for 4
and 24 h at 37 °C. Plates with 24-hour biofilms were sealed with non-breathable
plastic film sealers (Amplistar adhesive plate sealers, Westburg), while plates with
mature biofilms were sealed with breathable Ryon film sealers (VWR European).
Medium controls were used to monitor possible contamination. Finally, the biofilms
were washed once with PBS, the bacteria were harvested in 100 yL PBS by
sonication (Branson 1800, 10 min), and the number of viable bacteria was assessed
microbiologically. Results are expressed as biofilm-inhibiting concentration (BIC),,,
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i.e., the lowest concentration of the agents resulting in 99% reduction in bacterial
counts.

2.5. Hemolysis assay

Citrated whole human blood from healthy volunteers was centrifuged at 3000 rpm
to pellet the erythrocytes and washed three times in PBS before preparing a 2%
erythrocyte suspension in PBS. Subsequently, 25 uL of PBS containing increasing
concentrations of SAAP-148 peptide or halicin were mixed with 50 L of pooled human
plasma or PBS and 25 pL of 2% human erythrocytes in wells of a polypropylene
V-shaped microplate. A 5% (v/v) Triton-X solution in PBS was included as positive
control and PBS as a negative control. The plate was incubated for 1 h at 37 °C
and 5% CO,, after which the erythrocytes were pelleted by centrifugation for 3 min
at 1200 rpm. The supernatant was transferred to a 96-wells flat-bottom plate and
the optical density was measured at 415 nm. Results are expressed as IC,, i.e.,
the concentration of the agent inducing 50% reduction of cytotoxicity. Non-linear
regression curves with bottom and top restrictions at 0 and 100% were fit for each
individual experiment to determine the medians (and ranges) of the IC, values.

2.6. Assays for cytotoxicity using human primary skin fibroblasts and human
RT-4 urothelial cells

Human primary skin fibroblasts (kindly provided by M.H. Rietveld, Department of
Dermatology, LUMC) were cultured in culture flasks using DMEM supplemented with
1% (v/v) GlutaMAX™, 1% (v/v) pen/strep and 5% (v/v) FCS. Next, fibroblasts were
harvested using 0.05% trypsin-EDTA, washed and resuspended to 2x10° cells/mL
and finally 20,000 cells were seeded in 96-wells culture plates. These cells formed
monolayers overnight at 37 °C and 5% CO,. Human urothelial RT-4 cells were
cultured in culture flasks using McCoy’s medium supplemented with GlutaMAX™, 1%
(v/v) pen/strep and 10% (v/v) FCS. Cells were harvested and resuspended to 4x10°
cells/mL and finally, 40,000 cells were seeded in 96-wells culture plates. These cells
formed monolayers upon 36-48 h of incubation at 37 °C and 5% CO,. Thereafter, the
monolayers were exposed for 4 h or 24 h to increasing concentrations of SAAP-148
or halicin in DMEM supplemented with GlutaMAX™, pen/strep and 0.5% (v/v) human
serum. For RT-4 cells, their culture medium was used for the assay. 1% (v/v) Triton-X
was used as positive control and medium as negative control. LDH release from dead
cells into the supernatants was detected by the Cytotoxicity Detection Kit (Roche,
Cat. No. 1644793) and the metabolic activity of the cells was assessed using the
WST-1 reagent (Cell proliferation reagent WST-1; Roche, Cat. No. 11644807001)),
both according to manufacturer’s instructions. Results are expressed as IC,, i.e.,
the concentration of the agent inducing 50% reduction of cytotoxicity or metabolic
activity. Non-linear regression curves with bottom and top restrictions at 0 and 100%
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were fit for each individual experiment to determine the medians (and ranges) of the
IC,, values.

2.7. Checkerboard assay

A checkerboard assay was performed against multiple strains of AMR E. coli,
A. baumannii and S. aureus. For this purpose, mid-log phase bacteria were
resuspended in RPMI 1640 with 20 mM HEPES and L-glutamine and without sodium
bicarbonate (Sigma Life Science, Saint Louis, MO, USA), further referred to as
RPMI mod, to a concentration of 4x108 CFU/mL. Subsequently, 100 uL of increasing
concentrations of halicin, 50 pL of increasing concentrations of SAAP-148 and 50
WL of bacterial suspension (all in RPMI mod) were mixed in the wells of a 96-well
flat-bottom polypropylene plate (Greiner BioOne). The plates were covered with a
breathable seal and incubated for 18-20 h at 37 °C in a humidified environment.
After incubation overnight, the plates were shaken at 1000 rpm for 10 s and the
optical density at 450 nm was measured.

The fractional inhibitory concentration index (FICI) scores were calculated using the
following formula:

MICSAAP —148,combination MIChalicin ,combination
FICI score =

(1)

MICSAAP—148,al0ne MIChalicin ,alone
AFICI score of <0.5 indicates synergism, a FICI score between 0.5 and 1 represents
an additive effect, a FICI score between 1 and 4 demonstrates no interaction between
the agents and a FICI score >4 implies antagonism [16].

2.8. Biofilm model on elastomer disks

Mid-log phase bacteria were resuspended in BHI to a concentration of 1x107 CFU/mL.
Subsequently, sterile silicone elastomer disks (punched with biopsy punch & 4 mm,
Stiefel, #2957 out of a silicone elastomer sheet, SI303060, sheet 600x600 mm,
Goodfellow Cambridge Ltd., Huntingdon, UK #572-667-36) and 100 pL of bacterial
suspension were added to the wells of a flat-bottom 96-well polystyrene plate. Plates
were sealed with breathable Ryon film sealers and incubated for 24 h at 37 °C in
humid conditions. After 24 h, disks with adhered biofilm were washed by transferring
them to a flat-bottom 96-wells polystyrene plate containing 200 yL PBS/well and
shaking the plate for 10 s at 600 rpm. Subsequently, the disks with adhered biofilm
were transferred to a flat-bottom 96-wells polypropylene plate and exposed to 100
uL of PBS containing increasing concentrations of SAAP-148 and/or halicin for 4
h at 37 °C. Finally, the biofilms were washed again with PBS, the bacteria were
harvested by 10 min sonication and the number of viable bacteria was assessed
microbiologically. Results are expressed as individual values and medians of at least
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three individual measurements performed in duplicate.

