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Abstract
The peptide sequence KKIRVRLSA was synthesized in a dimeric structure (SET-
M33DIM) and evaluated as a candidate drug for infections due to multidrug-resistant 
(MDR) Gram-negative pathogens. SET-M33DIM showed significant antibacterial 
activity against MDR strains of Klebsiella pneumoniae, Acinetobacter baumannii, 
and Escherichia coli (Minimal Inhibitory Concentration [MICs], 1.5-11 µM), and 
less activity against Pseudomonas aeruginosa (MICs, 11-22 µM). It showed very 
low toxicity in vitro, ex vivo, and in vivo; in cytotoxicity tests, its EC50 was as much 
as 22 times better than that of SET-M33, a peptide with the same amino-acid se-
quence, but synthesized in tetra-branched form (638 vs 28 µM). In in vivo and ex 
vivo experiments, SET-M33DIM cleared P. aeruginosa infection, significantly re-
ducing signs of sepsis in animals, and restoring cell viability in lung tissue after 
bacterial challenge. It also quelled inflammation triggered by LPS and live bacterial 
cells, inhibiting expression of inflammatory mediators in lung tissue, cultured mac-
rophages, and bronchial cells from a cystic fibrosis patient.
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1 |  INTRODUCTION

Antimicrobial resistance is a major threat to human health 
and deserves the attention of governments around the world.1 
Significant efforts to develop novel antibacterial agents have 
produced many new molecules. However, since few antimi-
crobial compounds have been approved for clinical use in the 
last 20 years, resistant bacteria have continued to spread.2-4

Possible new therapies in the pipeline include antimicro-
bial peptides (AMP) which are particularly promising for the 
treatment of bacterial infections,5-10 since they combine anti-
microbial activity with angiogenic, immune modulating, and 
anti-inflammatory properties.11 Current antibiotics based on 
small molecules rarely have these features.12

Natural AMP, also known as host defense peptides 
(HDPs), are a diverse class of molecules that offer first-line 
defense against dangerous microbes and have significant 
activity against Gram-negative and Gram-positive bacteria, 
fungi, enveloped viruses, and parasites.13-17 They also show 
a unique combination of immune-stimulant and anti-inflam-
matory properties.18-22

Few peptide molecules are currently used in clinical 
practice7 due to their general toxicity, short half-life and in 
rare cases, production difficulties. Nevertheless, hundreds of 
AMPs are described in the literature as possible new drugs, 
several are in preclinical development and some are close to 
clinical trials.

SET-M33 is an antimicrobial peptide that has been ex-
tensively studied in recent years.23-28 It is a non-natural cat-
ionic peptide built in tetra-branched form.29 This structure 
makes the molecule more resistant to degradation in biolog-
ical fluids.30-32 It has shown efficacy against a number of 
Gram-negative multidrug-resistant clinical isolates.23,26,28 Its 
mechanism of action is based on binding to LPS and disrup-
tion of bacterial membranes.33,34 SET-M33 is in the late stage 
of preclinical characterization prior to clinical trials.

To identify back-up molecules, we are testing a panel of 
modified versions of SET-M33 with the intention to obtain 
new molecules with better performance in terms of phar-
macological profile. Here we report a peptide with the same 
amino acid sequence (KKIRVRLSA) but synthesized in two-
branched dimeric form (SET-M33DIM) instead of the tet-
ra-branched structure of the original SET-M33.

2 |  MATERIALS AND METHODS

2.1 | Peptide production

SET‐M33DIM peptide was synthesized on a Syro automated  
machine (MultiSynTech, Witten, Germany) using  
9‐fluorenylmethoxycarbonyl (Fmoc) chemistry and activation  
of the carboxylic group with O‐(benzotriazol‐1‐yl)‐N,N,N, 

N‐tetramethyluronium hexafluorophosphate (HBTU)/N, 
N‐disopropylethylamine (DIPEA). Side‐chain‐protecting 
groups were tert‐butoxycarbonyl (Boc) for Lys, 2,2,4,6,7‐
pentamethyldihydrobenzofuran‐5‐sulfonyl (Pbf) for Arg, and 
tert‐butyl ether (tBu) for Ser. SET‐M33DIM was synthesized 
on Tentagel S RAM resin with Fmoc‐βAla‐OH as first cou-
pling step. Fmoc‐Lys(Fmoc)‐OH was then used to build the 
dimeric core, followed by nine sequential additions of Fmoc 
amino acids to complete the peptide KKIRVRLSA. The final 
product was cleaved from the solid support, deprotected by 
treatment with TFA containing triisopropylsilane and water 
(95/2.5/2.5), and precipitated with diethyl ether. Crude pep-
tide was then purified by reversed‐phase chromatography on 
a preparative X‐Bridge BEH Waters C18 column (300 Å, 
10  μm, 250  ×  20  mm) in linear gradient form for 40 min, 
using 0.1% TFA/water as eluent A and acetonitrile as eluent 
B. Due to the cleavage and purification conditions, the puri-
fied peptide was obtained as a trifluoroacetate (TFacetate) 
salt. The exchange from TFacetate (toxic) to acetate was car-
ried out using a quaternary ammonium resin in acetate form 
(AG1‐X8, 100‐200 mesh, 1.6 meq/g capacity, Bio‐Rad). We 
used a resin‐to‐peptide ratio of 1000:1 to ensure high anion 
exchange yield. The resin was added directly to the peptide 
solution and the suspension was stirred for 1 hour. The pep-
tide sample was filtered and recovered. The resin was washed 
extensively with water and the pooled solutions were evapo-
rated and freeze‐dried.

Peptide purity and identity were confirmed by reversed- 
phase chromatography on a Phenomenex Jupiter C18 ana-
lytical column (300 Å, 5 μm, 250 × 4.6 mm) and by mass 
spectrometry with a Bruker Daltonics Ultraflex III MALDI 
TOF/TOF.

The tetra-branched peptide used here for comparison was 
synthesized as previously described.26

2.2 | Minimal inhibitory concentration assay

Minimal inhibitory concentrations (MICs) were determined 
in triplicate using a standard microdilution assay as recom-
mended by the Clinical and Laboratory Standards Institute, 
with cation-supplemented Mueller-Hinton (MH) broth 
(Becton Dickinson, Franklin Lakes, NJ, USA) and a bacterial 
inoculum of 5 × 104 CFU/well in a final volume of 100 μL. 
The results were recorded by visual inspection after 18-20 
hours of incubation at 37°C.

