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ABSTRACT 

SET-M33 is a synthetic peptide that is being developed as a new antibiotic against major 

Gram-negative bacteria. In this Ph.D. thesis the results about in vivo efficacy and toxicity in 

different animal species are reported, concluding the preclinical development of the peptide. 

Furthermore, the construction of a biocompatible nanosystem where the antimicrobial 

peptide SET-M33 is encapsulated into polymeric nanoparticles (NPs) of poly(lactide-co-

glycolide) (PLGA) conjugated with polyethylene glycol (PEG) is also described.  

In the first study SET-M33 was administered to CD-1 mice by snout inhalation exposure for 

1 h/day for 7 days at doses of 5 and 20 mg/kg/day. The results showed adverse clinical signs 

and effects on body weight at the higher dose, as well as some treatment-related 

histopathology findings (lungs and bronchi, nose/turbinates, larynx and tracheal 

bifurcation). On this basis, the no observable adverse effect level (NOAEL) was considered 

to be 5 mg/kg/day. In the same study, an efficacy evaluation of the peptide in an endotoxin 

(LPS)-induced pulmonary inflammation model. Intratracheal administration of SET-M33 

at 0.5, 2 and 5 mg/kg significantly inhibited BAL neutrophil cell counts after an LPS 

challenge was presented. A significant reduction in pro-inflammatory cytokines, KC, MIP-

1α, IP-10, MCP-1 and TNF-α was also recorded after SET-M33 administration. 

In the second study, dose range finding experiments determined the doses to use in 

toxicokinetic evaluation, clinical biochemistry analysis, necroscopy and in neurological and 

respiratory measurements. Clinical laboratory investigations in dogs and rats showed a 

dose-related increase in creatinine and urea levels, indicating that the kidneys are the target 

organ. This was also confirmed by necroscopy studies of animal tissues, where signs of 

degeneration and regeneration were found in the kidney when SET-M33 was administered 

at the highest doses in the two animal species. Neurological toxicity measurements by the 

Irwin method and respiratory function evaluation in rats did not reveal any toxic effect even 

at the highest dose. Finally, repeated administration of SET-M33 by short infusion in dogs 

revealed a NOAEL of 0.5 mg/kg/day. 

In the third study, the system peptide-NPs was conceived for the better delivery of the 

peptide to the lungs by aerosol. The encapsulated peptide showed prolonged antibacterial 

activity, due to its controlled release, and much lower toxicity than the free molecule. The 

peptide-based nanosystem killed Pseudomonas aeruginosa in planktonic and sessile forms 

in a dose-dependent manner, remaining active up to 72 hours after application. The 

encapsulated peptide showed no detectable cytotoxicity when incubated with human 

bronchial epithelial cells from healthy individuals and from cystic fibrosis patients, unlike 

the free peptide which showed an EC50 of about 22 µM. In vivo acute toxicity studies in 

experimental animals showed that the peptide nanosystem did not cause any appreciable 

side effects, and confirmed its ability to mitigate the toxic and lethal effects of free SET-M33. 
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ANTIBIOTICS AND RESISTANCE 

 

Fleming's discovery of penicillin in 1928 marked the beginning of a new era in medicine, 

leading to the development of various classes of antibiotics. Antibiotics have revolutionized 

medicine by significantly reducing the mortality rates associated with bacterial infections 

[1]. They are a milestone of modern healthcare, used to treat various bacterial illnesses, from 

minor infections to life-threatening diseases [2]. However, the overuse and misuse of 

antibiotics have led to the emergence of antibiotic resistance, one of the most pressing global 

health threats we face today [3]. 

Antimicrobial resistance (AMR) occurs when bacteria adapt and evolve, becoming resistant 

to the effects of antibiotics. Bacteria can develop resistance through genetic mutations, 

horizontal gene transfer, and the selection of resistant strains through excessive antibiotic 

exposure [4]. The ability of bacteria to adapt and survive against these drugs poses a serious 

threat to global health. The misuse of antibiotics, such as not completing prescribed courses, 

using them when they're not necessary (for viral infections like the common cold or flu), and 

their widespread use in agriculture and livestock, are some of the primary contributors to 

the development of resistance [5]. 

In February 2017, to focus and guide research and development related to new antibiotics, 

the World Health Organization (WHO) published its list of pathogens for which new 

antimicrobial development is urgently needed [6]. Within this broad list, ESKAPE 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa and Enterobacter species) pathogens were 

designated “priority status” [7].  

The implications of AMR are profound. It reduces the effectiveness of antibiotics, leading to 

prolonged illnesses, increased mortality, and higher healthcare costs. Common infections 

that were once easily treatable can become untreatable, posing a significant risk, especially 

to vulnerable populations, such as the elderly, young children, and those with weakened 

immune systems [8]. In addition, the economic cost of the resistance to antibiotics is 

enormous. Antibiotic resistance is single-handedly killing more people than cancer and road 

traffic accidents combined deaths, killing 700,000 people every year, and another 10 million 

are anticipated to die from it by the year 2050, with a cost for the global economy of US$100 

trillion (Figure 1) [9-10]. 
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Since the turn of the 1990s, the development and commercialization of novel antibiotics 

have slowed. In recent years 11 new antimicrobial therapies were approved by the U.S. Food 

and Drug Administration (U.S. FDA) [11-12]. Of these 11 antimicrobials, 4 were approved by 

the European Union European Medicines Agency (E.U. EMA): the meropenem-

vaborbactam combination (Vaborem) [13], eravacycline (Xerava) [14], delafloxacin 

(Baxdela/Quofenix) [15], and the imipenem-cilastatin-relebactam combination (Recarbrio; 

a positive opinion toward the granting of marketing authorization was recommended in 

December 2019, and approval was provided in February 2020) [16]. Global initiatives to 

deliver new antibacterial therapies or complementing alternative therapies are urgently 

needed.  

Research and innovation play a vital role in the fight against antibiotic resistance. Scientists 

are exploring alternative therapies, such as phage therapy, which uses viruses to target and 

destroy bacteria [17], the discovery of new types of molecules that could have an 

antimicrobial activity and the development of new vaccines against superbugs [18]. 

Additionally, there's a growing emphasis on developing rapid diagnostic tools to enable 

healthcare providers to prescribe the most effective antibiotics promptly, reducing 

unnecessary or ineffective treatments [19].  

A globally integrated strategy that includes different approaches (antibiotics, vaccines, 

diagnostics, antibodies, and new tools targeting the host, the microbiome, or delivered by 

phages) seems to be required to fight AMR effectively [20]. 

 

 

Figure 1. (A) Deaths attributable to AMR every year compared to other major causes of death. (B) Deaths 

attributable to AMR every year by 2050 [10]. 
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ANTIMICROBIAL PEPTIDES (AMPs): AN OVERVIEW 

 

The widespread growth of resistance to traditional antibiotics worldwide has prompted a 

significant surge in research efforts directed towards introducing new and unconventional 

anti-infective medications to the market. Antimicrobial peptides (AMPs) have captured the 

attention of the scientific community, as demonstrated by the rapid increased number of 

articles published (Figure 2) [21].   

 

 

Figure 2. Number of scientific articles published in academic journals since 2000. The keywords used for 

the resource in PubMed database were “antimicrobial peptides” OR “AMPs” OR “host defence peptides” OR 

“HDPs”. The research of data was performed on January 2024. 

 

AMPs are bioactive small proteins generally composed of 10–50 amino acids, with a 

molecular weight of less than 10 KDa. Most AMPs are positively charged (2–13 net positive 

charges) that are derived primarily from lysine and arginine (a few may be histidine) in the 

sequence, forming a specific cationic domain [22-23]. Only a few AMPs are negatively 

charged, such as cattle chromatin, with 12 net negative charges, or daptomycin [24].  

To emphasize the multifaceted nature of these molecules, the term “Host Defense Peptide” 

(HDP) [25-26] is now more commonly used to encompass the breadth of biological 

processes that are influenced by these versatile biomolecules, although the terms AMP are 

still accurate when considering only activities against bacteria [27].  
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Gramicidin, the first AMP, was discovered in 1939 from the soil bacterium Brevibacillus and 

showed in vitro and in vivo antibacterial activity against various Gram-positive bacteria 

[28]. Subsequently, AMPs were gradually isolated from bacteria, fungi and animals. In 

microorganisms, they are produced to kill other bacteria that compete for the same 

ecological niche. Instead, in plants and insects that do not have an immune system, they 

represent the primary defence against pathogens. Finally, in superior organisms like 

mammals, AMPs constitute roles as effectors in the innate immunity, primarily responsible 

for direct inhibition of pathogens as well as modulating innate and adaptive immune 

responses [29-31]. 

Natural AMPs can be classified based on their origin in bacteriophage/viral AMPs, bacterial 

AMPs, fungal AMPs, plant-derived AMPs and animal-derived AMPs [32].  

Among them, insect-derived antimicrobial peptides are widely studied. Some examples of 

insect AMPs are defensins, cecropins, proline-rich peptides and attacins and have been 

identified in several insect orders, such as Diptera, Hymenoptera, Hemiptera, Coleoptera 

and Lepidoptera [33]. 

Focusing on the mammalian-derived AMPs, the two major families are human cathelicidins 

and defensins, mainly produced by epithelial cells and neutrophils [34-35].  

The Antimicrobial Peptide Database (APD3; available at https://aps.unmc.edu/) is one of 

the largest databases [36]. It contains  3940 peptides, including 3146 natural antimicrobial 

peptides (AMPs) from the six life kingdoms (383 bacteriocins/peptide antibiotics 

from bacteria, 5 from archaea, 8 from protists, 29 from fungi, 250 from plants, and 2463 

from animals), 190 predicted and 314 synthetic AMPs (Last updated: Jan 2024 | Copyright 

2003-2023 Dept of Pathology & Microbiology, UNMC) (Figure 3).  

 

https://link.springer.com/article/10.1007/s10989-018-9741-6
http://www.ncbi.nlm.nih.gov/pubmed/22583565
https://www.ncbi.nlm.nih.gov/books/NBK8125/
http://www.mdpi.com/1424-8247/8/4/711
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Figure 3. Sources of antimicrobial peptides (total 3940) as of January 2024 from the APD3 Antimicrobial 

Peptide Database 

 

AMPs have a variety of biological activities such as antibacterial, antiviral, anticancer, 

immune regulation, prevention and/or eradication of biofilm, wound healing, antioxidant 

and many others [37].  

AMPs can have different mechanisms of action (MoA). Most AMPs exert a direct 

antibacterial activity by destroying the membrane integrity of the bacteria, while some 

others are able to cross the microbial membrane to reach intracellular targets. The direct 

bactericidal mechanism of AMPs is performed through interacting with negatively charged 

membranes, resulting in increased membrane permeability, cell membrane lysis, or release 

of intracellular contents, which ultimately leads to cell death. There are four main models, 

widely described in the literature, of membrane-pore formation: barrel-stave model, 

toroidal-pore model, carpet model and aggregate model [38]. After AMPs penetrate into the 

phospholipid membrane, their hydrophobic regions combine with the internal hydrophobic 

regions of the phospholipid bilayer, while their hydrophilic regions are exposed to the 

outside. Another bactericidal mechanism is that AMPs penetrate into the cytoplasm and 

have different effects, such as inhibiting DNA, RNA and protein synthesis, inhibiting protein 

folding, inhibiting enzyme activity and cell wall synthesis, or promoting the release of 

enzymes to destroy cell structures [39-40]. Another type of AMPs classification is based on 
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the secondary structure: alpha-helical structure [41], beta-sheet structure [42], extended 

structure and loop structure [43]. Alpha-helical cathelicidian and beta-sheet defensin 

structures are common in humans. The typical representative of the extended structure is 

indolicidin, which contains abundant tryptophan and glycine. The loop structure of AMPs 

of bactenecin contains an intramolecular covalent disulfide bond on its C-end, which results 

in a loop. In addition, there are a large number of AMPs, such as human lactoferricin, whose 

structure is a mixture of the common structures mentioned above [44-45].  