2.9. 3D bladder infection model

RT-4 cells, a kind gift from Dr G van der Pluijm (Department of Urology, LUMC,
Leiden), were grown in culture flasks using McCoy’s medium supplemented with
glutamax, 1% (v/v) pen/strep (Gibco, Cat. No. 15140122) and 10% (v/v) fetal calf
serum (FCS, Corning). After several washes, the RT-4 cells were harvested using
1 mL of 0.05% tryp-sin-EDTA (Gibco; phenol red), washed and grown on Thincerts
(pore size 0.4 um, Greiner BioOne) in a 12-wells deep well plate (Greiner BioOne) at
a concentration of 1x108 cells/well. The cells were cultured in McCoy culture medium
for approximately three weeks, while changing the medium regularly, resulting in
a 3D urothelial model. One day before infection, the culture medium below the
models was replaced for culture medium without antibiotics and above the models,
for 50% pooled urine in PBS. On the day of infection, the models were moved to a
12-well cell culture plate (Costar, Corning Inc., Kennebunk, ME, USA) and infected
with E. coli LUH15108 in 50% urine at a concentration of 1x10* CFU/model for 1 h
at 37 °C and 5% CO,. After infection, the bacterial suspension was removed, the
models were washed with PBS and then exposed to SAAP-148 or halicin at the
desired concentrations in 50% urine for 4 and 24 h, after which the supernatants
(bacteria in luminal compartment) were stored on ice, while the models (bacteria in
cellular compartment) were homogenized using a bead-beater (Bertin technologies,
Precellys 24 lysis and homogenization, 5000 rpm, 3x10 s, 10 s pause) and both
fractions were serial diluted and plated on Mueller—Hinton (MH) plates overnight
at 37 °C. Results are expressed as individual values and medians of at least three
individual measure-ments performed in duplicate.

2.10. 3D human epidermal infection model

Human skin equivalent (HSEs) were cultured according to a modification of a
previously described method [17]. Human keratinocytes of the Ker-CT cell line
(ATCC® CRL-4048™) were cultured under submerged conditions in keratinocyte
serum-free medium (KSFM; Gibco, #17005-034) supplemented with bovine pituitary
extract (BPE; Gibco, #37000-014), human recombinant epidermal growth factor
(EGF; Gibco, #37000-013), 0.3M CaCl, (Merck, #2381), and 1% (v/v) penicillin-
streptomycin (Gibco, #15140-122). The keratinocytes were harvested using trypsin-
EDTA, washed and grown onto ThinCert transwells (pore size 0.4 ym, Greiner BioOne,
#665641) in 12-well culture plates (Costar, Corning Inc.) using 2x10° cells/well in 400
uL of supplemented DermalLife K medium (Lifeline Cell Technology, Frederick, USA,
#LL-0007) above the transwell with 1 mL of medium below the well. When the cells
reached confluency (after 2 days), Dermalife K medium was replaced above and
below the transwell with 50% KO medium [three parts DMEM (Gibco, #31966), one
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part Ham’s F12 medium (Gibco, # 21765), 200 ng/mL hydrocortisone (Sigma-Aldrich,
#HO0888), 2 uM isoproterenol (Sigma-Aldrich, #1351005), 500 ng/mL bovine insulin
(Sigma-Aldrich, #16634), 53 nM selenious acid (Sigma-Aldrich, #229857), 10 mM
L-serine (Sigma-Aldrich, #HR1103), 10 yM L-carnitine (Sigma-Aldrich, #C0283)]
and 50% CNT-Prime 3D Barrier Medium (CELLNTEC, #CnT-PR-3D) supplemented
with a lipid mixture (1:1:1) containing 15 uM linoleic acid (Sigma-Aldrich, #L8134), 25
MM palmitic acid (Sigma-Aldrich, #P0500) and 7 uM arachidonic acid (Sigma-Aldrich,
#A3611), in 80 mg/mL bovine serum albumin (Roche Diagnostics #10735094001).
Models were incubated overnight, and the next day, the models were air-exposed by
aspirating the medium on top of the filter. The air-exposed models were cultured for
approximately 10 days while changing the medium regularly with KO/CNT-medium
as detailed above, with a lipid mixture (2:1:1) containing 30 uM linoleic acid instead.
At least two days before infection, the culture medium was replaced by culture
medium without antibiotics. The HSEs were infected with MRSA LUH14616 at a
concentration of 1x10° CFU/model for 1 h at 37 °C and 5% CO,. After infection,
the bacterial suspension was removed, the cells were washed with PBS and the
models were treated with SAAP-148 or halicin at the desired concentrations for 4
h after which the supernatants (non-adherent bacteria) were stored on ice, while
the models (adherent bacteria) were homogenized using a bead-beater, and both
fractions were serial diluted and plated on MH plates overnight at 37 °C. Results
are expressed as individual values and medians of three individual measurements
performed in duplicate.

2.11. Statistics

Differences between two groups (SAAP-148, halicin and/or combinations of these
agents) in human bladder infection and human epidermal infection models were
evaluated by a Kruskal-Wallis test, followed by a Mann-Whitney rank sum test using
Graphpad Prism software version 6.0 (Graph Pad Software, San Diego, CA, USA).
Differences were considered statistically significant when p<0.05.

Table 1. In vitro killing of planktonic AMR E. coli, A. baumannii and S. aureus by SAAP-148 and
halicin.