2.3 | In vivo efficacy

Animal procedures were approved by the Italian Ministry 
of Health, 14th January 2016, protocol 34/2016-PR. Eight-
week-old BALB/c female mice (Charles River) were used in 
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all experiments. The animals were maintained and handled 
in accordance with the Guidelines for Accommodation and 
Care of Animals (European Convention for the Protection 
of Vertebrate Animals Used for Experimental and Other 
Scientific Purposes) and internal guidelines. For the sepsis 
model, the animals (20 g) were rendered neutropenic by intra-
peritoneal (i.p.) administration of cyclophosphamide (C7397 
Sigma-Aldrich, St. Louis, USA) at 150 mg/kg (300 μL of 10 
mg/mL solution) 4 days and 1 day before infection. Sepsis 
was induced by infecting animals i.p. with a lethal amount 
of Pseudomonas aeruginosa PAO1 (0.6 × 103 CFU/mouse) 
in 500 µL PBS. The mice were treated three times with i.p. 
injection of SET-M33DIM, diluted in 0.9% NaCl solution, 
at 5 mg/kg and 10 mg/kg, 10 minutes, 6 and 24 hours post-
infection. Control animals received only vehicle. Moribund 
animals were killed humanely to avoid unnecessary distress. 
For the lung infection model, animals (20 g) were first an-
esthetized with Zoletil 50/50 (250 mg tielamine + 250 mg 
zolazepam) + nerfastin (20 mg xilazine). Then, they were in-
fected with P. aeruginosa PAO1 1.5 x 106 dissolved in 25 µL 
of 0.9% NaCl solution, which was delivered through the tra-
chea (i.t.) with a Hamilton syringe. After 25-30 minutes from 
the infection, the animals were treated i.t. with the peptide (5 
mg/kg and 10 mg/kg) diluted in 0.9% NaCl solution, using a 
Penn Century device (FMJ-250, Penn-Century Inc, USA) for 
nebulization. 4 hours post-infection, animals were sacrificed 
with CO2 and the lungs collected and homogenized in 2 mL 
of sterile solution (PBS) using a “Tissue Ruptor” homoge-
nizer with sterile probes (Qiagen, Hilden, Germany). Samples 
were diluted serially and 100 μL of each dilution was spread 
in duplicate on appropriate agar plates for colony count.

2.4 | Stability

SET-M33DIM diluted to 1 mg/mL in DMSO was incubated 
at 37°C with a solution of RPMI-1640 medium supplemented 
with 25% (v/v) human serum. Five tubes were prepared con-
taining 200 μL of the diluted serum and 50 μL of peptide 
solution. For the precipitation of serum proteins, 50 μL of 
cold (+4°C) 7.5% aqueous trichloroacetic acid (TCA) was 
added to each reaction solution at different time intervals (0, 
2, 24, 48, and 72 hours), and then centrifuged at 13 000 g for 
5 minutes.

270 μL supernatant was collected and diluted with 430 μL 
1% trifluoroacetic acid (TFA)/water. Each sample was then 
analyzed by RP-HPLC and mass spectrometry to detect un-
cleaved peptide or fragments. RP-HPLC was performed on 
a Phenomenex Jupiter C18 analytical column (300 Å, 5 μm, 
250 × 4.6 mm), using 0.1% TFA/water as eluent A and acetoni-
trile as eluent B in a linear gradient. MS analysis was performed 
with a Bruker Daltonic ultraflex MALDI TOF/TOF mass spec-
trometer. The experiments were performed in triplicate.

2.5 | Cytotoxicity

16HBE14o- (human bronchial epithelial cells) were plated at 
a density of 2.5 × 104 per well in 96-well microplates, previ-
ously incubated with coating solution (88% LHC basal me-
dium, 10% bovine serum albumin, 30 µg/mL bovine collagen 
type I, and 1% human fibronectin). Different concentrations 
of SET-M33 or SET-M33DIM, from 0.05 to 50 mol/L, di-
luted in culture medium (Minimum Essential Medium w/ 
Earle's salt [MEM], 10% FBS, penicillin [100 U/mL], strep-
tomycin [10 000 mcg/mL], glutamine [2 mM]), were added 
24 hours after plating. Cells were grown for 48 hours at 37°C. 
Viability was assessed with 0.1% crystal violet solution. EC50 
values were calculated by non-linear regression analysis 
using GraphPad Prism 5.03 software.

2.6 | Electron microscopy

16HBE14o- (human bronchial epithelial cells) were plated at 
a density of 3.0 × 104 per well in 24-well microplates, grown 
for 24 hours and then incubated with 20 µM SET-M33 or 
SET-M33DIM in appropriate culture medium at 37°C for 48 
hours.

2.6.1 | Scanning electron microscopy

After washing in PBS, the cells were fixed in 2.5% glutaral-
dehyde solution in phosphate buffer 0.1 M pH 7.2 (PB) for 2 
hours at 4°C, washed in PB, post-fixed in 1% OsO4 in PB for 
30 minutes at 4°C, dehydrated in an ascending alcohol series, 
and dried in a Balzers CPD 030 CO2 critical point dryer. The 
coverslip was then mounted on an aluminum stub, coated 
with 20 nm gold in a Balzers MED010 sputtering device, and 
observed in a Philips XL20 scanning electron microscope at 
an electron accelerating voltage of 20 kV.

2.6.2 | Transmission electron microscopy

The cells were fixed in 2.5% glutaraldehyde solution in phos-
phate buffer 0.1 M pH 7.2 (PB) for 2 hours at 4°C, washed 
in PB, post-fixed in 1% OsO4 in PB for 30 minutes at 4°C, 
dehydrated in an ascending alcohol series, incubated twice 
in propylene oxide and finally infiltrated and embedded in 
epon/araldite resin that was polymerized at 60°C for 48 hours. 
Ultrathin sections (60 nm thick) were cut from samples on a 
Reichert-Jung Ultracut E ultramicrotome. They were mounted 
on 200-mesh copper grids, stained with uranyl acetate and 
lead citrate, and observed in a FEI Technai G2 SPIRIT trans-
mission electron microscope at an electron accelerating volt-
age of 100 kV under standard operating conditions.
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2.7 | Hemolytic assay

Whole human blood in EDTA was centrifuged (1100 g) for 
10 minutes. Red blood cells diluted 1:100 in physiological 
solution (0.9% NaCl) were incubated for 24 hours at 37°C 
with two-fold serial dilution of SET-M33DIM from 3.9 mg/L 
to 8 g/L. The absorbance of the supernatants was determined 
in a 96-well plate at 490 nm with a microplate reader. Data for 
100% hemolysis were obtained by adding 0.1% TritonX-100 
in water to cells. The negative control was physiological so-
lution. The hemolysis rates of the peptides were calculated 
with the following equation:

where A = absorbance.