In addition to the large number of natural AMPs just described, synthetic AMPs can be 

obtained using other methods. One strategy to develop novel synthetic AMPs is de novo 

design of new sequences thanks to the assistance of specific softwares [46]. The rational or 

computational design of new peptides is an approach known and used for several years, but 

the Artificial Intelligence and Machine Learning applications (AI/ML) are fundamentally 

revolutionizing the drug development process, and therefore also the research in the field of 

peptides [47-48]. Several AI tools and platforms can be involved in different stages of this 

process. Keep in mind that the de novo design of antimicrobial peptides is a complex task, 

and a multidisciplinary approach involving expertise in biology, chemistry, and 

bioinformatics is essential for success [49]. 

A completely different strategy to identify new sequences could be Phage Display technique. 

Phage display is a highly effective and robust technology used to identify ligands of biological 

targets, first reported by Smith in 1985 [50]. Phage display is a selection technique in which 

a library of peptide or protein variants is expressed on the outside of a phage virion (i.e. M13 

phage), while the genetic material encoding each variant resides on the inside. This creates 

a physical linkage between each variant protein sequence and the DNA encoding it, which 

allows rapid partitioning based on binding affinity to a given target molecule (antibodies, 

enzymes, cell-surface receptors, etc.) by an in vitro selection process called panning. 

Rapidly, panning is carried out by incubating a library of phage-displayed peptides with the 

target, washing away the unbound phage, and eluting the specifically bound phage. The 

eluted phages are then amplified and taken through additional binding/amplification cycles 

to enrich the pool in favour of binding sequences. After 3–4 rounds, individual clones are 

characterized by DNA sequencing and binding assays. This technique allowed the discovery 

of several new peptide candidates [51]. 

Extracting and purifying natural antimicrobial peptides (AMPs) from animals and plants 

poses challenges. Recently, the application of genetic engineering technology for the 
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recombinant expression of AMPs has emerged as a significant development in their 

commercial production. Commonly, AMPs are expressed using either prokaryotic or 

eukaryotic systems. Prokaryotic expression offers advantages such as short expression 

periods, high quantity, and low cost, but challenges may arise during purification due to a 

lack of post-translational modification. On the other hand, eukaryotic expression is 

advantageous for its non-toxicity to host cells and simplified purification through 

extracellular expression. However, the drawbacks include a higher expression cost and 

longer expression periods [52]. 

E. coli expression is a widely used prokaryotic expression system in the field of genetic 

engineering to industrialize antimicrobial peptide production [53]. Yeast expression system 

could be used as well, with Saccharomyces cerevisiae and Pichia pastoris that are 

commonly used [54]. Both expression systems show negative and positive aspects at the 

same time, regarding expression efficiency, timing of procedures, expression cost and effects 

of non biological activity. In recent years, researchers have utilized transgenic technology to 

introduce antimicrobial peptide (AMP) genes into plants like corn and soybean [55]. Plants, 

as advanced eukaryotes, offer a suitable environment for expressing AMPs. However, only a 

few studies have focused on extracting AMPs from plants used as expression hosts, so the 

development of a fully functional expression system for producing AMPs in plants requires 

further investigation [56]. 

Another method for obtaining AMPs is the chemical synthesis in the laboratory using an 

automatic synthesizer. The chemical synthesis of peptides is well-developed, particularly 

solid-phase peptide synthesis (SPPS) technology described by Merrifield in 1963 [57]. The 

SPPS technology has undergone significant enhancements, playing a pivotal role in 

contemporary peptide production. This approach is based on coupling and deprotection of 

amino acid in a single reactor, leading to the development of automated peptide 

synthesizers. In comparison to recombinant technology, SPPS yields crude peptides that are 

more homogeneous, avoiding additional biological compounds. Furthermore, impurities in 

the final SPPS product are easily identifiable, primarily originating from incomplete or side 

reactions during the synthesis process, simplifying subsequent purification efforts [58]. 

Following the synthesis, techniques like mass spectrometry, nuclear magnetic resonance 

(NMR), and high-performance liquid chromatography (HPLC) assess the purity of the 

peptide. 
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PROCESS OF AMP-BASED DRUG DISCOVERY 

 

Drug development is a complex, expensive and long lasting process that begins with the 

design, synthesis, and optimization of a therapeutic compound [59].  

First, during an initial phase of development the antimicrobial compound is identified with 

different techniques and origins (as previously reported), i.e. of natural or synthetic origin. 

An important phase of the development is the establishment and the scale-up of the 

manufacturing process. In preclinical phase, several in vitro tests are performed to study 

different aspects of the molecule, including physiochemical properties, potency/cellular 

activity (e.g. based on minimum inhibitory concentration and minimum bactericidal 

concentration), mechanism of action, efficacy and toxicity (especially in human cell lines), 

mechanism of resistance, genotoxicity and interaction. An identified molecule can undergo 

an optimization process aimed at improving some aspects, such as affinity for the target, 

efficacy or toxicity. Then, an in vivo model in different animal species must be set up in order 

to evaluate the safety and efficacy of potential drug candidates. This is accomplished using 

relevant animal models and validated procedures. The ultimate goal is to translate the 

animal model responses into an understanding of the risk for human subjects. To this end, 

the toxicologist must be aware of the international guidelines for safety evaluation in 

humans. The typical toxicology profile consists of safety pharmacology, genetic toxicology, 

acute and subchronic toxicology, chronic toxicology, absorption, distribution, metabolism, 

and excretion (ADME) studies, reproductive and developmental toxicology, and an 

evaluation of carcinogenic potential [60-61]. 

In clinical phase I, tolerability and potential dosing is assessed in a small number of healthy 

volunteers. In clinical phase II, a study with a small group of volunteer patients who have 

the disease is conducted to prove the positive impact on the disease. In clinical phase III, the 

medicine is tested in large, randomized, placebo-controlled trials with larger numbers of 

patient volunteers to confirm the efficacy and safety profile by generating statistically 

significant data. The clinical trials from all phases deliver the data required to prepare 

submissions for regulatory approval to agencies around the world.  Teams of various 

disciplines (e.g. scientists, physicians, pharmacologists) need to work together until a new 

biopharmaceutical is finally developed and approved by the regulatory agencies (e.g. EMA, 

European Medicines Agency; FDA, U.S. Food and Drug Administration) to be delivered to 

the patients [62-63]. 
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Timings are dependent on a number of factors and can vary greatly. A minimum to 

maximum range for complete development (discovery to market) is 8–18 years (average 13–

14 years). The cost per molecule/candidate (in million euros, m€) does not include extended 

costs for attrition (failed programmes) and lost opportunities associated with increased cycle 

time until reaching the next development phase; such extensions can increase the required 

budget for the early stages up to 50–100 m€ [64] (Figure 4). 
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Figure 4. (A) General scheme of the pipeline of antimicrobial drug development. (B) Summary of major 

steps and processes in antibacterial drug discovery and development.  
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PEPTIDES IN PHARMACEUTICAL INDUSTRY 

 

Peptide drugs account about 5-6% of the global pharmaceutical market, with an impressive global 

sales reported in the recently updated “Global Peptide Therapeutics Market (by Type, Synthesis 

Technology, Manufacturing Type, Application & Region): Insights & Forecast with Potential 

Impact of COVID-19 (2022-2026)” (https://www.researchandmarkets.com/). The global peptide 

therapeutics market is expected to record a value of US $44.43 billion in 2026, progressing at a 

compound annual growth rate (CAGR) of 6.95%, over the period 2022-2026 (Figure 5A). To further 

confirm these data, the "Peptide Therapeutics Market By Application, By Route of administration, 

By Distribution Channel: Global Opportunity Analysis and Industry Forecast, 2021-2031" 

(https://www.researchandmarkets.com/) reported that the peptide therapeutics market is 

estimated to reach US $64.3 billion by 2031, growing at a CAGR of 6.8% from 2022 to 2031 (Figure 

5B). The fastest growing regional market is North America due to increasing research and 

development activities for the development of innovative peptide therapeutics and improvements in 

healthcare infrastructure coupled with growing prescription of peptide therapeutics on account of 

high presence of a large number of patients with chronic diseases such as diabetes and cancer. The 

global peptide therapeutics market is led by international companies, including Takeda 

Pharmaceutical, Pzifer, Merk & Co., Eli Lilly and Company, Sanofi S.A., AstraZeneca plc, 

GlaxoSmithKline (GSK). Over the years the demand for peptide therapeutics has increased 

significantly, leading to more than 100 peptide-based drug approval (Figure 5C). They have different 

therapeutic indications such as oncology, anti-inflammatory, autoimmune, metabolic and 

antimicrobial as well (Figure 5D). The latter could represent promising new antibiotics or a valid 

support to the traditional antibiotic therapy [65-67]. 
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Figure 5. (A) Global Peptide Therapeutics Market, 2022-2026. (B) Global Peptide Therapeutics Market, 

2021-2031. (C) Peptide drugs that have gained approval over the years [67] (D) Indications for which 

peptide drugs are most commonly used [67] 

  

APPROVED THERAPEUTIC AMPs IN MARKET 

Bacitracin is a group of cyclic polypeptides produced by organisms of the licheniformis 

group of Bacillus subtilis. It has antimicrobial activity against many Gram-positive bacteria, 

including staphylococci, streptococci and clostridia, and was approved by FDA in 1948 [68]. 

It is applied topically to treat local infections, mainly infections of the skin, ear and eye.  

Colistin (Polymyxin E) and Polymyxin B (PMB) belong to the Polymyxin class and they 

are lipopeptide antibiotics with activity against many Gram-negative bacteria. The 

polymyxins were approved for clinical use in the late 1950s but fell out of favour during the 

mid-1970s owing to concerns over their potential to cause nephrotoxicity and neurotoxicity 

[69]. Over time they have undergone many modifications, with new approvals from the FDA 

(i.e. colistimethate sodium, a form of colistin, was approved in 1999), not least the interest 



  Introduction 
 
 
 

 

14 
 

in the conjugation of this class of molecules with already known antibiotics (i.e. the clinical 

trial for the combination of colistin and rifampicin administered i.v. [70]) 

Daptomycin is a lipopeptide isolated in the 1980s with impressive activity against Gram-

positive, but not Gram-negative, bacteria [71]. It received approval from the US FDA in 2003 

and it is currently widely used for Staphylococcus spp. and Enterococcus spp. infections 

[72].  

Vancomycin is a tryciclic glycopeptide with an antibacterial effect against Gram-positive 

bacteria, includind methicillin-resistant strain of S. aureus, by inhibiting the synthesis of 

the peptidoglycan layer of the bacterial cell wall. It was first approved for use in the United 

States in 1958 and it continues to be widely used, particularly with the recent rise in 

incidence of serious MRSA infections [73].  

Dalbavancin, Oritavancin and Telavancin are small lipoglycopeptide derived from 

vancomycin. They are more potent and bactericidal than their prototype, and they are 

effective against vancomycin-resistant bacteria. They inhibit bacterial cell wall formation, 

and telavancin and oritavancin also disrupt bacterial cell membranes and affect membrane 

permeability. They were approved by the FDA between 2009 and 2014 [74].  

Teicoplanin is a glycopeptide produced by Actinoplanes teichomiceticus that is effective 

against Gram-positive bacteria resistant to β-lactam antibiotics. It has been used clinically 

for the treatment of methicillin-resistant Staphylococcus aureus (MRSA) infections. 

Teicoplanin is currently not approved by the FDA for use in the USA but is widely used in 

Europe, Asia and South America. Some recent studies documented its activity against SARS-

CoV2, reporting that teicoplanin could become a drug of choice in the treatment of COVID-

19 patients. Teicoplanin stops the replication of the virus and at the same time avoids the 

development of Gram-positive bacterial co-infections [75]. 

Gramicidin, derived from the soil bacteria Bacillus brevis, is active against most of the 

Gram-positive and few Gram-negative bacteria and fungi. It is often formulated with other 

active ingredients in topical creams, lotions and powders, topical and ophthalmic ointments 

and ophthalmic and otic solutions. Gramicidin is unsuitable for systemic use due to its 

toxicity [76]. 
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AMPs IN CLINICAL DEVELOPMENT 

As for many other classes of drugs, the number of AMPs entering in clinical trials is 

significantly lower than the total number of compounds initially identified, and the 

percentage of those receiving marketing approval is even lower. The image with which the 

drug discovery process is classically represented is a funnel, which gives a good idea of the 

number of molecules which decreases as the phases progress. So, many AMPs result under 

clinical trials for the prevention and the treatment of many infections.  