Species Strain LCg9.9 SAAP-148 (uM) LCogq. halicin (pM)
PBS 50% urine/plasma PBS 50% urine/plasma
E. coli LUH15174 0.8 1.6 (0.8-1.6) 12.8 (6.4-51.2) 51.2 (6.4->51.2)
A. baumannii RUH875 1.6 6.4 25.6 (25.6-51.2) >102.4
S. aureus LUH14616 1.6 12.8 102.4 (102.4->102.4) >204.8

Comparison of the antibacterial activities of SAAP-148 and halicin against planktonic bacteria upon 4 h
exposure in PBS, 50% human plasma or 50% urine (in the case of E. coli). Results are expressed as the
LC,,, i.e., the lowest concentration at which 99.9% of the bacteria are killed. Results are the medians
(bold) and ranges of three independent experiments; each performed in duplicate.
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3. Results

3.1. Bactericidal activities of SAAP-148 and halicin

Comparison of the bactericidal activities of SAAP-148 and halicin towards log-phase
bacteria upon 4-hour exposure in different physiological environments revealed
that SAAP-148 was more effective than halicin in kiling AMR E. coli, A. baumannii
and S. aureus in PBS (Table 1). In addition, the bactericidal activity of halicin was
reduced to a greater extent by factors present in biological fluids, like urine and
plasma, than that of SAAP-148. Both agents were effective against stationary-phase
bacteria (data not shown), which indicates that the bactericidal activity of halicin, like
SAAP-148, is not dependent on the metabolic activity of the bacteria.

3.2. Anti-biofilm activities of SAAP-148 and halicin

Next, the ability of SAAP-148 and halicin to eradicate bacteria in both 24-hour-
immature and 7-days-mature biofilms of AMR E. coli, A. baumannii and S. aureus
upon 4-hour and 24-hour exposure was assessed microbiologically. Results revealed
that SAAP-148 and halicin dose-dependently reduced bacterial counts in immature
and mature biofilms. In general, SAAP-148 and halicin were similarly effective against
bacteria in immature and mature biofilms (Table 2). However, high concentrations of
SAAP-148, but not halicin, completely eradicated all bacteria in immature and mature
biofilms. Importantly, 24-hour exposure was more effective than 4-hour exposure for
halicin, except for exposure to 24-hour immature A. baumannii biofilms.

Table 2. In vitro killing of biofilm-residing AMR E. coli, A. baumannii and S. aureus by SAAP-148
and halicin.

Species Strain BICgy SAAP-148 (uM) BICgs halicin (uM)
24 h biofilm 7 days biofilm 24 h biofilm 7 days biofilm
4h 24 h 4h 24 h 4h 24 h 4h 24 h
E. coli LUH15174 204.8 68.3 204.8 68.3 204.8 68.3 204.8 <22.8
(68.3- (68.3- (204.8- (£22.8- } (68.3- : (s22.8-
204.8) 204.8) >204.8) 68.3) 204.8) 68.3)
A. baumannii RUH875 68.3 204.8 68.3 68.3 204.8 >204.8 204.8 68.3
: } ) ) ) (204.8- : (68.3-
>204.8) 204.8)
S. aureus LUH14616 204.8 204.8 68.3 68.3 >204.8 68.3 >204.8 68.3
(68.3- : ) } } (68.3- }
204.8) 204.8)

24-hour-immature and 7-days-mature biofilms were exposed for 4 h and 24 h to increasing concentrations
of SAAP-148 and halicin in PBS. Anti-biofilm activities are expressed as the BIC,,, i.e., the lowest
concentration of the agents resulting in a 99% reduction in bacterial counts compared to the control.
Results are the medians (bold) and ranges of three independent experiments; each performed in duplicate.
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A
Hemolytic activity (M) Cytotoxicity (uM)
Human erythrocytes Human primary skin fibroblasts Human RT-4 urothelial cells
1h (PBS) 1h (50% pl ) 4h 24h 4h 24h
SAAP-148 1.7(1.1-7.8)  121.6(118.3-127.6) 4.4(4.3-5.7) 5.0(3.8-5.4) 7.9(7.6-8.2) 9.3(8.4-10.7)
halicin >204.8 >204.8 >51.2 18.9(14.5-23.9) 86.2 (74.4-98.9) 40.5 (38.1-40.9)
B Human primary skin fibroblasts Human primary skin fibroblasts

100 100+ 100

50 50

50

(%) Ayorxo3ohd
(%) Ayorxojoho

Metabolic activity (%)
Metabolic activity (%)

S
7

0 oo

0 04 08 16 32 6.4 12.8 256 0 0.8 1.6 32 6.4 128 25.6 51.2
SAAP-148 (uM) halicin (uM)

Figure 1. Hemolytic and cytotoxic activities of SAAP-148 and halicin. (a) Values presented are
cytotoxicity values of (i) 2% human erythrocytes in PBS or 50% plasma after 1 h exposure to SAAP-148
or halicin, (ii) a monolayer of human primary skin fibroblasts in DMEM medium with 0.5% human serum
after 4 h and 24 h exposure to SAAP-148 or halicin and (iii) a monolayer of RT-4 urothelial cells in
McCoy’s medium with 10% fetal calf serum after 4 h and 24 h exposure to SAAP-148 or halicin. Results
are depicted as the medians (bold) and ranges of the IC,, i.e., the calculated concentration of the agents
resulting in 50% cytotoxicity, of three independent ex-periments performed in triplicate. (b) Metabolic
activity and cytotoxicity (determined by LDH release) of human primary skin fibroblasts upon exposure
to SAAP-148 and halicin in DMEM medium with 0.5% human serum for 4 h (solid) and 24 h (dashed).
Results are depicted as medians of three independent experiments performed in triplicate.