2.8 | Acute toxicity in vivo

Animal care procedures were followed as described for effi-
cacy in vivo. BALB/c female mice were treated by a single i.v. 
administration of different amounts (40, 20, and 10 mg/kg) of 
SET-M33 or SET-M33DIM, diluted in physiological solution 
(0.9% NaCl). Signs of toxicity were monitored four times a day 
by visual inspection. A toxicity score was assigned for the fol-
lowing signs: wiry coat and poor motility = mild signs; very 
wiry coat, abundant lachrymation, and poor motility even under 
stimulation = manifest signs. Animals were observed for 4 days 
after inoculation of the peptide. Mice were weighed every day 
from arrival to the last day of the experiment. Moribund ani-
mals were killed humanely to avoid unnecessary distress.

2.9 | LPS neutralization

RAW264.7 murine macrophages were seeded in six-well plates 
(5  ×  105 cells per well) with complete medium (Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
serum, 200 μg/mL glutamine, 100 μg/mL streptomycin, and 
60 μg/mL penicillin) and cultured in a CO2 incubator over-
night. Cells were stimulated with 50 ng/mL lipopolysaccharide 
(LPS) from Klebsiella pneumoniae (serotype 10, strain ATCC 
27316; SIGMA L 9143), or 20 ng/mL LPS from K. pneumoniae 
(strain ATCC 15380; SIGMA L 4268), or 20 ng/mL LPS from 
Escherichia coli (026:B6; SIGMA L 8274) in DMEM, in the 
presence of 50 µM, 20 μM, or 10 µM peptide SET-M33DIM in 
DMEM for 6 hours. RT-PCR was used to evaluate messenger 
RNA expression. Total RNA was extracted using a NucleoSpin 
RNA Kit (Macherey-Nagel, Düren, Germany) according to 
the manufacturer's instructions. One-step RT-PCR (QIAGEN) 
was applied for retrotranscription and mouse cDNA amplifica-
tion of IL1-β (330 bp), MIP1 (368 bp), MIP2 (325 bp), TNF-α  

(795 bp), iNOS (314 bp), IL-6 (474 bp), COX2 (470 bp), 
GM-CSF (508 bp), KC (391 bp), IP10 (127 bp), and MCP-1 
(271 bp). The following oligonucleotides were used as prim-
ers: IL-1β primers were 5′-CTG TCC TGA TGA GAG CAT 
CC-3′ (sense), 5′-TGT CCA TTG AGG TGG AGA GC-3′ (an-
tisense); MIP-1 primers were 5′-ATG AAG CTC TGC GTG 
TCT GC-3′ (sense), 5′-TGA GGA GCA AGG ACG CTT CT-3′ 
(antisense); MIP-2 primers were 5′-ACA CTT CAG CCT AGC 
GCC AT-3′ (sense), 5′-CAG GTC AGT TAG CCT TGC CT-3′ 
(antisense); TNF-α primers were 5′-GTT CTG TCC CTT TCA 
CTC ACT G-3′ (sense), 5′-GGT AGA GAA TGG ATG AAC 
ACC-3′ (antisense); iNOS primers were 5′-CTG CAG CAC 
TTG GAT CAG GAA CCT G-3′ (sense), 5′-GGG AGT AGC 
CTG TGT GCA CCT GGA A-3′ (antisense); IL-6 primers were 
5′-CAT GTT CTC TGG GAA ATC GTG G-3′ (sense), 5′-
AAC GCA CTA GGT TTG CCG AGTA-3′ (antisense); GM-
CSF primers were 5′-TTT CCT GGG CAT TGT GGT CT-3′ 
(sense), 5′-AGT TCC TGG CTC ATT ACG CA-3′ (antisense); 
COX2 primers were 5′-TTT GCC CAG CAC TTC ACC CAT-
3′ (sense), 5′-AAG TGG TAA CCG CTC AGG TGT-3′ (anti-
sense); KC primers were 5′-ACT GCA CCC AAA CCG AAG 
TCA TAG-3′ (sense), 5′-GCA CAG TGG TTG ACA CTT 
AGT GGT-3′ (antisense); IP-10 primers were 5′-GCC GTC 
ATT TTC TGC CTC AT-3′ (sense), 5′-GCT TCC CTA TGG 
CCC TCA TT-3′ (antisense); MCP-1 primers were 5′-TTG 
GCT CAG CCA GAT GCA GTT A-3′ (sense), 5′-AAC TGC 
ATC TGC CCT AAG GTC TTC-3′ (antisense).

The following PCR conditions were applied: for IL1-β, 
MIP2, iNOS, and TNFα, 25 denaturing cycles at 94°C for 60 
seconds, annealing at 55°C for 90 seconds and extension at 
72°C for 60 seconds; for MIP1 20 denaturing cycles at 94°C 
for 60 seconds, annealing at 55°C for 90 seconds and exten-
sion at 72°C for 60 seconds; for KC and MCP1 30 denaturing 
cycles at 94°C for 60 seconds, annealing at 54°C (KC) and 
55°C (MCP1) for 60 seconds and extension at 72°C for 60 
seconds; for IP10 25 denaturing cycles at 94°C for 60 sec-
onds, annealing at 54°C for 60 seconds and extension at 72°C 
for 60 seconds; for IL-6 and GM-CSF 30 denaturing cycles 
at 94°C for 30 seconds, annealing at 57°C for 30 seconds and 
extension at 72°C for 60 seconds; for COX-2 25 denaturing 
cycles at 94°C for 30 seconds, annealing at 57°C for 30 sec-
onds and extension at 72°C for 60 seconds.