The landscape of drug development is dynamic, and the status of specific compounds is 

constantly evolving. For the latest information on AMPs in clinical phases, including their 

current development status, it is recommended to check the updated clinical trial databases. 

However, the information about some peptides could not be obtained because the licences 

were transferred to other companies or the preclinical or clinical trials were discontinued 

for unknown reasons. 

Just a short description of some AMPs currently in clinical trials is presented below.   

hLF1-11 is a short synthetic peptide derived from the N-terminal region of human 

lactoferrin, an antimicrobial protein found in human milk and other bodily fluids. 

Interestingly, hLF1-11 shows poor antimicrobial activity under physiological conditions in 

vitro, but in vivo activity against bacteria (both gram positive and negative) and fungi is 

highly effective, including infections caused by methicillin-resistant S. aureus (MRSA), K. 

pneumoniae, and Listeria monocytogenes. hLF1-11 also exhibits an immunomodulatory 

mechanism, such as stimulation of monocyte differentiation and release of pro-

inflammatory cytokines [77] 

EA-230 is a newly developed synthetic linear tetrapeptide derived from human chorionic 

gonadotropin. EA-230 exerted immunomodulatory and renoprotective effects in preclinical 

models [78] and its safety and efficacy was demonstrated in phase I and II clinical trials [79].  

The specifically targeted antimicrobial peptide (STAMP) C16G2 was developed to target the 

cariogenic oral pathogen Streptococcus ssp mutants [80]. Streptococcus ssp mutants are 

believed to be a critical factor in the cause of dental caries or tooth decay. C16G2 is being 

developed for the prevention of dental caries in adults, adolescents and pediatrics. C3 Jian, 

Inc., a biotechnology company focused on reengineering the human microbiome to deliver 

novel health-care products, started the Phase II clinical study, that is a randomised, double-

blind, safety and microbiology study in healthy adult subjects, with a preliminary data 

announced in 2015 [81].  
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NP213 (Novexatin®) is a novel antifungal peptide specifically designed for the topical 

treatment of onychomycosis. NP213 was designed using host defense peptides (HDP), 

essential components of the innate immune response to infection, as a template. NP213 was 

efficacious in two phase IIa human trials, confirming it as a promising peptide-based 

candidate for the topical treatment fungal infection of the skin [82]. 

Dusquetide (SGX942) is a first-in-class Innate Defense Regulator (IDR) that modulates 

the innate immune response to both PAMPs and DAMPs by binding to p62, a key adaptor 

protein that functions downstream to the key sensing receptors (e.g., toll-like receptors 

[TLRs], etc.) that trigger innate immune activation. There are no other candidates that target 

the p62 protein [83]. A phase III clinical trial sponsored by Soligenix Inc. for the treatment 

of the oral mucositis, a side effect of treatment of squamous cell carcinoma of the oral cavity, 

is ongoing [84].  

Omiganan (CLS001) is an AMP that is analogous to indolicidin, a bovine member of the 

cathelicidin family. It showed antibacterial and antifungal activity throughout a range of 

preclinical and clinical studies, with a favourable safety profile. Although the phase IIIb trial 

for catheter-associated urinary tract infection caused by S. aureus failed [85], the phase III 

trial for the treatment of topical skin antisepsis and rosacea [86], as well as the phase II trial 

for vulvar intraepithelial neoplasia, acne, and atopic dermatitis are still ongoing [87]. 

Ramoplanin (NTI-851), sponsored by Nanotherapeutics, is a peptide produced by 

Actinoplanes spp.  That exhibits bactericidal activity by blocking the cell wall peptidoglycan 

synthesis of gram-positive bacteria. It results in phase III clinical trials for the oral treatment 

of vancomycin-resistant enterococcus (VRE) infection and it is also in phase II clinical trials 

for the treatment of C. difficile [88]. 

 

 

CHALLENGE AND STRATEGY TOWARD CLINICAL APPLICATION 

OF AMPs  

 

The progress of developing AMPs for clinical applications is confronted by numerous 

challenges, including elevated costs associated with both development and production, 

concerns related to reduced efficacy in clinically significant settings, and the unexpected 

emergence of bacterial resistance. Furthermore, AMPs are mainly active on membranes but 
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they are not completely selective to microbial cells and may be toxic for eukaryotic cells as 

well. Several AMPs cause haemolytic and/or cytotoxic effects at antimicrobial 

concentrations, limiting their wider utilization [89]. Another drawback for the clinical 

development of AMPs is the lower antimicrobial activity in clinically relevant environments 

[90]. AMPs may lose their bactericidal activity under physiological salt conditions due to 

loss of electrostatic interactions between AMPs and cell membranes. In the presence of 

serum, AMPs may bind to proteins such as albumin [91]. Additionally, AMPs can be 

susceptible to proteolytic degradation [92]. With the aim of overcoming some of these 

limitations, several strategies have been implemented to improve the performance of AMPs, 

in order to make them suitable for clinical use. 

 

RESISTANCES TO AMPs 

Different from traditional antibiotics, which perform a function by breaking the cell 

envelope, or interrupting DNA replication or protein synthesis process [93], some AMPs 

have been shown to possess multiple modes of action with non-specific targets and are less 

liable to develop resistance [94]. Meanwhile, some organisms can produce several different 

AMPs, which would also reduce the chance of resistance development [95]. For these and 

other reasons it was believed for a long time, and erroneously, that resistance to AMPs was 

very difficult to occur and that it therefore was not a big concern [96]. However, as several 

recent studies have shown, resistance to AMPs not only could be an intrinsic mechanism, 

but can also could be acquired or evolve at high rates (at least in vitro), generating mutants 

with, sometimes high, levels of resistance [97]. 

Intrinsic resistance to AMPs can be a passive or inducible mechanism. Passive AMP 

resistance occurs in some bacterial species including Proteus, Morganella, Providencia, 

Serratia and Burkholderia as a result of an inherently more positively charged lipid A that 

reduces AMP interaction. The induction of AMP-resistance in other bacteria is tightly 

regulated in response to environmental conditions and serves as a mechanism for bacterial 

survival in various natural environments in which they would experience the threat of AMPs 

[98]. Some of the mechanisms involved in the AMPs resistance [99-100], including 

proteolytic degradation, prevention of AMPs from targeting bacterial membrane by bacterial 

secreted proteins or outer membrane vesicles (OMVs) or capsule, activation of bacterial 
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efflux pump and decreased net anionic charge in cell envelope, are schematically 

represented in Figure 6 [101]. 

 

 

Figure 6. Bacteria have evolved multiple strategies to antagonize the activity of AMPs, including the 

production of microbial proteases to hydrolyze AMPs (1), generation of specific proteins such as 

Staphylococcus aureus staphylokinase or outer membrane vesicles (OMVs) or capsule to prevent AMPs 

from targeting bacterial membrane (2), activation of efflux pump (3) and reduction of the net anionic 

charge of the bacterial cell envelope, thereby suppressing its affinity with AMPs (4) [101]. 

 

As regards the acquired resistance, Liu et al. reported a case of resistance to AMPs due to a 

horizontal gene transfer in E. coli [102]. A plasmid containing the mcr-1 gene was shown to 

mediate colistin resistance by encoding a phosphoethanolamine transferase that modifies 

lipid A reducing its negative charge. The reduced affinity between colistin and LPS anchored 

to the bacterial outer membrane decreases the colistin efficacy in the clinic practice [103]. 

The mcr-1-containing-plasmid was initially isolated in Chinese livestock animals, and since 

its initial characterization the mcr-1 gene has been identified retroactively in 3 of 1267 

human faecal microbiome samples taken from China prior to 2011 indicating animal to 

human gene transfer [104]. 

Hence, while most AMPs generally show a reduced likelihood of developing drug resistance 

in comparison to traditional antibiotics based on current understanding, it's important to 

stay vigilant against the potential development of resistance to AMPs within clinical and 

environmental settings. 
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CHEMICAL MODIFICATIONS  

According to the relationship between structure and activity, the order, the position and the 

configuration of the amino acids play an important role in the biological activity of the 

peptide. Several chemical modifications are possible in order to improve some properties 

(i.e. antibacterial activity, permeability), to make AMPs more stable and, therefore, more 

suitable for an in vivo use. Some of the possible modifications are reported below. 

PEGylation 

The term PEGylation describes the modification of biological molecules by covalent 

conjugation with polyethylene glycol (PEG), a non-toxic, non-immunogenic polymer, and is 

used as a strategy to overcome some disadvantages associated with the molecule of interest 

[105]. The advantage of PEG residues is a very good solubility in both aqueous and organic 

environments, great flexibility, high hydration that increases its hydrodynamic volume, and 

a range of molecular weight species with low polydispersity. All of these properties are 

acquired by compounds to which PEG is covalently bound. Proteins conjugated with PEG 

exhibit increased solubility, become resistant to antibodies, proteolytic enzymes and cells, 

and, because of their increased size, are ultra-filtered by the kidneys more slowly [106]. So 

the PEGylation of AMPs enhance their overall pharmacodynamic properties. Starting from 

the introduction of the first PEGylated protein, Adagen®, in 1990, the increasing number 

of pegylated products on the market is increasing [107].   

Lipidation 

Another strategy to enhance the antimicrobial potency of AMPs without modifying to their 

properties is lipidation, that is the attachment of a portion of a fatty acid to N-terminal 

residues or lysine side chains. The incorporation of lipid tails of different lengths enhances 

the hydrophobicity of AMPs and confers better membrane interaction, better permeability, 

and protection against enzymatic proteolysis [108]. It is likely that the improved potency is 

correlated to the length of the acyl chain, which also influences their specificity and enhances 

the interactions between the bacterial cell membrane and the fatty acid conjugated on the 

peptide [109]. However, as acyl chains grow in length, there is an increased tendency for 

self-assembly in an aqueous solution, which determines a loss of peptide interaction with 

bacterial membranes. In addition, the length of the conjugated fatty acids may increase 

hydrophobicity, enhancing the selectivity toward mammalian cells with consequent toxicity. 

Thus, although the increase in the hydrophobicity of peptides can improve antimicrobial 
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activity, it is crucial to preserve the right hydrophilicity/hydrophobicity balance to avoid an 

increase in toxicity. Clearly, a well-chosen chain length is key to determining the balance 

between improved antibacterial properties and selectivity [110-111]. 

D amino acids 

Natural AMPs are composed of L amino acids. Replacing L amino acids with their D 

stereoisomers results in peptides that are not recognized by naturally occurring proteases or 

immune system receptors, due to their spatial configuration, and this is one of the strategies 

used for overcoming the problem of biostability in vivo [112].  The natural amino acids in 

AMPs are easily recognized by the host proteolytic enzyme, resulting in peptide proteolysis. 

Introducing D amino acids at the site of the proteolytic cleavage will interfere with this 

recognition, thus avoiding peptide degradation [113]. Considering the resistance of 

degradation by proteases, the D amino acids substitution strategy is also employed to 

enhance the stability of the peptide. Furthermore, the isomerization of AMPs’ amino acids 

broadens the antimicrobial spectrum to Gram-positive bacteria. The SET-M33 

antimicrobial peptide was shown to be very active against Gram-negative bacteria. The 

isomeric version synthetized with D amino acids showed 4 to 16-fold higher activity against 

Gram-positive pathogens, including S. aureus and Staphylococcus epidermidis, than the 

peptide with L amino acids. The antimicrobial activity of both isoforms of peptide is 

influenced by their differential sensitivity to bacterial proteases [114-115]. A paragraph 

dedicated to the antimicrobial peptide, object of this thesis, is reported below.  