3.3. Hemolytic and cytotoxic activities of SAAP-148 and halicin

Furthermore, SAAP-148 and halicin were compared regarding their hemolytic
activity and cytotoxicity against human primary skin fibroblasts and RT-4 urothelial
cells. SAAP-148 dose-dependently induced cytotoxicity to human erythrocytes,
skin fibroblasts and RT-4 cells. In contrast to SAAP-148, halicin did not show any
hemolytic activity at concentrations up to 204.8 pM for 1 h in PBS or 50% plasma
(Figure 1a). Importantly, 51.2 uyM, 102.4 yM and 204.8 yM halicin in combination
with SAAP-148 did not enhance the hemolytic activity of SAAP-148 in 50% plasma.
Similarly, halicin was less cytotoxic for skin fibroblasts and RT-4 cells compared to
SAAP-148 as determined by LDH release. Interestingly, cytotoxicity upon exposure to
halicin increased with time, while cytotoxicity due to SAAP-148 remained unchanged.
Surprisingly, skin fibroblasts displayed a greatly reduced metabolic activity, without
significant LDH release upon exposure for 4 h to halicin (Figure 1b). In contrast,
after 24 h of exposure to halicin, these cells displayed both reduced metabolic
activity and enhanced LDH release. Together, these data indicate that SAAP-148
is more cytotoxic than halicin and that cytotoxicity of halicin, but not SAAP-148,
increases with time of exposure. Furthermore, the hemolytic activity of SAAP-148 is
not affected when SAAP-148 is combined with halicin.
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3.4. Favourable interactions between SAAP-148 and halicin towards strains of
AMR E. coli and S. aureus

As the modes of action of SAAP-148 and halicin differ [7, 12], checkerboard assays
were performed to investigate whether combinations of SAAP-148 and halicin act
synergistically or exerted additive effects on planktonic AMR E. coli, A. baumannii

A

Synergy Additive Indifference Antagonism
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Figure 2. Synergistic and additive interactions between SAAP-148 and halicin. (a) fractional
inhibitory concentration index (FICI) scores for exposure of planktonic cells of several bacterial strains
to SAAP-148, halicin and combinations thereof. Interactions are considered synergistic or additive with
a FICI score <0.5 or between 0.5 and 1, respectively, while interactions are considered indifferent or
antagonistic with a FICI score between 1 and 4 or >4, respectively. Results are depicted as median and
ranges of two to three (when additive effect) or three to four (when synergism) independent experiments.
(b) Bacterial load of S. aureus (LUH14616) biofilms adhered to silicone disks after 4 h exposure to
SAAP-148, halicin or combinations thereof. Results are shown as individual values and medians of at
least two independent experiments performed in quadruplicate. Statistical differences between the two
groups are depicted as * for p<0.1 and **** for p<0.0001 as calculated by the Mann-Whitney U-test.
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and S. aureus. Results revealed synergy between SAAP-148 and halicin for E. coli
strain LUH15108 and S. aureus strain LUH14616, with FICI scores of 0.3125 and
0.1875 respectively, while for other strains of E. coli, A. baumannii and S. aureus
combinations of SAAP-148 and halicin acted in an additive fashion (Figure 2a).
Next, possible favorable interactions between SAAP-148 and halicin were assessed
on biofilm-residing bacteria attached to silicone disks, which mimic synthetic
materials such as intravenous and urinary tract catheters. The results revealed a
dose-dependent reduction of AMR S. aureus bacteria (LUH14616) after exposure
to SAAP-148 or halicin, with SAAP-148 being more effective (Figure 2b). Exposure
of the biofilms to 12.8 yM SAAP-148 in combination with 12.8 uM halicin resulted
in a significantly stronger reduction of bacterial counts compared to single-agent
exposure. However, at higher concentrations of halicin, no additive effects were
observed. Together, this data illustrates that synergism between SAAP-148 and
halicin is strain specific and that combinations of SAAP-148 and halicin are able to
further reduce bacterial loads in AMR S. aureus biofilms attached to silicone disks
compared to single-agent exposure, although complete eradication of bacteria was
only observed in one of sixteen disks.

3.5. Effect of combinations of SAAP-148 and halicin on AMR E. coli in a
3D human bladder model

As combinations of SAAP-148 and halicin may be promising as a treatment for
bladder infections, the efficacy of combinations of SAAP-148 and halicin was
compared to that of these agents alone against AMR E. coli LUH15108 strain in
a 3D-urothelial infection model. Results revealed a dose-dependent reduction of
E. coliin both the luminal and the cellular compartment after exposure to SAAP-148
and less effectively to halicin (Figure 3). Interestingly, the combination of 51.2 yM
SAAP-148 and 204.8 uM halicin was significantly more effective than these agents
alone, indicating that in the presence of halicin lower concentrations of SAAP-148
were required to reduce the bacterial counts in the bladder lumen and tissue. At
these concentrations of SAAP-148 and halicin the RT-4 cells of the bladder models
maintained metabolically active (data not shown). Of note, 408.9 uM halicin did not
further enhance these favorable interactions.