Densitometric analysis was carried out using ImageJ 
software

2.10 | Bio-Plex analysis

IB3-1 cells (LGC Promochem Europe), derived from a CF 
patient with a ΔF508/W1282X mutant genotype and im-
mortalized with adeno12/SV40, were seeded in plates with 
LHC-8 medium supplemented with 5% FBS, in the absence 
of gentamicin, and cultured at 37°C/5% CO2 overnight. Cells 
were initially pre-incubated with SET-M33 or SET-M33DIM 

(%) =
(

Apeptide− Aphysiological solution

)

∕
(

Atriton− Aphysiological solution

)

×100%
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(2.5, 10, and 20 µM) for 24 hours. Then the medium was re-
moved and P. aeruginosa non-mucoid laboratory strain PAO1 
(Columbia University, New York, NY) (3 × 107 CFU/mL) 
and SET-M33 or SET-M33DIM (2.5, 10, and 20 µM) were 
added to fresh LHC-8 medium without FBS. Four hours after 
infection, the supernatants were collected and used for Bio-
Plex cytokine, chemokine and growth factor assay (Bio-Rad 
Laboratories, Hercules, CA) as described by the manufacturer. 
The assay is designed for multiplexed quantitative measure-
ment of multiple cytokines released in culture medium in a 
single well using as little as 50 μL of sample. Briefly, 50 μL 
of cytokine standards or samples (supernatants from treated 
cells spiked with 0.5% BSA) was incubated with 50 μL anti-
cytokine-conjugated magnetic beads in 96-well plates for 30 
minutes at room temperature with shaking. Plates were then 
washed three times with 100 μL Bio-Plex wash buffer using 
the Bio-Plex Pro Wash Station (Bio-Rad Laboratories); 25 μL 
of diluted detection antibody was added and the plates were 
incubated for 30 minutes at room temperature with shaking. 
After three washes, 50 μL of streptavidin-phycoerythrin was 
added and the plates were incubated for 10 minutes at room 
temperature with shaking. Finally, the plates were washed 
three times, the beads were suspended in Bio-Plex assay 
buffer, and the samples were analyzed on a Bio-Rad 96-well 
plate reader using the Bio-Plex Suspension Array System and 
Bio-Plex Manager software (Bio-Rad Laboratories).

2.11 | Precision-cut lung slice preparation

Female rats (Wistar, Crl:WI, Wu, nulliparous and non-preg-
nant) were obtained from Charles River (Sulzfeld, Germany). 
Animals were housed under conventional housing condi-
tions (22 ± 2°C, relative humidity 55 ± 15%, 12 hours dark/
light cycle). Diet and drinking water were available ad li-
bitum. Animal health was checked daily. For preparation of 
Precision-cut lung slice (PCLS), animals were sacrificed by 
an i.p. overdose (~100 mg/kg body weight) of pentobarbital 
sodium (Narcoren, Merial GmbH, Hallbergmoos, Germany).

PCLS were prepared as previously described.35,36 Briefly, 
the trachea was cannulated and the lungs were inflated with 
37°C warm, 1.5% low-gelling agarose medium solution (Sigma-
Aldrich, Munich, Germany) and cooled on ice. After polymer-
ization of the agarose, 8 mm wide tissue cores were prepared 
and cut into 200- to 300-µm-thick slices using a Krumdieck mi-
crotome (Alabama Research and Development, Munford, AL, 
USA) and collected in 4°C cold EBSS (Sigma-Aldrich, Munich, 
Germany). The tissue slices were transferred to Petri dishes 
with DMEM/nutrient mixture F-12 Ham (pH 7.2-7.4) from 
Gibco (Life Technologies/Thermo Fisher Scientific, Dreieich, 
Germany) with l-glutamine and 15 mM HEPES, without phe-
nol red or fetal bovine serum, supplemented with 100 units/
mL penicillin and streptomycin (Lonza, Verviers, Belgium) and 
incubated under cell culture conditions (37°C, 5% CO2). The 

medium was exchanged three times every 30 minutes to remove 
cell debris, and PCLS were incubated overnight (37°C, 5% CO2).

2.12 | PCLS treatment for toxicity and 
antibacterial and anti-inflammatory activity

For efficacy and toxicity studies, one PCLS per well was 
placed in a 48-well plate and incubated overnight in DMEM. 
For cytotoxicity experiments, uninfected PCLSs were treated 
with SET-M33DIM at 24, 48, and 96 µM and in comparative 
wells, other PCLSs were treated with ciprofloxacin (Sigma, 
St. Louis, MO) at 15, 30, and 45 µM for 20 hours.

For antibacterial efficacy experiments, PCLSs were in-
fected the next day with P. aeruginosa PAO1 (1 × 105 CFU/
slice) by inoculation for 1h. Infected PCLSs were treated with 
SET-M33DIM at 24, 48, and 96 µM, up to 6 hours post-in-
fection. After 6 hours, supernatants and lysed tissue, obtained 
by incubation with 250 µL 1% TX-100 in PBS, pH 7.4 plus 
0.2% protease inhibitor cocktail for 1 hour, were collected for 
assessment of tissue viability, cytokines, and colony-forming 
units (CFU) determined by dilution plating on agar plates.

To assess anti-inflammatory activity of SET-M33DIM in 
infected PCLS, rat Interleukin-1beta (IL-1β) was measured 
using the Rat IL-1β DuoSet from R&D Systems (Wiesbaden-
Nordenstadt, Germany) according to the manufacturer's 
specifications. For the eight-point standard curve, recombi-
nant rat IL-1 β, included in the kit, was used. The lower and 
upper limits of quantification were at 16 pg/mL and 1000 pg/
mL, respectively. OD was determined at 450 nm (reference 
wavelength 540 nm) using a Tecan reader.

2.13 | LDH assay

Lactate dehydrogenase (LDH) release was determined in 
PCLS supernatant using a Cytotoxicity Detection Kit PLUS 
(LDH) (Roche, Mannheim, Germany), according to the 
manufacturer's instructions. Briefly, 50 μL of tissue culture 
supernatant was incubated with 50 μL LDH reagent mix 
for 20 minutes at room temperature, protected from light. 
Absorbance was determined at a wavelength of 492 nm and 
reference wavelength of 630 nm using a Tecan reader. All 
tests were performed in duplicate. Triton X-100 lysed PCLSs 
were used as positive controls (100% LDH release).

2.14 | Calcein-AM staining

The viability of the tissue slices was assessed using Calcein 
acetoxymethyl (Calcein AM) staining (Life Technologies/
Thermo Fisher Scientific, Dreieich, Germany) as previously de-
scribed.35,36 Briefly, PCLSs were incubated in 4 µM solution of 
Calcein-AM in DMEM-F12 for 45 minutes at 37°C and 150 rpm 
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in the dark. After washing three times with warm DMEM-F12 
to remove excess dye, the slices were lysed with 1% TX-100 to 
release the dye from the cells. 50 µL of the lysate was transferred 
to a 96-well plate in duplicate and fluorescence was determined 
at wavelengths of 490 and 530 nm using a Tecan reader. The 
data were normalized to untreated PCLSs as a negative control 
(no loss of viability) set at 100%. PCLSs lysed with 70% EtOh 
were used as positive controls for cytotoxicity.