Branched AMPs 

As already mentioned before, the use of peptides as therapeutic agents has been partially 

limited by their short half-life in vivo. Because peptides are mainly broken down by 

proteases and peptidases, peptide stability is the bottleneck in the development of new 

peptide-based drugs. The concept of Multiple Antigen Peptide (MAP) is referred to a 

synthesis of bioactive peptides in a branched form where a peptidyl core of radially branched 

lysine residues binds covalently more copies of the linear sequence of the peptide. In this 

way, one lysine could allow synthesis of two-branched peptide, three lysines could give rise 

to a tetra-branched peptide and so on (Figure 7). 
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Figure 7. General structure of A) two-branched peptide synthesized on a one lysine scaffold, and B) tetra-

branched peptide synthesized on a three lysine scaffold [117] 

 

The solid phase synthesis of branched peptides was first described by Tam in the 80s [116] 

and it is based on the concept of using trifunctional amino acids to construct branched 

peptide-based molecules that he named MAP. The first idea was to use these molecules to 

obtain synthetic vaccines, even if different applications followed this first application. It is 

now widely known that bioactive peptides become more resistant to the proteolytic activity 

of plasma and serum enzymes when synthetized in a MAP form. Furthermore, peptide 

biological activity can even be enhanced by multimeric binding. Monomeric peptides are 

cleaved very rapidly by peptidases that cut them into inactive peptides. This is the 

mechanism by which they are inactivated. Peptidases acting on small peptides are mainly 

Zn metallopeptidases and their catalytic site is located in a deep channel to which only small 

peptides have access. The steric hindrance of branched peptides may limit their access to the 

cleavage site, lengthening the peptide half-life, with clear advantages for their use as drug. 

In addition, the in vitro and in vivo enhanced efficacy of branched peptides is generally 

ascribed to their multimeric nature, which provides a greater number of interactions 

compared to the corresponding monomeric form [114; 117-118].  

 

TOXICITY OF AMPs 

Toxicity, together with instability and short half-life in vivo, is one of the major challenges 

that need to be overcome for the application of AMPs in clinical usage. In vitro and in vivo 

toxicity evaluation is an essential step in the development of potential new drugs [119]. 

Several tests and indices are required in both in vitro and in vivo to study and determine the 
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level of toxicity of AMP. Among these, the EC50 value is the peptide concentration causing 

the 50% of cell death in vitro, or LD50 is the dose required to kill half the animal in an in vivo 

experiment [120].  

One of the most effects caused by AMPs is haemolysis. The main theory used to explain the 

haemolysis mechanism postulates that the cationic and amphiphilic structures of AMPs are 

the basis for their haemolytic effect, with an additional influence of peptide length, special 

amino acids and helicity of the peptide chain. Similar to the membrane-breaking of 

pathogens, natural AMPs with cationic charges can interact with negative ions on the surface 

of the erythrocyte membrane, and then form oligomers to destroy cells [121-122]. Just for 

the reason that the antimicrobial mechanism also determines a certain level of toxicity, the 

therapeutic window of many AMPs is particularly narrow. In order to overcome this issue, 

many strategies have been adopted. In the following section one the strategy based on the 

encapsulation of AMPs into biocompatible nanocarriers are detailed, with the aim to reduce 

the toxicity maintaining the efficacy.  

Another well-known adverse effect of AMPs is its renal toxicity in vivo. The nephrotoxicity 

of peptides already used in clinics, such as Vancomycin [123] or Polymyxin [124], is widely 

reported in the literature. Acute kidney injury (AKI) occurs in up to 50%-60% of patients 

receiving Polymyxin and this aspect is the major dose-limiting adverse effect of the 

polymyxins [125]. The plasma concentration of peptide associated with increased risk of AKI 

overlaps those required for antibacterial effect, and therefore, the therapeutic window is 

narrow.  [126] From studies conducted in cell lines and in vivo preclinical models, it is clear 

that the AMPs in general have the potential to be toxic to renal tubular cells. The cellular 

mechanisms involved include oxidative stress, apoptosis (via mitochondrial, death receptor, 

and endoplasmic reticulum pathways), cell cycle arrest, and autophagy [127-129]. The 

presentation of data relating to the safety pharmacology of the antimicrobial peptide SET-

M33 is precisely the topic of this thesis which, in line with what has just been said and with 

many other AMPs, shows a certain level of nephrotoxicity in different animal models [130-

131]. 

 

 

 

https://en.wikipedia.org/wiki/Dose_(pharmacology)
https://www.sciencedirect.com/topics/medicine-and-dentistry/hemolytic
https://www.sciencedirect.com/topics/medicine-and-dentistry/erythrocyte-membrane
https://www.sciencedirect.com/topics/medicine-and-dentistry/oligomer
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CHALLENGE AND STRATEGY IN AMPs-BASED DRUG DELIVERY 

 

Antibiotics are commonly administered through systemic routes due to the advantage of 

reaching broadly distributed pathogenic bacteria. As an alternative, they could be locally 

administered, especially when achieving a high drug concentration at the infection site is 

critical. Local antimicrobial treatment has recently gained increasing attention, owing 

largely to its benefit of minimizing drug systemic exposure and potentially reducing 

resistance development [132]. As a result, a variety of biomaterials and medical devices have 

been custom-designed to enable the localized administration of antibiotics. This 

customization enhances the feasibility and preference for local treatment in addressing 

diverse infections. [133]. Despite the progress that has been made, the local antimicrobial 

delivery approach still faces various complications, including the drug clearance 

mechanisms upon administration and the diffusion barriers within the local environment 

that preclude drug molecules from reaching bacteria. Last but not least, the local toxicity of 

some compounds that cause adverse effects following administration of the drug. All these 

aspects reduce the therapeutic efficacy of an antimicrobial molecule [134].  

This scenario is even more complicated in patients affected by some pathologies, like cystic 

fibrosis (CF) (Figure 8) [133]. CF is one the more common life-shortening genetic disorders 

of Caucasians caused by mutations in the CF transmembrane conductance regulator 

(CFTR). CFTR is expressed in epithelia throughout the body, and affects secretory functions 

in a number of organs, including the lungs, liver, gut and sweat glands. In the lungs, defective 

CFTR reduces the epithelium sodium channel (ENaC) function leading to an altered fluid 

and electrolyte composition of airway secretions [135]. This condition predisposes CF 

patients to recurrent/persistent bacterial infections and neutrophil-dominated 

endobronchial chronic inflammation, which are still considered the primary cause of 

bronchiectasis, respiratory failure and consequent death in patients affected by CF [136]. 

The use of AMPs in lung infections, when administered by aerosol, can be impaired by 

mucus and other pathological factors generally present in bronchi and lungs infected by 

bacterial pathogens. In fact, important determinants of the clinical outcomes of inhaled 

medicines are the concentration/persistency of the drug at lung level, as well as the ability 

to overcome airway extracellular and cellular barriers [137]. Indeed, while the mucus barrier 

may strongly limit the amount of drug reaching the target, the way to the target is even more 

complicated for inhaled antimicrobial agents due to the biofilm-like mode of growth adopted 
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by some bacteria. Thus, optimal inhalable formulations should be able not only to deliver 

the intact drug in lung, but also to shield its interactions with lung environment [138]. For 

these reasons, there is a current need to improve the biopharmaceutical properties of 

existing compounds. Recent advanced in nanotechnology, particularly the design of novel 

nanoparticles (NPs) as controlled drug delivery system, have supposed a promising 

alternative impact in the general medicine, specifically in the antimicrobial therapy [139].  

 

 

Figure 8. Anatomical/biological barriers imposed by CF lung to the most widely investigated inhaled 

drugs [133]. 

 

NANOPARTICLES 

 

Nanomedicine represents a well-known approach initially related to the development of 

nanomaterials with particular therapeutic properties [139-140]. Further investigation of 

nanotechnology in pharmaceutical application results in an important improvement of drug 

delivery system.  

NPs, a controlled drug delivery system with a diameter of 1-1000 nanometers (nm) and a 

polymeric core, may offer remarkable improvements in the biopharmaceutical properties of 

antibacterial agents. Notably, they can provide an enhancement of drug solubility, 

modulation of drug release and delivery, promotion of stealth for immune evasion, targeting 

of antibacterial molecules to desired organs and tissues and increase the retention time in-

situ, as well as the simultaneous delivery of multiple drugs [141]. 
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NPs can be characterized on the basis of the size, the morphology and the surface properties. 

The size and morphology are predominantly investigated using microscopic technique like 

atomic force microscopy (AFM) scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). As regards the surface properties, hydrophobicity and surface 

charge are two of the main important surface properties of nanoparticles [142]. Zeta 

potential (ζ) represents an analytical technique used for the determination of surface charge 

of NPs in colloidal solutions. Normally zeta potential values are in the range of +100 mV to 

-100 mV. Knowing the magnitude of zeta potential represents a useful information of the 

colloidal stability and to predict the particles behaviour. It was reported that zeta potential 

with values >30 mV indicates stability, while with a value <30 mV the particles are subjected 

to agglomeration or instability [143]. 

NPs are also classified in polymeric, inorganic and lipid-based. Each class of nanoparticle 

includes multiple subclasses. Each class has numerous broad advantages and disadvantages 

regarding cargo, delivery and patient response, schematically represented in Figure 9 [144]. 

 

 

 

Figure 9. Classes of NPs. Each class of nanoparticle (NP) features multiple subclasses, with some of the 

most common highlighted here. Each class has numerous broad advantages and disadvantages regarding 

cargo, delivery and patient response [144]. 
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Lipid-based NPs are most typically spherical platforms comprising at least one lipid bilayer 

enveloping at least one internal aqueous compartment and include various subset 

structures. As a delivery system, lipid-based NPs provide some advantages including 

formulation simplicity, self-assembly, biocompatibility, high bioavailability, the possibility 

to control various physicochemical properties to modulate their biological characteristics. 

For these reasons, lipid-based NPs are the most common class of nanomedicines approved 

by FDA [145]. Oncology is the field in which this type of delivery system is most used. 

VYXEOS, for example, is a liposomal drug marked by Jazz Pharmaceutical approved by FDA 

in 2017 for the treatment of adults with two types of acute myeloid leukemia (AML) [146]. 

Inorganic materials such as gold, iron and silica have been used to synthesize 

nanostructured materials for various drug delivery and imaging applications. These 

inorganic NPs are precisely formulated and can be engineered to have a wide variety of sizes, 

structures and geometries. Gold NPs (AuNPs) are the most well studied, but iron oxide NPs 

represent the majority of FDA-approved inorganic nanomedicines. They are predominantly 

used in iron-replacement nanoparticle therapies, like Injectafer® approved by FDA in 2013 

for the intravenously treatment of Iron Deficiency Anemia (IDA) [145].  

For the polymeric NPs, several biodegradable polymers, including poly(lactic acid) (PLA), 

poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL), and poly(cyanoacrylate) 

(PCA) have been used for the hydrophobic core of the polymers [147]. Nowadays, 

poly(lactic-co-glycolic acid) (PLGA) is the most used polymer, an aliphatic polymer with a 

polyester structure that is formed by copolymerization of polylactic acid (PLA) and 

polyglycolic acid (PGA). PLGA has several interesting properties such as controlled and 

sustained release, low cytotoxicity, long-standing biomedical applications, biocompatibility 

with tissues and cells, prolonged residence time and targeted delivery [148]. Because of these 

characteristics, it received approval from the US Food and Drug Administration (FDA) as 

well as the European Medicines Quality Agency (EMA) as a superior drug carrier [149]. The 

polymers are available with different molecular weight and copolymer compositions. The 

degradation time usually depends on the molecular weight and copolymer ratio. It is 

possible to obtain different forms of PLGA by using different ratio of monomers, for 

example, PLGA 50:50 corresponds to a copolymer in which the composition is 50% lactic 

acid and 50% glycolic acid. PLGA nanoparticles can be prepared by different methods of 

preparation, like emulsification-diffusion, solvent emulsion-evaporation and 

nanoprecipitation method [148].  
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To be used as a drug delivery system, the NPs must persist in the human body avoiding the 

degradation. The particles are recognized from the body as foreign. The presence of the 

reticuloendothelial system (RES) determines the elimination of these particles from the 

bloodstream and takes them into the liver or the spleen. In particular, the binding of opsonin 

proteins to nanoparticles leads to attachment of opsonized particles to macrophages and 

consequently to their internalization by phagocytosis. In order to overcome these 

limitations, nanoparticles have to be not recognizable from the RES through surface 

modifications. To this purpose, nanoparticles can be coated by molecules that provide them 

a hydrophilic layer at the surface. The most common strategy for surface modification is the 

use of polyethylene glycol (PEG) which is a non-ionic, hydrophilic polymer whit excellent 

biocompatibility. Investigations have been proved that the “PEGylation” increases 

nanoparticles plasma half-life [150-151]. 