3.6. Effect of combinations of SAAP-148 and halicin on AMR S. aureus in a
3D human epidermal model

Lastly, the efficacy of SAAP-148 and halicin and combinations thereof were
assessed against AMR S. aureus LUH14616 strain on 3D epidermal models.
Results revealed a dose-dependent reduction of S. aureus bacteria adherent to the
skin models (Figure 4) upon exposure to SAAP-148 and halicin, with SAAP-148
being more effective. Combinations of SAAP-148 and halicin were significantly more
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Figure 3. Bactericidal effects of SAAP-148 and halicin and combinations thereof on E. coli in
the luminal and cellular compartments of 3D bladder infection models. Bacterial load of E. coli
(LUH15108) in (a) the supernatant (luminal compartment) and (b) the model (cellular compart-ment)
of 3D bladder models composed of RT-4 cells after 4 h exposure to SAAP-148, halicin or combinations
thereof. Results are shown as individual values and medians of three to seven in-dependent experiments
performed in duplicate. Statistical differences between the two groups are depicted as ** for p < 0.01 and
**** for p £ 0.0001 as calculated by the Mann—Whitney U-test.
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Figure 4. Bactericidal effects of SAAP-148 and halicin and combinations thereof on S. aureus
in the adherent fraction of 3D epidermal infection model. Bacterial load of adherent bacteria of
S. aureus (LUH14616) infected 3D human epidermal models after 4-hour exposure to SAAP-148, halicin
or combinations thereof. Results are shown as individual values and medians of three independent
experiments performed in duplicate or triplicate. Statistical differences between the two groups are
depicted as *for p < 0.1 and *** for p < 0.001 as calculated by the Mann—Whitney U-test.

effective than these agents alone, with 12.8 yM of SAAP-148, in combination with
102.4 halicin, completely eradicating bacteria in most models. Similar results were
obtained for SAAP-148 in combination with 204.8 uM halicin. At these concentrations
of SAAP-148 and halicin, the Ker-CT cells of the skin models did not release LDH in
the supernatant fraction (data not shown).

4. Discussion

The efficacy of antibiotics is increasingly jeopardized by the emergence of AMR
strains and/or biofilm and persistence formation. Here, we compared the efficacy of
two novel antimicrobial agents on AMR bacteria and such bacteria within biofilms in
vitro and assessed possible favorable interactions between these agents. In addition,
these in vitro results were validated in relevant 3D models, which mimic hard-to-treat
bladder and skin wound infections.

A comparison of the antibacterial and antibiofilm activities of SAAP-148 and halicin
on bacteria in vitro revealed that upon 4-hour exposure, SAAP-148 is more effective
than halicin against planktonic bacteria of three AMR bacterial strains, especially in
biologically relevant media such as plasma or urine. As reported before, components
in plasma and urine can reduce the antimicrobial activity of AMPs and antibiotics
[18]. It should be mentioned that halicin is expected to increase activity upon longer
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exposure periods based on previous research by Stokes et al. [12], while SAAP-148
is effective within minutes and only marginally increases activity upon longer
exposure periods [7]. In addition, both agents are effective against stationary-phase
AMR E. coli and S. aureus bacteria. In agreement, Stokes et al. reported that halicin
induces cell death of metabolically repressed E. coli [12]. These findings suggest
that the bacterial target of halicin, like SAAP-148, is not associated with bacterial
cell metabolism. Surprisingly, SAAP-148 and halicin were equally effective against
bacteria residing in biofilm. A comparison of planktonic (LC,, ) and antibiofilm
(BIC,,) values upon 4 h of exposure revealed that biofilms require a 43- to 256-fold
increased concentration of SAAP-148 to reach the BIC,,, while only an 8- to 16-fold
increased concentration of halicin is required. These results raise the question why
halicin eradicates planktonic bacteria less effectively than SAAP-148, while it is
equally effective against immature and mature biofilms. A possible explanation could
be that halicin penetrates biofilms more efficiently than SAAP-148. The efficacy
of SAAP-148 is hampered by electrostatic interactions with negatively charged
polymers of the biofilm matrix [19]. In addition, halicin is much smaller than SAAP-148
and most likely diffuses more easily into the biofilm matrix than SAAP-148 [20, 21].
This possible explanation could be tested using confocal microscopy, which allows
imaging of biofilms treated with fluorescently labelled agents in a three-dimensional
manner [22-24]. Another explanation could be that halicin, aside from its bactericidal
activity, affects the gene expression of biofilm-residing bacteria, specifically of
genes involved in quorum sensing and biofilm formation. As result bacteria will be
released from the biofilm into the medium as single colonies and/or planktonic mode.
To investigate this possibility, transcriptomics on halicin-exposed bacteria could be
used to identify the upregulation of gene expression associated with bacterial biofilm
formation, maintenance and quorum sensing [25-29]. Thirdly, halicin is an inhibitor
of the c-Jun N-terminal kinase (IC,, = 0.7 uM; [30]) and was originally researched
for the treatment of diabetes. A main difficulty in kinase inhibitor development is
the nonspecific kinase activity of inhibitors targeting the kinase ATP-binding site,
which is highly conserved across kinases [31]. Therefore, it cannot be excluded
that halicin also inhibits bacterial kinases, e.g., histidine kinases are involved in the
two-component signal transduction system (TCS) of bacteria [32] regulating biofilm
formation and maintenance. It should be realized that bacterial histidine kinases
do share their ATP-binding domain, which contains a Bergerat fold, with eukaryotic
kinases [33]. This possibility of bacterial kinase inhibition may be investigated using
activity-based protein profiling [34] to reveal potential bacterial kinase targets of
halicin.

A comparison of the hemolytic and cytotoxic activities of SAAP-148 and halicin
in vitro revealed that SAAP-148 was more cytotoxic than halicin, although the
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latter increased cytotoxicity upon longer exposure times, e.g., at 24 h. Increased
cytotoxicity over time towards human cells was shown before for other antibiotics,
such as vancomycin [35]. AMPs are more cytotoxic to human erythrocytes, where
increased hydrophobicity of the AMP is positively correlated to cytotoxicity, while
human cell lines are usually more tolerant towards these AMPs. In addition, the in
vitro cytotoxicity of SAAP-148 and halicin was shown to be dependent on several
factors, including extracellular micro-environment, cell type and organization of the
cells in, e.g., 3D structures. Moreover, combinations of halicin and SAAP-148 did
not affect the hemolytic activity of SAAP-148 in 50% plasma. Most importantly, the
in vitro cytotoxicity very often cannot be translated into in vivo models [36]. Both
SAAP-148 and halicin have been successful against infections in in vivo models
[7, 30, 37]. Together, SAAP-148 is more effective and more cytotoxic than halicin.
Nevertheless, a selectivity profile, where the agent of interest kills bacteria at lower
concentrations than it induces cytotoxicity, is necessary. This target selectivity can
be improved by either decreasing the cytotoxicity of the agent or by increasing its
antibacterial activity. Cytotoxicity of AMPs and/or antibiotics can be reduced by
using nanoscale drug delivery systems, such as liposomes, PLGA nanoparticles
and hyaluronic-acid based nanogels (reviewed in van Gent et al. [38]). In addition,
these drug delivery systems target intracellular bacteria, enhance the bioavailability
of the agent at the site of infection and enhance penetration into the biofilm [38-
40]. Alternatively, AMPs can be combined with other agents to circumvent adverse
cytotoxicity by reducing the required concentration of peptide while maintaining the
ability to eliminate bacteria.