2.15 | Statistical analysis

All data were analyzed by GraphPad Prism 5.0 software 
using the following methods of calculation related to the dif-
ferent types of experiments: ANOVA with Dunnett post-test; 
Mantel-Cox test; non-linear regression; Student's t test. The 
relative p values are reported in the figure legends and pic-
tures. The number of experiments used for statistical analyses 
is provided in figure legends.

3 |  RESULTS

3.1 | Peptide synthesis

The two-branched peptide SET-M33DIM (Figure 1) was syn-
thesized by solid phase synthesis. The identity and purity of the 
final product were confirmed by analytical reverse phase chro-
matography on a Jupiter C18 column and mass spectrometry. 
The product was more than 95% pure SET-M33DIM, as shown 
by HPLC (19.52 retention time) and mass spectrometry, with 
a peak at the expected molecular mass (2320 Da) (not shown).

3.2 | Therapeutic activity

3.2.1 | Minimal inhibitory concentrations

SET-M33DIM MICs were determined against strains of dif-
ferent bacterial species, including several Gram-negative 

pathogens (Table 1). Low MICs were observed against strains 
of Acinetobacter baumannii, Klebsiella pneumoniae, E. coli, 
and some other Enterobacterales, with the exception of Proteus 
mirabilis, Serratia marcescens, and Burkholderia cepacia. 
Satisfactory activity was found against Pseudomonas aerugi-
nosa. Interestingly, SET-M33DIM activity was retained against 
MDR strains with various resistance mechanisms (such as ex-
tended spectrum β-lactamases and carbapenemases), including 
a MDR P. aeruginosa strain from a cystic fibrosis patient.

3.2.2 | Efficacy ex vivo

Rat precision-cut lung slices (PCLSs), obtained as described in 
Material and Methods, were infected with P. aeruginosa PAO1 
(1  ×  105 CFU/slice). One hour after infection, PCLSs were 
treated with SET-M33DIM 24, 48, and 96 µM up to 6 hours. At 
all concentrations, SET-M33DIM showed strong antimicrobial 
efficacy (Figure 2A). The reduction of bacterial load obtained 
with SET-M33DIM led to significantly improved lung tissue vi-
ability, as assessed by calcein viability staining. Infection with 
PAO1 without treatment resulted in massive loss of tissue viabil-
ity, while treatment with SET-M33DIM resulted in significant 
improvement of tissue viability at all concentrations (Figure 2B).

3.2.3 | Efficacy in vivo

The peptide was tested in two animal models, an abdominal in-
fection and a lung infection. For the abdominal infection, neu-
tropenic mice (5/group) were injected i.p. with a lethal amount 
of P. aeruginosa PAO1 (0.6  ×  103 CFU/mouse). They were 
then treated three times with SET-M33DIM i.p. at 5 mg/kg or 
10 mg/kg at 0, 6, and 24 hours after infection and monitored for 
4 days. While untreated mice had a mortality of 100% within 45 
hours, we obtained 20% survival with SET-M33DIM 10 mg/Kg. 
When SET-M33DIM was used at 5 mg/kg, death was delayed 
by up to 45 hours with respect to the control group (Figure 3A). 
For the lung infection model, immunocompetent mice (6/group) 
were intratracheally (i.t.) infected with P. aeruginosa PAO1 
(1.5 × 106 CFU/mouse) and, after 30 minutes treated i.t. with 
SET-M33DIM at 5 mg/kg or 10 mg/kg. Bacterial clearance was 
evaluated by counting CFUs recovered from lungs after 4 hours 
from infection. The median value of the two dosages showed an 
evident tendency to the dose dependency, with a strong statisti-
cal significance at 10 mg/kg (Figure 3B).

3.3 | Toxicity

3.3.1 | Cytotoxicity

SET-M33DIM was analyzed for toxicity to human bronchial 
epithelial cells (16HBE14o-). This cytotoxic assay showed 

F I G U R E  1  SET-M33DIM structure. Amino acids in the peptide 
sequences are reported as one-letter code. The two peptides are linked 
by a lysine core. The structure does not show actual proportions 
between peptide sequences and core
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that SET-M33DIM has a considerably lower toxic effect on 
bronchial cells than SET-M33, the peptide in tetrameric form 
from which it is derived, as demonstrated by the higher EC50 
of 638 μM compared to 28 μM for SET-M33 (Figure 4).

3.3.2 | Electron microscopy

The cytotoxic effects of SET-M33DIM and SET-M33 were 
compared using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) (Figure 5). Both 
peptides were incubated with 16HBE14o- bronchial epithe-
lial cells at a concentration of 20 µM for 48 h. SEM observa-
tions did not detect any significant differences in cell shape or 
surface pattern between untreated cells (controls) and SET-
M33DIM-treated cells (Figure 5A,B), while clear signs of 
cell damage were evident in cells incubated with SET-M33 

(Figure 5C). Similarly, TEM observation of cell ultrathin 
sections did not detect any signs of cytoplasmic modifica-
tions compatible with cell damage in controls (Figure 5D,G) 
or SET-M33DIM-treated cells (Figure 5E,H): cell organelles 
showed canonical shape, location, and density. By contrast, 
SET-M33-treated cells showed partly disorganized cyto-
plasm richer in vesicles and with altered mitochondria and 
cell membrane damage (Figure 5F,I).

3.3.3 | Hemolytic activity

SET-M33DIM was also analyzed for its capacity to damage 
red blood cells (Figure 6). The peptide did not cause more 
than 22% hemolysis, even at a concentration of 8 mg/mL 
(2.7 mM), which is more than 100 times the highest MIC in 
Table 1.