 

Figure 10. Structure of a PEG-PLGA nanoparticle. PEG, polyethylene glycol; PLGA, poly (lactic acid-co-

glycolic acid) [151]. 

 

PULMONARY DELIVERY OF NANOPARTICLES 

The administration of drugs through the inhalation route is highly recommended for the 

treatment of pulmonary infection, in particular in dangerous lung condition called chronic 

obstructive pulmonary disease (COPD) or in CF-affected patients [149]. The systemic 

treatment of a lung disease mainly uses antibiotics, anti-inflammatory, antioxidant, and 

corticosteroid drugs, but the process of application requires higher doses and caused serious 

adverse effects [152]. The main advantages of inhaled drugs are the high drug levels in 

airways, limited systemic toxicity, fast onset of action, no drug inactivation before reaching 
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the target organ, direct drug activation on target site and the possibility of a home therapy 

[133]. However, the drug inhalation has some disadvantages, like uncertainty about the drug 

dose that reached target side, some local side effects and the risk of microbial contamination 

of the inhaler as a consequent of a wrong cleaning procedure [153]. Considering all these 

aspects, nanoparticles represent an excellent delivery system for aerosols [154]. Inhalable 

particles need to find out a delicate balance, being small enough for lung deposition yet 

sufficiently large for the effective dosage form delivery while avoiding clearance by 

macrophages. The 1-2µm size allows macrophages to efficiently phagocytose, but particles 

smaller than 200 nm are taken up less effectively. Although particles below 1 μm are typically 

exhaled upon inhalation, an engineered nano-sized carriers hold promise for precisely 

targeting drugs to specific lung tissues, offering a potential opportunity for more effective 

penetration of extracellular barriers [133; 154-155]. 

 

 

Figure 11. Inhalable drug-loaded particles engineered for a pulmonary delivery [133]. 

 

 



  Introduction 
 
 
 

 

29 
 

NANOPARTICLES FOR AMPs DELIVERY 

NPs have been widely investigated for the delivery of various antimicrobial agents, like 

AMPs, and efficacy in treating different types of infections has been reported [156]. Different 

strategies by which NPs can improve antibacterial therapy efficacy have already been 

described [157-158].  Current advanced in the use of inorganic nanoparticles for AMPs 

delivery involve essentially the development of silver nanoparticles (AgNPs) and gold 

nanoparticles (AuNPs), as well as silicon derivates nano-system [156; 159]. Teixeira et al. 

detailed the recent studies on inorganic NPs for AMPs delivery [156]. Among these, the 

photoluminescent gold nanodots (AuND) were functionalized with an antimicrobial 

peptide, surfactin (SFT), for application in wound infection treatment [160]. Salouti et al. 

reported the synergistic antibacterial effect of plant peptide MBP-1 and AgNPs on infected 

wounds caused by S. aureus [161]. 

Besides, the development of polymeric nanoparticles for AMPs delivery could offer an 

excellent technological strategy to improve drug bioavailability and safety, avoiding drug 

chemical end enzymatic degradation, prevent aggregation, enhancing controlled release. 

Chitosan NPs (CS-NPs) are particularly interesting as the broad spectrum of antibacterial 

activity of Chitosan (CS) is well known and reported in literature, offering the possibility of 

synergistic activity with an antimicrobial molecule like an AMP [162]. Many recent studies 

report the use of CS-based nanostructures as a promising delivery system of AMPs.  

Piras et al. reported two studies, one about the development of a nanoparticle model with 

commercially available CS loaded with lysozyme as an antimicrobial protein drug model 

[163]; in the other one evidenced the antibacterial action against several strains of S. 

epidermidis of a CS-nanocarrier with Temporin B [164]. Cerchiara et al. studied a CS-based 

nanoparticle for colon delivery of Vancomycin with an antibacterial activity against S. 

aureus [165]. D’Angelo et al. designed and developed a poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles containing colistin (Col), by emulsion/solvent diffusion technique. The Col-

loaded NPs were found to kill P. aeruginosa biofilm and to display a prolonged efficacy in 

biofilm eradication compared to the free Col, in a model of lung infection [166]. The same 

nanocarrier system is used for the encapsulation of two other antimicrobial peptides derived 

by frog skin, Esculentin-1a and its derivate [167]. The prolonged efficacy against bacterial 

infections caused by P. aeruginosa was demonstrated both in vitro and in vivo studies, 
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highlighting this system as promising therapeutic approach for local treatment of lung 

infectious diseases [168]. 

 

THE ANTIMICROBIAL PEPTIDE SET-M33 

 

The antimicrobial peptide SET-M33 is a synthetic molecule obtained several years ago by 

improving a phage library-derived peptide [169]. A 10-mer peptide phage library was 

panned against entire E. coli cells, selecting a non-natural sequence that showed high 

antimicrobial activity against Gram-negative bacteria [170]. The best peptide variant was 

obtained through several optimization (KKIRVRLSA) and it is synthesized in the branched 

form, in which four identical peptide sequences were synthesized and linked by a lysine core 

(Figure 12). It showed an increased resistance to proteases, improving half-life with respect 

to corresponding monomeric sequences [117; 171].  

 

 

Figure 12. Structure of SET-M33. Proportion between peptide sequences and lysine core is not respected 

 

The mechanism of action of SET-M33 is based into two steps: 1) it binds with high affinity 

the bacterial LPS [172] and LTA [112] 2) it disrupts the bacterial membranes as shown by 
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scanning electron microscopy (SEM) [173] (Figure 13). Furthermore, NMR investigation has 

demonstrated that the peptide can stabilize as a regular α-helix shape [173], which impairs 

cells functions as it gets embedded in the outer membrane surface of the bacterium. 

 

Figure 13. Scanning electron micrographs (SEM) of K. pneumoniae and P. aeruginosa. SEM micrographs 

of A) and D) untreated K. pneumonia and P. aeruginosa; B) and E) K. pneumonia and P. aeruginosa after 

30 min incubation with SET-M33 at MIC; C) and F) K. pneumonia and P. aeruginosa after 60 min 

incubation with SET-M33 at MIC [173] 

 

The peptide has been characterized by a high antimicrobial activity against a panel of multi-

drug resistant (MDR) Gram-negative species, including clinical isolates of P. aeruginosa 

from CF patients. This aspect has increased the interest of this molecule as a new drug for 

this disease, where inflammation triggered by chronic bacterial infection is a major element 

of disease progression [169]. 

SET-M33 has shown concentration-dependent bactericidal activity against MDR clinical 

isolates, including colistin-resistant pathogens, like P. aeruginosa and K. pneumoniae. 

Specifically, it showed a MIC90 below 1.5 μM and 3 μM for P. aeruginosa and K. 

pneumoniae, respectively [174]. SET-M33 was also very active in vitro against other Gram-

negative clinical isolates, including MDR strains of A. baumannii and E. coli [114]. 

As several others antimicrobial peptides, SET-M33 as well shows a certain degree of toxicity 

for eukaryotic cells in vitro. as human bronchial epithelial cells (16HBE14o- from healthy 

and CFBE41o- from CF patients) [171; 173].  
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In terms of its therapeutic power in vivo, SET-M33 was tested in models of sepsis, 

pneumonia and skin infections caused by P. aeruginosa. To evaluate the antimicrobial 

activity in vivo in a sepsis model, neutropenic mice were injected intraperitoneally (i.p.) with 

a lethal amount of P. aeruginosa PAO1. They were then treated twice intravenously (i.v.) 

with SET-M33 at 5mg/Kg. Strong therapeutic activity was evident, obtaining survivals of 

60% and 80% with SET-M33 or SET-M33-PEG, respectively (Figure 14) [174]. 

 

 

Figure 14. In vivo antibacterial activity of SET-M33 peptide in sepsis animal model. 10 BALB/c 

neutropenic mice/group were injected i.p. with a lethal amount of P. aeruginosa PAO-1 and then treated 

twice i.v. with SET-M33 or SET-M33-PEG (5 mg/Kg), 24 and 72 hours post-infection. p < 0.02. Percentage 

survival (y-axis) is plotted as a function of time (x-axis) [174]. 

 

In the in-vivo lung infection model, animals were injected intratracheally (i.t.) with a lethal 

amount of P. aeruginosa PAO1. Animals were treated i.v. with 5 mg/Kg of SET-M33 or SET-

M33-PEG, 1 and 16 hours post-infection. The control group (CTR) only received vehicle. The 

survival was monitored for 10 days. 40% and 60% survival for SET-M33 and SET-M33-PEG, 

respectively, was observed (Figure 15 A). In a different model, animals were infected in the 

same way and treated with SET-M33 at 5mg/Kg, but after 12 hours animals were sacrificed 

and the lungs collected for CFU counts. 80% of CFU reduction was observed, confirming the 

strong antibacterial activity of the peptide (Figure 15 B) [174].  
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Figure 15. In vivo antibacterial activity of SET-M33 and SET-M33-PEG peptides in lung infection. (A) 

Survival of neutropenic BALB/c mice after peptide treatment. All animals were injected i.t. with a lethal 

amount of P. aeruginosa PAO1. One group of animals was treated i.v. with 5 mg/Kg SET-M33 and one 

group with 5 mg/Kg SET-M33-PEG, 1 and 16 hours post-infection. The control group (CTR) only received 

vehicle. The groups are indicated as described in the internal legend. Percentage survival (y-axis) is plotted 

as a function of time (x-axis); p < 0.05. (B) Scatter plots representing the CFUs/lung (y-axis) in treated and 

untreated non-neutropenic mice (each circle corresponds to one mice). All animals were injected i.t. with P. 

aeruginosa PAO1. One group was treated i.t. with a single 5 mg/Kg dose of SET-M33 (white circles). The 

control group only received vehicle (black circles). The horizontal lines represent the median and the 

difference between medians is indicated as a percentage. p = 0.05. There were 10 mice/group [174]. 

 

In the skin infection model experiments, 5 neutropenic mice per group (BALB/c) were 

infected on abraded skin with P. aeruginosa P1242 and then treated every day with 10 

mg/mL SET-M33-lotion or drug-free-lotion (CTR). One-day post-infection the treatment 

produced a significant reduction of bacteria, in term of photon flux emitted. The effect is 

even more evident 2-days after the bacteria challenge (Figure 16) [174]. 
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Figure 16. In vivo antibacterial activity of SET-M33 peptide in skin infection. 15 neutropenic mice per 

group (BALB/c) were infected on abraded skin with P. aeruginosa P1242 and then treated every day with 

10 mg/ml SET-M33-lotion (SET-M33) or with SET-M33 free-lotion (CTR). (A) Example of images of five 

animals at day 2. (B) Scatter plots representing the photon flux per second (p/s) emitted by bacteria at day 

2 from all mice (each circle corresponds to one animal). The horizontal lines indicate the median value. 

p < 0.03  [174] 

 

Furthermore, SET-M33 was evaluated in vitro and in vivo for its anti-inflammatory 

response to LPS from different clinical bacteria which are responsible of lung infections 

caused by P. aeruginosa, K. pneumoniae and E. coli. Previously studies have demonstrated 

the ability of SET-M33 to decrease TNF-α production in vitro in cell stimulated by LPS from 

P.aeruginosa and K. pneumoniae [169]. The anti-inflammatory activity of SET-M33 was 

analysed in terms of reduced gene expression in murine macrophages of a number of 

cytokines, enzymes, and signal transduction factors involved in inflammation triggered by 

LPS from P. aeruginosa, K. pneumonia and E. coli. The results showed that the peptide SET-

M33 is able to reduce the expression of many pro-inflammatory cytokines, growth and 

stimulating factors and the major intracellular signal transduction agent (NF-kB) [175]. 

Different in vitro and in vivo experimental techniques were used and all of them confirmed 

that the peptide is able to neutralize LPS. Gene and protein expression experiments showed 
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how the peptide inhibited the expression of various pro-inflammatory genes in macrophages 

(RAW264.7) and bronchial cells (IB3-1) from a CF patient through LPS neutralization [175]. 