As combination therapies have several advances over monotherapies, such
as reduction of cytotoxic effects and less resistance development [41, 42], we
investigated possible favorable interactions between SAAP-148 and halicin. We
report favorable interactions and even synergism between SAAP-148 and halicin
against planktonic AMR E. coli and S. aureus bacteria. Previously, for both halicin
and SAAP-148 synergistic effects have been described with classical antibiotics [12,
43, 44]. As clinical infections involve both planktonic and biofilm-associated bacteria,
it is of relevance to test whether favorable interactions between SAAP-148 and
halicin can also be observed for bacteria residing in biofilms. Although, SAAP-148
and halicin alone did reduce bacterial growth of AMR S. aureus biofilms grown on
silicone disks, combinations of these agents reduced bacterial counts more than
these agents alone. Of note, these combinations did not completely eliminate biofilm-
residing bacteria. Importantly, the in vitro synergy results obtained in this study were
validated in clinically relevant 3D models, including human bladder models infected
with AMR E. coli and human epidermal models infected with AMR S. aureus. The
antibacterial effect of both agents was confirmed in these models, again with

69

¢ Jeydey)



Chapter 3

SAAP-148 being more effective than halicin. Notably, favorable interactions between
SAAP-148 and halicin were found in both 3D models, showing the clinical potential
of combinatory treatment with SAAP-148 and halicin against bladder infections
and skin wound infections. Of note, halicin could have additional potential in the
treatment of diabetic wound infections. In type-two diabetic, insulin-insensitive mice,
halicin treatment prior to insulin injection resulted in reduced blood glucose levels
due to inhibition of the JNK pathway [30, 37]. High glucose levels can affect wound
healing and therefore halicin has the potential to allow faster wound healing [45, 46].
As the development of resistant bacteria is emerging rapidly, new therapies approved
for clinical use are highly needed. The main limitation of this study is that synergistic
and/or additive combinations were only tested in vitro; however, these results were
confirmed in 3D bladder and skin infection models. Of course, it is of most importance
to include in vivo animal models in future research to reveal the true potential of
combinatory treatment with SAAP-148 and halicin. Related to this, the safety of the
use of halicin for the treatment of bacterial infections should be verified in future
clinical studies, i.e., that halicin is not able to block the c-Jun N-terminal kinase in
humans as an off-target. Interestingly, despite in vitro cytotoxicity of SAAP-148 and
halicin reported in this study, both agents have been successful against infections
in vivo [7, 30, 37], indicating that the tolerability of these agents in vivo may not
always be reflected by the in vitro cytotoxicity values. In the case of urinary tract
infections, intravascular application of antibiotics is relatively safe as a result of only
short exposure to high concentrations of antibiotics [47]. In addition, minor toxicity
towards the bladder epithelium might in fact aid the eradication of bacteria as
exfoliation of outer epithelium cell layers is an effective process to reduce bacterial
load during bladder infections [48]. Furthermore, administration of a combination
of two diverse agents, as is the case with SAAP-148 and halicin, faces difficulties
related to differences in pharmacokinetic and/or pharmacodynamic properties of
the two agents. This limitation can perhaps be overcome by conjugating SAAP-148
with halicin [42, 49]. Nevertheless, our in vitro findings show that combinations of
SAAP-148 and halicin allow for the use of lower SAAP-148 concentrations while
maintaining excellent antimicrobial activities and without affecting the hemolytic
activity of SAAP-148. Taken together, combinations of SAAP-148 and halicin are
promising as treatment for bladder and/or skin wound infections not effectively
treatable with current antibiotics.

Author contributions

Conceptualization, M.E.v.G., J.W.D. and P.H.N.; methodology, M.E.v.G., J.W.D. and
P.H.N.; validation, M.E.v.G., T.J.K.v.d.R., PR.L., AW.d.V, B.S.R,, N.D. and RA.C;
formal analysis, M.E.v.G., N.D. and R.A.C.; investigation, M.E.v.G., T.J.K.v.d.R.,
P.R.L., AW.d.V,, B.S.R., N.D. and R.A.C.; resources, J.W.D. and P.H.N.; writing-

70



Synergism between SAAP-148 and halicin

original draft preparation, M.E.v.G. and P.H.N.; writing-review and editing, M.E.v.G.,
J.W.D. and P.H.N.; visualization, M.E.v.G.; supervision, P.H.N.; project administration,
P.H.N.; funding acquisition, P.H.N. All authors have read and agreed to the published
version of the manuscript.

Funding

This research was funded by the Dutch Research Council (NWQO), Novel Antibacterial
Compounds and Therapies Antagonizing Resistance Program: grant number 16434.
In addition, P.R.L was funded by the University of Edinburgh.