T A B L E  1  MIC [μM] of SET-M33DIM against bacterial strains representative of several pathogenic MDR species

Species and strains Featuresa SET-M33DIM MIC [µM]

Pseudomonas aeruginosa ATCC 27853 Reference strain, wild type 11

P. aeruginosa PAO-1 Reference strain, wild type 11

P. aeruginosa VR-143/97 FQr AGr ESCr NEMr (MBL/VIM-1) >22

P. aeruginosa AV65 FQr AGr ESCr NEMr (MBL/IMP-13) >22

P. aeruginosa OBG6 1a FQr AGr ESCr NEMr (MBL/IMP-13) 22

P. aeruginosa CEFTO49 FQr AGr ESCr NEMr (CARB/GES-5) >22

Klebsiella pneumoniae ATCC 13833 Reference strain, wild type 5.5

K. pneumoniae 7086042 FQr AGr ESCr NEMr (MBL/VIM-1) 3

K. Pneumoniae FI-47 FQr, AGr, ESCr, NEMr, COLr (CARB/KPC) >22

K. Pneumoniae FI-20 FQr, AGr, ESCr, NEMr, COLr (CARB/KPC) 22

K. pneumoniae C8-27 FQr AGr ESCr ETPr (ESBL/CTX-M-15) 11

K. pneumoniae FIPP-1 FQr AGr ESCr NEMr (CARB/KPC-3) 22

Escherichia coli ATCC 25922 Reference strain, wild type 3

E. coli W03BG0025 FQr AGr ESCr (ESBL/CTX-M-15) 3

E. coli W03AN0048 FQr AGr ESCr (ESBL/CTX-M-15) 5.5

Proteus mirabilis W03VA1017 FQr ESCr (AmpC/CMY-16) >22

Enterobacter aerogenes W03BG0067 AGr ESCr (ESBL/SHV-5) 5.5

Enterobacter cloacae W03AN0041 ESCr (ESBL/SHV-12) 5.5

Acinetobacter baumannii RUH 134 Reference strain, European clone II 3

A. baumannii RUH 875 Reference strain, European clone I 3

A. baumannii MR157 FQr AGr ESCr NEMr (OXA/OXA-58) 3

A. baumannii N50-ColR NEMr COLr (OXA/OXA-24) 22

Burkholderia cepacia ORB-99 Wild type >22

Serratia marcescens W03BG0003 FQr AGr ESCr (ESBL/SHV-12) >22

Note: Bacteria tested included reference strains (indicated) and clinical isolates (mostly with MDR phenotypes). The resistance traits and resistance mechanisms are 
indicated. AGr, resistant to aminoglycosides (gentamicin, amikacin, and/or tobramycin); CARB, class A carbapenemase; COLr, resistant to colistin; ESBL, extended 
spectrum-lactamase; ESCr, resistant to expanded-spectrum cephalosporins; ETPr resistant to ertapenem; FQr, resistant to fluoroquinolones; MBL, metallo-β-lactamase; 
NEMr, resistant to carbapenems (imipenem and/or meropenem); OXA, oxacillinase. VIM-1, IMP13, and GES-5 are types of clinically important β-lactamases detected 
in the various strains.
aClinical isolate with mucoid phenotype from patients with cystic fibrosis. 



   | 199QUERCINI Et al.

F I G U R E  2  Ex vivo antimicrobial efficacy of SET-M33DIM on P. aeruginosa-infected rat PCLSs. A, Histograms indicate number of  
P. aeruginosa PAO-1 CFUs found in PCLSs. The black column shows CFUs in PCLSs 6 h after infection, without SET-M33DIM. The other 
columns show CFUs found in infected PCLSs 6 h after infection and treatment with SET-M33DIM at the concentrations indicated below. B, Y axis: 
percentage of calcein in PCLS cells. The black column shows the maximum cell viability in PCLSs not infected and not treated with the peptide 
(100%). The light grey column indicates maximum tissue damage in infected PCLSs without peptide treatment. The other columns indicate infected 
PCLSs treated with SET-M33DIM at different concentrations, as indicated below. Bars are mean + SD of n = 3. ***P value < .001 calculated by 
ANOVA with Dunnett post-test

F I G U R E  3  In vivo antibacterial activity of SET-M33DIM peptide. A, Sepsis model. BALB/c neutropenic mice (n = 5 per group) were 
injected i.p. with a lethal amount of P. aeruginosa PAO1 and then treated three times with SET-M33DIM (5 mg/kg or 10 mg/kg), 0, 6, and 24 h 
after infection. Survival percentage (y-axis) against time (x-axis) for the three groups; P = .0055 between survival curves calculated by the Mantel-
Cox test. B, Lung infection model. Scatter plots representing the CFUs/lung (y-axis) in treated and untreated immunocompetent BALB/c mice 
(each circle corresponds to one mice, n = 6 per group). Animals were inoculated i.t. with P. aeruginosa PAO1 1.5 × 106, and after 30 min with 
SET-M33DIM 5 mg/kg or 10 mg/kg. Horizontal bars represent median values. ***P < .001 by Student’s t test
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3.3.4 | Tissue viability

Uninfected viable lung slices were treated with ciprofloxa-
cin 15, 30, and 45 µM or with SET-M33DIM 24, 48, and 96 
µM for 20 hours. To evaluate tissue viability, LDH assay and 
Calcein AM staining were performed on PCLS supernatant 
and directly on PCLSs, respectively.

In the LDH assay, 1-hour treatment with Triton X-100, a 
common detergent, caused complete tissue death and was used 
as positive control (100% LDH release). The negative control 
was supernatant of untreated PCLS. After exposure to cipro-
floxacin or SET-M33DIM, no significant effect on LDH release 
was observed with respect to the negative control (Figure 7A).

These results were confirmed by the Calcein AM stain-
ing test (Figure 7B). In this test, 15-minutes treatment with 
EtOH was used as toxicity control (not shown), since EtOH 
destroyed live tissue completely. Untreated PCLSs were used 
as negative control (100% viability). Again ciprofloxacin 
and SET-M33DIM 24 µM had no significant effect on tissue 
viability.

Only the highest concentration of SET-M33DIM caused a 
very weak loss of viability in both tests (LDH release 39.9% 
peptide vs 29.4% control; Calcein staining 91% peptide vs 
100% control).

3.3.5 | Acute toxicity in vivo

SET-M33DIM was compared with the tetra-branched pep-
tide SET-M33 for acute toxicity in vivo. BALB/c mice 

were injected i.v. with different amounts of SET-M33 or 
SET-M33DIM in the range 10–40 mg/kg, in a single dose 
(Figure 8), and were monitored for 4 days. Neither peptide 
proved lethal nor no signs of toxicity were observed up to 20 
mg/kg (10 mg/kg groups are not shown in the figure). At 40 
mg/kg, SET-M33 produced strong signs of toxicity and 90% 
mortality after 96 hours.26 At the same dose, SET-M33DIM 
caused 60% mortality and clear signs of toxicity immediately 
after inoculation. These signs disappeared in live animals 
within 24 hours. No variation in body weight was detected 
(not shown).

3.3.6 | Stability in serum

The branched structure of peptides increases their stability 
to protease degradation.30-32 However, stability depends on 
the state of ramification. The stability of SET-M33DIM and 
SET-M33 in serum was compared (Table 2). The dimeric 
peptide was still detected in serum up to 48 hours, although 
its degradation was more rapid than that of the tetrameric 
molecule, which was detected in higher percentages.