In vivo experiments demonstrated that, after being nebulized directly into the lungs of mice 

previously challenged with LPS from P. aeruginosa, SET-M33 led to a significant reduction 

in TNF-α [175]. 

It is also described an immunomodulatory activity of SET-M33 in stimulating cell migration 

of keratinocytes in wound healing experiments in vitro, demonstrating that the cells treated 

with the peptide promote wound closure more rapidly than untreated cells [175].  

An evaluation of toxicity in vivo in a murine model was done comparing SET-M33 with 

colistin [174]. In this case, mice were injected i.v. with different concentrations of SET-M33, 

SET-M33-PEG or colistin, and then monitored for 4 days after inoculation. Overall, SET-

M33, in both forms, proved to be much less toxic than colistin [174]. 

A preliminary pharmacokinetic and bio-distribution analysis showed that the peptide is 

excreted mainly via urine [174]. 

A back-up molecule of SET-M33 peptide has been studied. It has been synthetized in a 

dimeric form (SET-M33DIM), where 2 peptide sequences are linked by a lysine core [176]. 

SET-M33DIM confirmed the strong antibacterial and anti-inflammatory activity, but 

showed a very low toxicity compared with results of the tetra-branched form.  The dimeric 

forma of the peptide was studied in vitro, ex vivo and in vivo experiments [176]. At the same 

time, the peptide isomer consisting of D-amino acids has been synthetized [114-115], 

displayed a strong antibacterial and anti-inflammatory activity against Gram-positive 

bacteria, as S. aureus, Staphylococcus saprophyticus and Enterococcus faecalis [115].  

Eventually, the SET-M33 peptide has been encapsulated into dextran-nanoparticles, 

creating a nanosystem that improved lung residence time of the peptide administered via 

aerosol. This results have to be considered among the aims of the development of a new 

therapeutic option for patient suffering from recurrent infections, that will benefit from high 

local doses of persistent antimicrobial [177].
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SET-M33 is an antimicrobial synthetic peptide patented by SetLance srl, a 

biopharmaceutical company based in Siena, and synthesized in the laboratories of the 

University of Siena. It has been already characterized for several aspects, like efficacy (sepsis, 

lung infections, skin infections), toxicity, bio-distribution, excretion, selection of resistances, 

gene toxicity, mechanism of action, immunomodulatory activity and time-kill 

concentrations.  

The aim of my Ph.D. project is to continue the pre-clinical development of the SET-M33 

antimicrobial peptide. In particular, this thesis is focused on three main studies, reported 

below:  

 

1) Study 1: in vivo efficacy and toxicity of SET-M33 in a murine model of endotoxin-

induced pulmonary inflammation; 

 

2) Study 2: Safety evaluations of SET-M33 administered intravenously in rats and dogs;  

 

3) Study 3: Inhalable polymeric nanoparticles for pulmonary delivery of SET-M33: 

antibacterial activity and in vitro and in vivo toxicity. 
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STUDY 1: IN VIVO EFFICACY AND TOXICITY OF SET-M33 IN A 

MURINE MODEL OF ENDOTOXIN-INDUCED PULMONARY 

INFLAMMATION 

 

SET-M33 PEPTIDE  

Peptide with a purity of 96% as declared by the producer (Polypeptide, Strasbourg, France) 

was used for all tests of the Study 1. The formulations were prepared under sterile conditions 

by dissolving the powder in water at appropriate concentrations and then sterile filtering 

with a 0.22 µm polyvinylidenefluoride (PVDF) filtration unit. Dose formulations of SET-

M33 and water were analyzed to confirm that the dose formulations prepared were 

homogeneous and that the SET-M33 concentrations administered were appropriate under 

the study conditions. The analytical method validated at the Testing Facility involved 

dilution of SET-M33 dose formulation samples in 100% water followed by quantification 

using high performance liquid chromatography with ultraviolet detection (HPLC-UV). 

 

ANIMALS AND EXPERIMENTAL PROCEDURES 

Crl:CD-1(ICR) mice and male BALB/c mice were used for the toxicity and efficacy studies, 

respectively. All animals were supplied by Charles River Ltd. (Margate, UK). After 10 days 

of acclimation prior to the first day of dosing, the animals were randomized into study 

groups, identified and allocated into monitored cages.  

For the toxicity study, administration was by inhalation—snout-only exposure using a 

specific inhalation exposure system for mice. 

INHALATION EXPOSURE SYSTEM: the inhalation exposure system for mice used in the 

toxicity study is owned by Covance CRS LLC (now Labcorp Drug Development), 

Huntingdon, Cambridgeshire UK, the CRO where the experiments were performed. The 

system provided the determinations of achieved concentration of the peptide during the 

study and the particle size distribution. This is schematically represented in Figure 17. 

Briefly, the components of the system are: 

- Exposure system: a flow through snout only chamber, an aluminium alloy construction 

comprising a base unit, one animal exposure section, a top section and a pre chamber; 

- Animal Restraint: a polycarbonate snout-only restraint tube; 
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- Aerosol Generation: A single Aeroneb (Aerogen) vibrating mesh nebuliser was used per 

exposure system and a disposable clinical syringe driven by a syringe pump; 

- Inlet Airflow: from in-house compressed air system - breathing quality. Flow rate of 16 

L/minute 

- Extract Airflow: drawn by in-house vacuum system, filtered locally. Flow rate: 17 L/minute 

- Airflow Monitoring: high quality tapered tube flowmeters, calibrated daily. In-line 

flowmeters monitored continuously 

Mice were exposed to an atmosphere containing SET-M33. Different doses were achieved 

by varying the concentration of the peptide in the supplied formulation, the rate of 

formulation delivery to the aerosol generator and the system airflows. Animals were dosed 

once daily for 7 days. The administration takes 60 minutes each day. The animals under 

study were acclimatised to the method of restraint for 5 consecutive days immediately 

preceding their first exposure. 

 

 

Figure 17. Schematic representation of inhalation exposure system. 
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Animals were dosed once daily for 7 days. The duration of the exposure was 60 minutes each 

day. For the efficacy study, animals were dosed once with vehicle, SET-M33 or budesonide 

(positive control) intratracheally (i.t.) approximately 30 minutes prior to the beginning of 

the LPS challenge. Animals were weighed on the day of dosing and a fixed volume of 50 µL 

was administered (SETM33 at 0.2, 0.8, 2 and mg/mL). They were anaesthetized with a mix 

of isoflurane/oxygen (administered by inhalation at the following concentrations: 3–4% for 

induction and 1–3% for maintenance) and secured to an intubation device with a cord 

around the upper incisors. The tongue was pulled forward and any excess food and/or 

mucus was removed. A veterinary operating otoscope was inserted into the animal’s mouth 

to illuminate the posterior pharynx and epiglottis. The tip of the dosing device was guided 

through the vocal cords into the lumen of the trachea. The pipette tip was guided down the 

trachea and the pipette plunger depressed with firm pressure. After dosing, the animals were 

removed from the secured position and carefully monitored until full recovery. 

For the inflammatory challenge, lipopolysaccharide (LPS) from E. coli serotype O26:B6 was 

used (#L3755, Sigma-Aldrich®, St. Louis, MO, USA). Animals were placed in groups in an 

acrylic box and 8 mL LPS in 0.9% [w/v] saline was placed in each of two jet nebulizers 

(Sidestream®, Philips N.V. Amsterdam, The Netherlands). Compressed air at 

approximately 6 L/min was passed through each nebulizer and the output of the nebulizers 

directed into the box containing the animals for 30 minutes. On completion of the 

inflammatory challenge, the mice were returned to their home cage. Budesonide (#B7777, 

Sigma-Aldrich®) was used as a positive control. It was prepared in 0.1% Tween 80/0.6% 

NaCl in 0.05 M pH 6.0 phosphate buffered saline. 

All animal experiments were approved by the local ethics committee of CRO, where the 

experiments were performed: Covance CRS LLC (now Labcorp Drug Development), 

Huntingdon, Cambridgeshire, UK. All experimental procedures during the studies were 

subject to the provisions of the United Kingdom Animals (Scientific Procedures) Act 1986 

Amendment Regulations 2012 (the Act). All methods are reported according to “Animal 

Research: Reporting of In Vivo Experiments” (ARRIVE) guidelines [178]. The number of 

animals used was the minimum consistent with scientific integrity and regulatory 

acceptability, considering the welfare of individual animals in relation to the number and 

extent of procedures to be carried out on each animal. 
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TOXICITY STUDY BY INHALATION ADMINISTRATION TO CD-1 MICE 

FOR 1 WEEK 

 

ATMOSPHERE ANALYSIS AND ESTIMATION OF ACHIEVED DOSE 

The concentration in the aerosol and the particle size distribution were analysed by ultra-

performance liquid chromatography. Briefly, the sample was collected from the filtration 

units of the aerosol machine, extracted with extraction solvent (0.1% trifluoroacetic acid and 

0.05% Tween 80 in water, #302031 and #8.22187, respectively, supplied by Sigma- 

Aldrich®) and injected into the chromatograph. The chromatograph system was calibrated 

using an external standard. Peak area data acquired by the data capture software underwent 

least squares regression analysis and the concentration was calculated. Mass Median 

Aerosol Diameter (MMAD) and Geometric Standard Deviation (GSD) were calculated by 

linear regression of the probit of the cumulative percentage, by mass, of particles smaller 

than the effective cut-off diameter of each stage versus the logarithm of the cut-off diameter 

of each stage. Particle size was determined by cascade impaction using a Marple 290 series 

(296 configuration) cascade impactor at a flow rate of 2.0 L/minute. 

The estimations of inhaled dose (mg/kg/day) were calculated using the formula reported 

below [179]: 

Dose (mg/kg/day) =
𝑪 (𝒈/𝑳) × 𝑹𝑴𝑽 (𝑳/𝒎𝒊𝒏) × 𝑫 (𝒎𝒊𝒏)

𝑩𝑾 (𝑲𝒈) × 𝟏𝟎𝟎𝟎 
 

 

where C = aerosol concentration (µg/L) 

RMV = respiratory minute volume = 0.608 × BW(Kg)0.852. 

D = duration of exposure (60 minutes) 

BW = body weight (kg). 

 

NECROSCOPY 

Overdose of intraperitoneal pentobarbital sodium (at 50 mg/kg) followed by exsanguination 

was used for termination. All animals underwent detailed necropsy. A full macroscopic 

examination of the tissues was performed. Any abnormality in the appearance or size of any 

organ or tissue was recorded and the required tissue samples preserved in appropriate 

fixative. The organs were weighed. Tissue samples were routinely preserved in 10% Neutral 
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Buffered Formalin (except testes and eyes, which were preserved in modified Davidson’s 

fluid Eyes and Davidson’s fluid, respectively). Tissue samples were dehydrated, embedded 

in paraffin wax and sectioned at a nominal four-to-five-micron thickness. For bilateral 

organs, sections of both organs were prepared. A single section was prepared from each of 

the remaining tissues required. Sections were stained with haematoxylin and eosin. Each 

section was examined microscopically. Findings were either reported as “present” or 

assigned a five-point severity grade: minimal, slight, moderate, marked or severe. 

 

BIOANALYSIS 

Blood samples were collected from the jugular vein under isoflurane anaesthesia. Each 

sample was collected into a polypropylene test tube containing lithium heparin as 

anticoagulant and centrifuged at 2000 x g for 10 minutes at +4 °C. Total concentrations of 

peptide were determined by a qualified LC-MS/MS method. No specific testing regulations 

or guidelines were applicable for the plasma sample analysis; however, the analytical 

procedures followed were based on [180]. All data collection and processing were performed 

by the data acquisition system associated with the mass spectrometer (PC Analyst V1.6.1 or 

later). Data processing and quantification were performed using a Watson LIMS V7.2. After 

analysis, samples were immediately stored at −80 °C. 