Informed consent statement

Whole blood was collected from healthy volunteers with informed consent. All human
primary skin fibroblasts used in this study were isolated from surplus skin collected
according to article 467 of the Dutch Law on Medical Treatment Agreement and
the Code for Use of Human Tissue of the Dutch Federation of Biomedical Scientific
Societies. The Declaration of Helsinki principles were followed when working with
human primary cells.

Data availability statement
The data presented in this study are available within the article or are available on
request from the corresponding author.

Conflicts of interest

The authors declare no conflict of interest. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

71

¢ Jeydeyn



Chapter 3

References

1.

2.

10.

1.
12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.

72

McPhillie MJ, Cain RM, Narramore S, Fishwick CW, Simmons KJ. Computational methods to identify
new antibacterial targets. Chem Biol Drug Des. 2015;85(1):22-9.

Zakeri B, Lu TK. Synthetic biology of antimicrobial discovery. ACS Synth Biol. 2013;2(7):358-72.
Kloosterman AM, Cimermancic P, Elsayed SS, Du C, Hadjithomas M, Donia MS, et al. Expansion
of RiPP biosynthetic space through integration of pan-genomics and machine learning uncovers a
novel class of lanthipeptides. PLoS Biol. 2020;18(12):e3001026.

Tenover FC. Mechanisms of antimicrobial resistance in bacteria. Am J Med. 2006;119(6 Suppl 1):S3-
10; discussion S62-70.

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM. Microbial biofilms. Annu
Rev Microbiol. 1995;49:711-45.

Gerdes K, Semsey S. Microbiology: Pumping persisters. Nature. 2016;534(7605):41-2.

de Breij A, Riool M, Cordfunke RA, Malanovic N, de Boer L, Koning RI, et al. The antimicrobial
peptide SAAP-148 combats drug-resistant bacteria and biofilms. Sci Transl Med. 2018;10(423).
Scheper H, Wubbolts JM, Verhagen JAM, de Visser AW, van der Wal RJP, Visser LG, et al. SAAP-
148 Eradicates MRSA Persisters Within Mature Biofilm Models Simulating Prosthetic Joint Infection.
Front Microbiol. 2021;12:625952.

Peek N, Nell MJ, Brand R, Jansen-Werkhoven T, van Hoogdalem EJ, Verrijk R, et al. Ototopical
drops containing a novel antibacterial synthetic peptide: Safety and efficacy in adults with chronic
suppurative otitis media. PLoS One. 2020;15(4):e0231573.

Cardoso MH, Orozco RQ, Rezende SB, Rodrigues G, Oshiro KGN, Candido ES, et al. Computer-
Aided Design of Antimicrobial Peptides: Are We Generating Effective Drug Candidates? Front
Microbiol. 2019;10:3097.

Torres MT, de la Fuente-Nunez C. Toward computer-made artificial antibiotics. Curr Opin Microbiol.
2019;51:30-8.

Stokes JM, Yang K, Swanson K, Jin W, Cubillos-Ruiz A, Donghia NM, et al. A Deep Learning
Approach to Antibiotic Discovery. Cell. 2020;181(2):475-83.

Aburayan WS, Booq RY, BinSaleh NS, Alfassam HA, Bakr AA, Bukhary HA, et al. The Delivery
of the Novel Drug ‘Halicin’ Using Electrospun Fibers for the Treatment of Pressure Ulcer against
Pathogenic Bacteria. Pharmaceutics. 2020;12(12).

Hiemstra HS, Duinkerken G, Benckhuijsen WE, Amons R, de Vries RR, Roep BO, et al. The
identification of CD4+ T cell epitopes with dedicated synthetic peptide libraries. Proc Natl Acad Sci
U S A. 1997;94(19):10313-8.

de la Fuente-Nunez C, Korolik V, Bains M, Nguyen U, Breidenstein EB, Horsman S, et al. Inhibition
of bacterial biofilm formation and swarming motility by a small synthetic cationic peptide. Antimicrob
Agents Chemother. 2012;56(5):2696-704.

Doern CD. When does 2 plus 2 equal 5? A review of antimicrobial synergy testing. J Clin Microbiol.
2014;52(12):4124-8.

Smits JPH, Niehues H, Rikken G, van Vlijmen-Willems |, van de Zande G, Zeeuwen P, et al.
Immortalized N/TERT keratinocytes as an alternative cell source in 3D human epidermal models.
Sci Rep. 2017;7(1):11838.

Nussbaumer-Proll A, Zeitlinger M. Use of Supplemented or Human Material to Simulate PD Behavior
of Antibiotics at the Target Site In Vitro. Pharmaceutics. 2020;12(8):773.

Yasir M, Willcox MDP, Dutta D. Action of Antimicrobial Peptides against Bacterial Biofilms. Materials
(Basel). 2018;11(12).

Teirlinck E, Samal SK, Coenye T, Braeckmans K. Penetrating the bacterial biofilm: challenges for
antimicrobial treatment. Functionalized Nanomaterials for the Management of Microbial Infection:
Elsevier; 2017. p. 49-76.

Stewart PS. Diffusion in biofilms. Journal of bacteriology. 2003;185(5):1485-91.

Cerca N, Gomes F, Pereira S, Teixeira P, Oliveira R. Confocal laser scanning microscopy analysis of
S. epidermidis biofilms exposed to farnesol, vancomycin and rifampicin. BMC Res Notes. 2012;5:244.
Sans-Serramitjana E, Jorba M, Pedraz JL, Vinuesa T, Vinas M. Determination of the spatiotemporal
dependence of Pseudomonas aeruginosa biofilm viability after treatment with NLC-colistin. Int J
Nanomedicine. 2017;12:4409-13.



Synergism between SAAP-148 and halicin

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Pinto SN, Dias SA, Cruz AF, Mil-Homens D, Fernandes F, Valle J, et al. The mechanism of action
of pepR, a viral-derived peptide, against Staphylococcus aureus biofilms. J Antimicrob Chemother.
2019;74(9):2617-25.