3.4 | Anti-inflammatory activity

3.4.1 | Gene expression of pro-inflammatory 
factors in macrophages

SET-M33DIM was tested for LPS neutralization in mac-
rophages and consequently for its inhibitory effects on in-
flammatory cytokines. RAW264.7 murine macrophages 
were incubated with LPS from Pseudomonas aeruginosa 
or Klebsiella pneumoniae or E. coli, and then treated with 
SET-M33DIM. The cytokines and enzymes analyzed were: 
TNF-α, IL-1β, IL-6, MIP-1, MIP-2, GM-CSF, KC, IP-10, 
MCP-1, COX2, and iNOS. Gene expression analysis by RT-
PCR showed that stimulation of cells with LPS induced an 
increase in gene expression of all proteins tested. In cells 
stimulated with LPS at appropriate concentrations (20 ng/mL 
LPS from K. pneumoniae and E. coli, 50 ng/mL LPS from 
P. aeruginosa), and then treated with SET-M33DIM (10, 20, 
or 50 µM as indicated in caption of Figure 9) the expression 
of pro-inflammatory cytokines and enzymes was inhibited as 
follows (Figure 9): 100% for MIP1 and COX-2 in cells stim-
ulated with LPS from P. aeruginosa and for COX-2 in cells 
stimulated with LPS from E. coli; ≥85% for iNOS, GM-CSF 
and IP10 in cells stimulated with LPS from P. aeruginosa, 
for MIP1 and COX-2 in cells incubated with LPS from K. 
pneumoniae, for TNF-α and GM-CSF in cells incubated with 
LPS from E. coli; >60% for TNF-α, IL-1β, MIP2, and IL-6 
in cells stimulated with LPS from P. aeruginosa, for TNF-α 
in cells incubated with LPS from K. pneumoniae and 30% for 

F I G U R E  4  Cytotoxicity of SET-M33 and SET-M33DIM on 
16HBE14o- bronchial cells. Cytotoxicity of SET-M33 (triangles) and 
SET-M33DIM (circles) in 16HBE14o- bronchial cells. Percentage 
cell survival (Y-axis) is plotted against peptide concentrations (X-axis) 
on a logarithmic scale. The data, reported as mean ± SD n = 3, was 
analyzed by non-linear regression
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the other cytokines, except MCP1 stimulated by LPS from 
P. aeruginosa and K. pneumoniae, and IL-1β, KC, IP10, and 
MCP1 stimulated by LPS from E. coli, which were not in-
hibited at all.

3.4.2 | Inhibition of pro-inflammatory 
cytokines in P. aeruginosa-infected cystic 
fibrosis cells

The antibacterial effect observed in the ex vivo lung tissue 
slice infection model suggests that SET-M33DIM could 

potentially be used to treat chronic P. aeruginosa lung in-
fections in cystic fibrosis patients. We analyzed inhibition of 
pro-inflammatory cytokines by SET-M33DIM and the origi-
nal tetra-branched peptide SET-M33 in IB3-1 bronchial cells 
isolated from a cystic fibrosis patient.

The effects of SET-M33 and SET-M33DIM on the se-
cretome profile of P. aeruginosa-infected IB3-1 cells were 
evaluated by Luminex technology,37 detecting and quanti-
fying a panel of proteins secreted into the medium. In this 
experiment, the pro-inflammatory stimulus was provided by 
whole live bacterial cells, unlike in the experiment described 
above, where soluble LPS was used. After pre-incubating 

F I G U R E  5  Scanning electron micrographs (SEM) and transmission electron micrographs (TEM). SEM (panels A-C) and TEM (panels 
D-I) of 16HBE14o- human bronchial epithelial cells. SEM and TEM micrographs of untreated cells (controls) (A, D, G) and cells after 48 h of 
incubation with SET-M33DIM (B, E, H) or SET-M33 (C, F, I). Scale bar 10 μm in panels A-C, and 500 nm in panels D-I
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IB3-1 cells with the two peptides for 24 hours, the cells 
were infected for 4 hours with P. aeruginosa PAO1 strain 
and treated with SET-M33 or SET-M33DIM at different 

concentrations (Figure 10). Cells treated with 10 µM SET-
M33DIM showed significant inhibition of G-CSF, IL-6, and 
VEGF (Figure 10A,B,D) with respect to cells incubated only 

F I G U R E  6  Hemolytic activity of 
SET-M33DIM. Hemolysis percentage  
(y-axis), calculated as described in Methods, 
against concentrations of SET-M33DIM 
(x-axis) of red blood cells incubated at 37°C 
for 24 h. Bars show mean ± SD for n = 2

F I G U R E  7  LDH assay (A) and 
Calcein AM staining (B) to measure PCLS 
viability after treatment with antibiotics. 
A, Tissue viability in rat PCLSs indicated 
by LDH release. 100% LDH release 
(maximum toxicity) was obtained after 
incubation with 1 h Triton X-100. PCLSs 
not treated with antibiotics (control black 
column) showed maximum viability. B, 
Cell viability of PCLSs indicated by Calcein 
staining. Untreated PCLSs (control black 
column) showed no toxicity (100% Calcein 
detection). PCLSs treated with EtOH 
(not shown) showed maximum toxicity 
(0%). Bars represent mean ± SD for n = 3 
experiments
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with P. aeruginosa PAO1. IL-8 was sensitively inhibited only 
when SET-M33DIM was used at 20 µM (Figure 10C). No 
significant differences between the two peptide activities 
were observed, except for the effect on IL-6, which proved to 
be strongly inhibited by all concentrations of SET-M33DIM, 
whereas SET-M33 only reduced protein secretion at the high-
est concentration.

3.4.3 | IL-1β as biomarker of inflammation 
in lung tissue

A further anti-inflammatory activity of SET-M33DIM 
was determined by measuring IL-1β expression ex vivo in 
lung tissue. Rat PCLSs were infected with P. aeruginosa 
PAO1 (1 × 105 CFU/slice) for 1 hour and treated with SET-
M33DIM (24, 48, and 96 µM), 1 and 6 hours after infection. 
After 24 hours, culture supernatant was removed and the tis-
sue lysed. IL-1β expressed in PCLS lysate was measured by 
ELISA. After treatment with SET-M33DIM, infected PCLSs 
showed the following inhibitions with respect to PCLSs in-
cubated only with bacteria: 34% (24 µM), >54% (48 µM), 
and >86% (96 µM). SET-M33DIM alone did not trigger any 
IL-1β production (Figure 11).