 

 

EFFICACY OF SET-M33 IN A MURINE MODEL OF ENDOTOXIN (LPS)-

INDUCED PULMONARY INFLAMMATION 

Following confirmation of death, an incision was made in the neck and the muscle layers 

separated by blunt dissection to isolate the trachea. A small incision was made in the trachea 

and a tracheal cannula inserted. The cannula was secured in place and the airway was 

washed with 0.3 mL phosphate buffered saline (PBS). The PBS was left in the airway for 

approximately 10 seconds while the chest was gently massaged and then removed. This was 

repeated twice more. In total, three lots of 0.3 mL PBS were used for lung lavage. The BAL 

fluid from the three lavages was pooled and placed on wet ice until centrifuged. Each BAL 

sample was centrifuged at 1000× g for 10 minutes at approximately 4°C. The cell pellet was 

resuspended in 0.5 mL PBS and stored on wet ice prior to analysis. A total and differential 

cell count of the re-suspended BAL cells was performed using the XT-2000iV (Sysmex UK 
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Ltd., Milton Keynes, UK.). The sample was vortexed for approximately 5 seconds and 

analyzed. Total and differential cell counts (including neutrophils, lymphocytes, eosino-

phils and mononuclear cells (includes monocytes and macrophages) are reported as number 

of cells per animal. BAL cytokines TNF α, IL-6, MIP-1α, KC, MCP-1 and IP-10 were analyzed 

using a multiplex system following the manufacturer’s protocol (#LXSAMSM, Biotechne® 

Mouse Magnetic Luminex Screening Assay, R&D System, Minneapolis, MN, USA). 

 

STATISTICAL ANALYSIS 

For organ weight data in toxicity study, analysis of covariance with Student’s t test was 

performed using terminal body weight as covariate [181], unless non-parametric methods 

were applied. The treatment comparisons were made on adjusted group means in order to 

allow for differences in body weight that might influence the organ weights. Significant 

differences between the groups compared were calculated using GraphPad Prism for 

Windows version 5.03, GraphPad Software, San Diego, CA, USA, and expressed as * p < 

0.05.  

Regarding efficacy study, data were expressed as means ± standard errors of the means. 

Statistical analysis was used to determine whether there were significant differences in BAL 

total and differential cell counts and BAL cytokine levels between SET-M33 (0.5, 2 and 5 

mg/kg) or budesonide (1 mg/kg)-treated LPS-challenged animals and vehicle-treated LPS-

challenged animals. Statistical analysis was also performed to compare vehicle-treated LPS-

challenged animals with vehicle-treated saline-challenged animals. Statistical analysis was 

performed using the Student’s t-test with GraphPad Prism for Windows version 5.03, 

GraphPad Software, San Diego, CA, USA. The levels of statistical significance are indicated 

in the legends of the figures. 
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STUDY 2: SAFETY EVALUATIONS OF SET-M33 ANTIMICROBIAL 

PEPTIDE ADMINISTERED INTRAVENOUSLY IN RATS AND DOGS 

 

SET-M33 PEPTIDE PRODUCTION 

Peptide with a purity of 97.9% as declared by the producer (Polypeptide, Strasbourg) was 

used for all tests of the Study 2. The formulations were prepared under sterile conditions by 

dissolving the powder in the vehicle (0.9% sodium chloride) and then sterile filtering with a 

0.22 µm PVDF filtration unit. Dose formulations of SET-M33 and 0.9% sodium chloride for 

injection were analysed to confirm that the prepared dose formulations were homogeneous 

and that the administered SET-M33 concentrations were appropriate under the study 

conditions. The analytical method validated at the Testing Facility involved dilution of SET-

M33 dose formulation samples in 100% water followed by quantification using high 

performance liquid chromatography with ultraviolet detection (HPLC-UV). 

 

ANIMALS 

RATS. Sprague Dawley rats were used for the toxicity studies. The animals were supplied by 

Envigo RMS S.L. All animals were 6-8 weeks old at the start of treatment and were allocated 

randomly to the treatment groups. The peptide was administered as an intravenous bolus in 

approximately 50 seconds via the lateral tail vein using a graduated syringe and a 24G (0.55 

x 25 mm) needle. The administration volume was 5 mL/kg body weight.  

DOGS. Naïve beagle dogs were used for the toxicity studies. The animals were supplied by 

Marshall US. They were 9-10 months old at the start of treatment with a body-weight range 

of 9.1-10 kg for the DRF study. They were 6-7 months old at the start of treatment with a 

body-weight range of 6.6-8.6 kg for males and 5.1-6.5 kg for females for the 4-week toxicity 

study. The method of administration was an intravenous short infusion with an infusion 

pump, alternately either into the cephalic or saphenous veins using sterile disposable 

cannulas and syringes. The volume of the dose of SET-M33 and control in two studies was 

2,5 and 5 mL/Kg body weight, respectively.  

All experimental protocols were approved by licensing committees from the institutions 

where the experiments were carried out. All animal experiments were performed in 

collaboration with the following CROs: Covance CRS LLC (now Labcorp Drug 
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Development), Huntingdon, Cambridgeshire UK and Somerset, New Jersey USA; AnaPath 

Research S.A.U., Castellar de Vallès, Barcelona, Spain. 

All experimental procedures were carried out in accordance with the following guidelines 

and regulations: the United Kingdom Animals (Scientific Procedures) Act 1986 Amendment 

Regulations 2012; USA Animal Welfare Act Regulations: 9 CFR Parts 1 and 2 Final Rules, 

Federal Register, Volume 54, N. 168, August 31, 1989, pp. 36112-36163 effective October 30, 

1989 and 9 CFR Part 3 Animal Welfare Standards; Final Rule, Federal Register, Volume 56, 

N. 32, February 15, 1991, pp. 6426-6505 effective March 18, 1991; Decret (Decree) 214/1997 

of 30 July, Ministry of Agriculture, Livestock and Fishing of the Autonomous Government 

of Catalonia; Directive 2010/63/EU of the European Parliament and of the Council of 22 

September 2010 on the protection of animals used for scientific purposes; Law 5/1995 of 21 

June on the protection of animals used for experimentation and other scientific purposes 

(DOGC 2073, 10.7.1995), Autonomous Government of Catalonia; Law 6/2013 of 11 June, 

amending Law 32/2007 of 7 November on the care of animals during their exploitation, 

transport, experimentation and sacrifice, Spain; Real Decreto (Royal Decree) 53/2013 of 1 

February 2013, Spain.  

All methods are reported in accordance with ARRIVE guidelines [178]. The number of 

animals used was the minimum consistent with scientific integrity and regulatory 

acceptability, considering the welfare of individual animals in relation to the number and 

extent of procedures to be carried out on each animal. 

 

DOSE RANGE FINDING (DRF) IN RATS 

A viability/mortality check was recorded at least twice daily. Detailed observation of clinical 

signs was made daily during dosing.  

HAEMATOLOGY. Blood samples were drawn from the retro-orbital plexus of all animals 

under light isoflurane anaesthesia. Blood was collected into tubes containing EDTA-K3 as 

anticoagulant. The following parameters were determined using an ADVIA 120 haematology 

analyser (Siemens Healthcare): Red blood cell count (RBC), haemoglobin (Hb), haematocrit 

(Hct), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean 

corpuscular haemoglobin concentration (MCHC), reticulocyte count (absolute and relative) 

(Retic), platelet count (Plt), total leukocyte count (WBC), neutrophils (N), lymphocytes (L), 

monocytes (M), eosinophils (E), basophils (B), large unstained cells (LUC).  
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CLINICAL BIOCHEMISTRY. Blood samples were collected into lithium heparin tubes. The 

plasma was analysed for the following parameters with a Cobas 6000 analyzer (Roche): 

glucose (Gluc), urea (Urea), creatinine (Creat), bilirubin, total (Bili), cholesterol, total 

(Chol), triglycerides (Trig), aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), creatine kinase (CK), gamma-glutamyl-transferase (gGT), calcium (Ca), inorganic 

phosphorus (Phos), sodium (Na), potassium (K), chloride (Cl), total protein (total Prot), 

protein electrophoretogram, albumin (Alb), globulin (calculated from the total protein and 

Alb%) (Glob), album/globulin ratio (A/G ratio). 

URINALYSIS. Urine was collected in specimen vials using a metabolism cage. The following 

parameters were determined using a Cobas u 411 semi-automated test strip analyser 

(Roche): specific gravity (SG1), volume (Vol), colour (Col), appearance (App), pH, nitrite 

(Nite), protein (Prot), glucose (U-Gluc), ketones (Keto), urobilinogen (Urob), bilirubin 

(Bili), erythrocytes (U-RBC), leukocytes (U-WBC). 

NECROSCOPY. Necroscopy was performed after the end of treatment in Phases I and II. 

Animals were sacrificed by intraperitoneal injection of sodium pentobarbital and 

immediately exsanguinated. Gross necropsy examination of the cranial, thoracic and 

abdominal cavities, major organs and injection site was performed on Phase I animals. A 

full necropsy was performed on Phase II animals, including examination of the external 

surface of the body, all orifices, cranial, thoracic and abdominal cavity organs in situ and 

after evisceration.  

BIOANALYTIC AND TOXICOKINETIC STUDY. Blood samples were collected from the 

retro-orbital plexus of animals under light isoflurane anaesthesia. Blood samples were taken 

from three males and three females at each extraction time. Sampling times were as follows: 

Day 1: 5, 15, 30 and 60 minutes after administration. Day 7: pre-dose and 5, 15, 30, 60 

minutes and 24 hours after administration. Control animals were bled only once on days 1 

and 7 of treatment at 30 minutes after treatment. Each blood sample was collected into a 

polypropylene test tube containing lithium heparin as anticoagulant and kept in an ice bath 

until centrifuging (1600 x g for 10 minutes at 2-8°C). The plasma from each sample was 

transferred to a fresh polypropylene test tube, immediately frozen in dry ice and stored at -

20°C ±5.  
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FOUR-WEEK TOXICITY STUDY WITH 2-WEEK RECOVERY PERIOD IN 

RATS 

Viability/mortality was monitored twice daily throughout the study. Detailed clinical signs 

were evaluated once at pre-test, once/twice daily during the treatment period and on days 

1, 8, 10 to 14 of the recovery period. Body weight was monitored once at pre-test, twice 

weekly during treatment and recovery periods, at termination of treatment and before 

sacrifice (scheduled animals fasted).  

HAEMATOLOGY. Blood samples were extracted from the retro-orbital plexus under light 

isoflurane anaesthesia. The sample were collected into tubes containing EDTA-K3 

anticoagulant. The following parameters were determined with an Advia 120 haematology 

analyser (Siemens Healthcare): red blood cell count (RBC), haemoglobin (Hb), haematocrit 

(Hct), mean corpuscle volume (MCV), red cell volume distribution width (RDW), mean 

corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), 

haemoglobin concentration distribution width (HDW), reticulocyte count (Retic), platelet 

(thrombocyte) count (Plt), leukocyte count, total (WBC), neutrophils (N), lymphocytes (L), 

monocytes (M), eosinophils (E) basophils (B), lrge unstained cells (LUC).  

COAGULATION. Blood samples were collected into 3.2% sodium citrate tubes to obtain the 

plasma. The following parameters were determined using a STA COMPACT Automatic 

Coagulometer: prothrombin time (SPT), activated partial thromboplastin time (SAPT).  

CLINICAL BIOCHEMISTRY. Blood samples were collected into lithium heparin tubes. The 

following parameters were determined using a Cobas 6000 Analyzer (Roche): glucose 

(Gluc), urea (Urea), creatinine (Creat), bilirubin, total (Bili), cholesterol, total (Chol), 

triglycerides (Trig), aspartate aminotransferase (AST), alanine aminotransferase (ALT), 

alkaline phosphatase (ALP), creatine kinase (CK), gamma-glutamyl-transferase (gGT), 

calcium (Ca), inorganic phosphorus (Phos), sodium (Na), potassium (K), chloride (Cl), 

albumin (Alb), globulin (calculated from total protein and Alb%) (Glob), total protein (Total 

Prot), album/globulin ratio (A/G ratio).  