D’Arpa P, Karna SLR, Chen T, Leung KP. Pseudomonas aeruginosa transcriptome adaptations from
colonization to biofilm infection of skin wounds. Sci Rep. 2021;11(1):20632.

Nourbakhsh F, Namvar AE. Detection of genes involved in biofilm formation in Staphylococcus
aureus isolates. GMS Hyg Infect Control. 2016;11:Doc07.

Qin H, Lo NW, Loo JF, Lin X, Yim AK, Tsui SK, et al. Comparative transcriptomics of multidrug-
resistant Acinetobacter baumannii in response to antibiotic treatments. Sci Rep. 2018;8(1):3515.
Rubio-Gomez JM, Santiago CM, Udaondo Z, Garitaonaindia MT, Krell T, Ramos JL, et al. Full
Transcriptomic Response of Pseudomonas aeruginosa to an Inulin-Derived Fructooligosaccharide.
Front Microbiol. 2020;11:202.

Skindersoe ME, Alhede M, Phipps R, Yang L, Jensen PO, Rasmussen TB, et al. Effects of antibiotics
on quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2008;52(10):3648-
63.

De SK, Stebbins JL, Chen LH, Riel-Mehan M, Machleidt T, Dahl R, et al. Design, synthesis, and
structure-activity relationship of substrate competitive, selective, and in vivo active triazole and
thiadiazole inhibitors of the c-Jun N-terminal kinase. J Med Chem. 2009;52(7):1943-52.

Munoz L. Non-kinase targets of protein kinase inhibitors. Nat Rev Drug Discov. 2017;16(6):424-40.
Worthington RJ, Richards JJ, Melander C. Small molecule control of bacterial biofilms. Org Biomol
Chem. 2012;10(37):7457-74.

Wilke KE, Carlson EE. All Signals Lost. Science Translational Medicine. 2013;5(203).

van Esbroeck ACM, Janssen APA, Cognetta AB, 3rd, Ogasawara D, Shpak G, van der Kroeg M,
et al. Activity-based protein profiling reveals off-target proteins of the FAAH inhibitor BIA 10-2474.
Science. 2017;356(6342):1084-7.

Drouet M, Chai F, Barthelemy C, Lebuffe G, Debaene B, Decaudin B, et al. Influence of vancomycin
infusion methods on endothelial cell toxicity. Antimicrob Agents Chemother. 2015;59(2):930-4.
Greco |, Molchanova N, Holmedal E, Jenssen H, Hummel BD, Watts JL, et al. Correlation between
hemolytic activity, cytotoxicity and systemic in vivo toxicity of synthetic antimicrobial peptides. Sci
Rep-Uk. 2020;10(1).

Jang S, Javadov S. Inhibition of JNK aggravates the recovery of rat hearts after global ischemia: the
role of mitochondrial JNK. PLoS One. 2014;9(11):e113526.

van Gent ME, Ali M, Nibbering PH, Klodzinska SN. Current Advances in Lipid and Polymeric
Antimicrobial Peptide Delivery Systems and Coatings for the Prevention and Treatment of Bacterial
Infections. Pharmaceutics. 2021;13(11).

Makowski M, Silva IC, do Amaral CP, Goncalves S, Santos NC. Advances in Lipid and Metal
Nanoparticles for Antimicrobial Peptide Delivery. Pharmaceutics. 2019;11(11).

Thapa RK, Diep DB, Tonnesen HH. Nanomedicine-based antimicrobial peptide delivery for bacterial
infections: recent advances and future prospects. J Pharm Invest. 2021;51(4):377-98.

Duong L, Gross SP, Siryaporn A. Developing antimicrobial synergy with AMPs. Frontiers in Medical
Technology. 2021;3:9.

Sheard DE, O’Brien-Simpson NM, Wade JD, Separovic F. Combating bacterial resistance by
combination of antibiotics with antimicrobial peptides. Pure Appl Chem. 2019;91(2):199-209.
Koppen BC, Mulder PPG, de Boer L, Riool M, Drijfhout JW, Zaat SAJ. Synergistic microbicidal
effect of cationic antimicrobial peptides and teicoplanin against planktonic and biofilm-encased
Staphylococcus aureus. Int J Antimicrob Agents. 2019;53(2):143-51.

Li S, She P, Zhou L, Zeng X, Xu L, Liu Y, et al. High-Throughput Identification of Antibacterials
Against Pseudomonas aeruginosa. Front Microbiol. 2020;11:591426.

Huang SM, Wu CS, Chiu MH, Wu CH, Chang YT, Chen GS, et al. High glucose environment induces
M1 macrophage polarization that impairs keratinocyte migration via TNF-alpha: An important
mechanism to delay the diabetic wound healing. J Dermatol Sci. 2019;96(3):159-67.

Wu Y, Quan Y, Liu Y, Liu K, Li H, Jiang Z, et al. Hyperglycaemia inhibits REG3A expression to
exacerbate TLR3-mediated skin inflammation in diabetes. Nat Commun. 2016;7:13393.
Pietropaolo A, Jones P, Moors M, Birch B, Somani BK. Use and Effectiveness of Antimicrobial
Intravesical Treatment for Prophylaxis and Treatment of Recurrent Urinary Tract Infections (UTls): a
Systematic Review. Curr Urol Rep. 2018;19(10).

73

¢ Jeydeyn



Chapter 3

48. Wu J, Miao Y, Abraham SN. The multiple antibacterial activities of the bladder epithelium. Ann Transl|
Med. 2017;5(2):35.

49. Cal PM, Matos MJ, Bernardes GJ. Trends in therapeutic drug conjugates for bacterial diseases: a
patent review. Expert Opin Ther Pat. 2017;27(2):179-89.

74



Synergism between SAAP-148 and halicin

(@)
>
)
ie)
=
©
-
w

75