4 |  DISCUSSION

The pipeline of drug development is a long and complex 
process that includes lead identification, molecule opti-
mization, preclinical characterizations in animals, setup 
of analytical methods, production scale-up, clinical tri-
als, regulatory issues, and other procedures that must be 
conducted and passed prior to final approval for commer-
cialization. Many, probably most, of the molecules in the 
industrial development pipeline fail a step in the preclini-
cal or clinical stages, and are discontinued in their process 
toward the market. To increase the chances of approval of 
a new drug, companies therefore often have more than one 
molecule in their development pipeline for the same thera-
peutic indication.

The peptide SET-M33, a synthetic molecule produced in 
tetra-branched form, is currently in the late preclinical stage 
of development as a new drug to treat infections due to Gram-
negative pathogens. Some back-up molecules are in earlier 
stages of development for the same indication, and the pep-
tide SET-M33DIM is one of these.

Here we reported the in vitro, ex vivo, and in vivo 
characterization of SET-M33DIM, describing its toxic-
ity in cells, tissues, and animals, and its antimicrobial and 

F I G U R E  8  Acute toxicity of SET-M33 and SET-M33DIM in vivo. Mice (represented as circles) were inoculated i.v. with SET-M33 and 
SET-M33DIM at 40 and 20 mg/kg in a single dose, and monitored for 96 h. Different scales of grey and the X symbol in the circles indicate 
severity of signs or death, as described in the figure. The toxicity score is described in Methods

T A B L E  2  Peptide stability measured as percentage of molecules detected in serum after incubation for 0, 2, 24, and 48 h. Data report the 
mean ± SD for n = 3 experiments

Peptide 0 h 2 h 24 h 48 h

SET-M33DIM 100% ± 0.00 79.13% ± 7.93 23.64% ± 9.53 7.20% ± 6.77

SET-M33 100% ± 0.00 89.65% ± 9.10 52.05% ± 6.68 49.33% ± 28.39
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anti-inflammatory activity, with a special focus on sepsis and 
lung infections. In some cases, comparative evaluations with 
the peptide in tetra-branched form (SET-M33) were neces-
sary for a better understanding of efficacy and toxicity.

The dimeric form of the peptide showed slightly less 
antibacterial activity than the tetra-branched form (for a 
comparison of MICs, see25), though most bacterial spe-
cies and strains showed similar sensitivity to the two pep-
tides. However, the general toxicity of the dimeric form 
was significantly less, proving to be more than 22 times 
lower than that of the tetra-branched peptide in cytotox-
icity tests. Experiments in vivo also demonstrated a sharp 
improvement in toxicity with less morbidity and mortal-
ity for SET-M33DIM with respect to the original peptide. 
Ex vivo study of live lung tissue (rat PCLSs) showed that 
SET-M33DIM had a toxicity profile comparable to that of 
the antibiotic ciprofloxacin, which is extensively used in 
clinical practice.

The clinical impact of ESKAPE pathogens (which in-
clude many Gram-negative bacteria)38 and the urgent need 
for new drugs against these microorganisms in sepsis and 
lung infections prompted our evaluation of the capacity of 

SET-M33DIM to clear bacteria from sepsis in animals and 
infected lung tissue. In a sepsis animal model, the peptide 
caused an evident delay in the onset of signs of sepsis and 
death at doses compatible with clinical use, and in a lung 
infection model it produced a marked bacterial clearance in 
lungs of animals treated by nebulization. In the case of lung 
infections, we also used the technique of precision-cut lung 
slices, a new tool for preclinical respiratory research, which 
provides a link between cell-based in vitro experiments and 
complex in vivo animal models,39 besides reflecting natu-
ral respiratory tract microanatomy. In rat lung tissue slices, 
SET-M33DIM strongly abated P. aeruginosa burden in a 
few hours, restoring lung cell viability practically to levels 
of non-infected tissue. In addition to antibacterial activity, 
SET-M33DIM showed strong anti-inflammatory activity, 
inhibiting expression of 14 cytokines, growth factors, and 
enzymes involved in inflammation, which we triggered in 
cells or tissues by incubation with soluble LPS from E. coli, 
P. aeruginosa or K. pneumonia, or by infection with living 
P. aeruginosa cells. Interestingly, the anti-inflammatory ac-
tivity was observed in live lung tissue, macrophages, and 
human bronchial cells from a cystic fibrosis patient with 

F I G U R E  9  Gene expression of pro-inflammatory cytokines and enzymes analyzed by RT-PCR. A, cDNA bands indicating gene expression 
in cells stimulated with LPS from P. aeruginosa, K. pneumonia, or E. coli (lanes 1, 3, 5, respectively), or in cells stimulated with LPS in the 
presence of SET-M33DIM (lanes 2, 4, 6, respectively). Control (lane 7) indicates a representative basal level of gene expression in unstimulated 
cells. B, Percentage of gene expression after LPS stimulation and SET-M33 treatment. The value 100% indicates gene expression in LPS-
stimulated cells after subtraction of basal level (the real basal level obtained by each experiment, and not a representative one). Densitometric 
analysis was carried out using ImageJ software. RAW264.7 cells were incubated with SET-M33DIM 50 µM when stimulated with LPS from E. 
coli to measure inhibition of MIP2 and IL-6; when stimulated with LPS from K. pneumoniae to measure the inhibition of IL-1β, MIP2, iNOS, and 
MCP1; when stimulated with LPS from P. aeruginosa to measure the inhibition of IL-6, GM-CSF, MCP1, IL-1β, and iNOS. RAW264.7 were 
incubated with SET-M33DIM 10 µM when stimulated with LPS from E. coli to measure the inhibition of TNF-α and COX2. In all other cases, 
SET-M33DIM was used at 20 µM
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a heterozygous ∆F508/W1282X mutation genotype.40 In 
cystic fibrosis, bacterial infections and inflammation of the 
lungs aggravate the general condition of patients, making the 
direct dual action (antibacterial and anti-inflammatory) of 
this peptide particularly welcome for possible treatment of 
the disease.

The characterizations of SET-M33DIM reported here 
make this molecule an important candidate lead compound 
for the development of a new drug to treat severe infections 
caused by MDR pathogens. Its low cost of synthesis, com-
pared to other branched or dendrimeric peptides, makes the 
manufacturing process even more suited to industrial applica-
tion for drug production.
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