URINALYSIS. Urine was collected overnight into specimen vials (animals were placed in 

metabolism cages at the end of the working day preceding the day of urine collection). The 

following parameters were determined using a Cobas u 411 semi-automated test strip 

analyser (Roche): specific gravity (SG1), protein (Prot), ketones (Keto), volume (Vol), 



  Materials and Methods 
 
 
 

 

49 
 

creatinine (U-Creat), bilirubin (Bili), colour (Col), glucose (U-Gluc), erythrocytes (U-RBC), 

appearance (App), nitrite (Nite), pH, leukocytes (U-WBC).  

NECROSCOPY. All animals underwent necropsy. Descriptions of all macroscopic 

abnormalities were recorded. Samples of tissues and organs were collected from all animals, 

weighed and fixed in neutral phosphate-buffered 4% formaldehyde solution (10% formalin). 

All organ and tissue samples to be examined were processed, embedded, cut and stained 

with haematoxylin and eosin. Samples were examined by confocal laser microscope (Leica TCS 

SP8). All images were processed using ImageJ software (NIH). 

 

NEUROLOGICAL TOXICITY IN RATS 

Evaluation of SET-M33 neurological toxicity was based on the method described by Irwin 

[182-183]. On the day prior to dosing, detailed subjective observation of all animals was 

made to assess the neurobehavioral and physiological state of untreated rats. After 

subjective observation, rectal temperature was measured and spontaneous locomotor 

activity was assessed. On the day of dosing, the animals were treated and then returned to 

their home cages. Detailed subjective observation of the rats was then repeated 5, 30, 90 and 

240 minutes after dosing. A further observation was made 24 hours after dosing. During 

these observations, the following parameters were systematically evaluated for each animal 

using a standard procedure: lethality, restlessness, apathy, writhing, fighting, stereotyped 

behaviour, tremor, twitches, convulsions, exophthalmos, abnormal respiration, alertness, 

startle response, loss of righting reflex, abnormal body carriage, abnormal gait, Straub tail, 

piloerection, pupil diameter, light-pupil response, touch response, fearfulness, pinna reflex, 

corneal reflex, catalepsy, passivity, aggressiveness, body tone, grip strength, cutaneous 

blood flow, cyanosis, ptosis, lacrimation, salivation, pain response, motility impairment, 

grooming, diarrhoea, vocalization, increased urination. Normal attributes of animals (e.g. 

alertness, body tone etc.) were subjectively scored as 4; enhancement or depression of these 

attributes by SET-M33 was scored with higher or lower integers, respectively. Attributes 

normally absent in animals (e.g. abnormal gait, abnormal respiration, tremors etc.) were 

subjectively scored from 0 (normal) to 8. At the end of each observation period, the rectal 

temperature of each animal was measured. Finally, spontaneous locomotor activity was 

analysed. Each animal was placed in a suitable arena and locomotor activity measured in 

terms of number of squares crossed in a 2-minute period. Animals were inspected daily from 
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day 3 to day 7 for appearance of any delayed effects. After the day 7 inspection, the animals 

were killed humanely by a rising concentration of carbon dioxide. Death was confirmed by 

dislocation of the neck.  

 

EVALUATION OF RESPIRATORY FUNCTION IN RATS 

Whole body, bias flow plethysmography equipment was used [184]. Respiratory parameters 

(respiratory rate, tidal volume and minute volume) were derived from the changes in 

pressure associated with the warming and humidification of the air breathed in by the 

animal. This was monitored by specific probes located in the plethysmograph chambers. 

Bias flow (room air) was set at approximately 2.5 L/min. On a day prior to the first day of 

dosing, all animals were habituated to the plethysmographs for approximately 2 hours. The 

study was run over 4 days and 10 animals (two from each group) were examined each day. 

On the day of dosing, the animals were placed in the plethysmographs for pre-dose recording 

(session 1) of respiratory parameters for 60 minutes. Groups of 8 rats were then removed 

from the chambers and dosed by intravenous bolus injection with vehicle, SET-M33 or 

positive control. Immediately after dosing, the rats were placed in the whole body 

plethysmographs, where they could move about freely, to continuously record respiratory 

parameters for 4 hours post-dose (undisturbed recording). Immediately after the last post-

dose recording, the animals were killed humanely by a rising concentration of carbon 

dioxide. Death was confirmed by dislocation of the neck. Respiratory parameters were 

reported at the following time points: 0, 30, 60, 90, 120, 150, 180, 210 and 240 minutes. 

Time 0 coincided with the mean value of the last 20 minutes of data recorded in the 60-

minute pre-dose period. All other time points were the mean of 10-minute recordings (an 

average of every 10 breaths) around each time point. Each post-dose time point was analysed 

separately by analysis of covariance. Factors in the model were group and day of data 

collection, with pre-dose values as covariate.  

 

DOSE RANGE FINDING (DRF) IN DOGS 

Viability/mortality were recorded at least twice daily. On treatment days, all animals were 

observed for signs of toxic or pharmacological effects prior to, during and immediately after 

administration and 1-2 hours post-dose. Injection sites were examined daily during dosing. 
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For clinical investigation, blood obtained via jugular venepuncture from anaesthetized dogs 

was used to analyse blood, coagulation and biochemical parameters.  

HAEMATOLOGY. A blood sample was collected into tubes containing EDTA-K3 as 

anticoagulant and analysed for the following parameters using Advia 120 haematology 

analyser (Siemens Healthcare): red blood cell count (RBC), haemoglobin (Hb), haematocrit 

(Hct), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean 

corpuscular haemoglobin concentration (MCHC), platelet count (Plt), total leukocyte count 

(WBC), reticulocyte count (Retic), neutrophils (N), lymphocytes (L), monocytes (M), 

eosinophils (E) basophils (B), large unstained cells (LUC).  

CLINICAL BIOCHEMISTRY. A blood sample was collected in lithium heparin tubes. The 

following parameters were determined using Cobas 6000 analyzer (Roche): albumine (Alb), 

glucose (Gluc), urea (Urea), creatinine (Creat), bilirubin (Bili), cholesterol (Chol), aspartate 

aminotransferase (AST), alanine aminotransferase (ALT), sodium (Na), potassium (K), 

chloride (Cl), calcium (Ca), inorganic phosphorus (Phos), total protein (Total Prot), protein 

electrophoretogram.  

URINALYSIS. Urine obtained via a 16-hour overnight collection period was analysed. Urine 

was collected into ice-chilled containers overnight from pans placed beneath each animal’s 

cage. Urine samples were analysed for the following parameters using Multistix reagent 

strips, interpreted using a Siemens Clinitek Advantus: specific gravity (SG1), colour (Col), 

pH, protein (Prot), glucose (U-Gluc), ketones (Keto), urobilinogen (Urob), bilirubin (Bili).  

NECROSCOPY. All animals were sacrificed at the end of the treatment period by intravenous 

injection of sodium pentobarbital. Organs were collected and weighed.  

BIOANALYTIC AND TOXICOKINETIC STUDY. Blood samples were taken by direct 

venepuncture of the jugular vein on days 1 and 7 to determine plasma levels of SET-M33. 

Sampling times were as follows: Day 1: at 0, 5, 15, 30, 60 and 180 minutes. Day 7: at 0, 5, 15, 

30, 60, 180 minutes and 24 hours after administration. Control animals were only bled once 

on days 1 and 7 of treatment, 1 hour after administration. Blood samples were collected into 

lithium heparin test tubes and kept in an ice bath until centrifuging (1600x g for 10 minutes 

at 2-8ºC). The plasma obtained from each sample was transferred to a fresh polypropylenes 

test tubes, immediately frozen in dry ice and stored at -20ºC ± 5.  
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FOUR-WEEK TOXICTY STUDY WITH 4-WEEK RECOVERY PERIOD IN 

DOGS 

Animals were observed daily for mortality and signs of severe toxic or pharmacological 

effects. On treatment days, all animals were observed for signs of toxic or pharmacological 

effects prior to, during and after administration and 1-2 hours post-dose. Blood obtained via 

jugular venepuncture from anaesthetized dogs was used to analyse blood, coagulation and 

clinical chemistry parameters for 5 animals/sex/group pre-test and at termination of dosing 

and from 2 animals/sex/group at the end of recovery.  

HAEMATOLOGY. Blood samples were collected into tubes containing K3EDTA 

anticoagulant and analysed for the following using ADVIA 120 Haematology Analyser 

(Siemens): haemoglobin (Hb), haematocrit (Hct), red blood cell count (RBC), platelet count 

(Plt), mean corpuscular volume (MCV), mean corpuscular haemoglobin (MCH), mean 

corpuscular haemoglobin concentration (MCHC), red cell distribution width (RDW), total 

white blood cell count (WBC), reticulocyte count (Retic), neutrophils (N), lymphocytes (L), 

eosinophils (E), basophils (B), monocytes (M), large unstained cells (LUC).  

COAGULATION. Blood samples were collected into tubes containing sodium citrate 

anticoagulant and analysed for the following using a Diagnostica Stago Products STA 

Compact MAX mechanical clot detection system: prothrombin time (SPT), activated partial 

thromboplastin time (APTT), fibrinogen (FIB).  

CLINICAL BIOCHEMISTRY. Blood samples were collected into tubes with no 

anticoagulant, allowed to clot, centrifuged to obtain serum and analysed for the following 

using ADVIA 1800 Chemistry Analyzer (Siemens): aspartate aminotransferase (AST), 

alanine aminotransferase (ALT), alkaline phosphatase (ALKP), blood urea nitrogen (BUN), 

creatinine (Creat), glucose (Glu), cholesterol (Chol), triglycerides (Trig), total protein (Tot 

Prot), albumin (Alb), total bilirubin (Bili), sodium (Na), potassium (K), chloride (Cl), 

calcium (Ca), inorganic phosphorus (Phos), gamma-glutamyl transferase (gGT).  

URINALYSIS. Urine obtained via a 16-hour overnight collection period was analysed for all 

animals/sex/group pre-test, at study termination, and at the end of recovery. Urine was 

collected into ice-chilled containers overnight from pans placed beneath each animal’s cage. 

Urine samples were analysed for the following parameters using Multistix reagent strips, 

interpreted using a Siemens Clinitek Advantus: pH, protein (Prot), glucose (U-Gluc), 

ketones (Keto), bilirubin (Bili), appearance (App), specific gravity (SG1), volume (Vol).  
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NECROSCOPY. Complete macroscopic examination was performed on all animals, 

including examination of the external surface and all orifices; the external surfaces of the 

brain and spinal cord; the organs and tissues of the cranial, thoracic, abdominal and pelvic 

cavities and neck; and the rest of the carcass for macroscopic morphological abnormalities. 

Necropsy was performed on up to 3 animals/sex/group after treatment for 4 weeks and on 

2 animals/sex/group after a 4-week treatment-free recovery period. Organs and tissues were 

weighed, preserved and examined microscopically. Prior to weighing, organs were carefully 

dissected and properly trimmed to remove adipose and other contiguous tissue in a uniform 

manner. Organs were weighed as soon as possible after dissection in order to avoid drying. 

Paired organs were weighed together. Eyes, optic nerve and testes were initially placed in 

Modified Davidson’s solution and then kept in 10% neutral buffered formalin (NBF). Lungs 

and urinary bladder were infused with 10% NBF prior to immersion in a larger volume of 

the same fixative. All other tissues were preserved in 10% NBF. 

 

BIOANALYTICS AND TOXICOKINETICS IN RATS AND DOGS 

RATS. Blood samples were drawn from the retro-orbital sinus under light isoflurane 

anaesthesia for determination of plasma SET-M33 levels. The samples were taken on days 1 

and 28 of treatment at the following times: control group: pre-dose and 30 minutes; 5, 9 and 

15 mg/kg/day-group: pre-dose, 5, 15, 30, 60 minutes and 24 hours after administration. 

Blood samples were collected into polypropylene test tubes containing lithium heparin 

anticoagulant and kept at room temperature for no longer than 60 minutes until 

centrifuging (1600x g for 10 minutes at 2-8°C). The plasma obtained from each sample was 

transferred to a fresh polypropylene test tubes, immediately frozen in dry ice and stored at -

20°C ± 5. Plasma concentrations of SET-M33 were measured by a previously validated LC-

MS/MS method. Toxicokinetic parameters were determined for mean plasma 

concentrations at each dose level and time point, according to the validated method and with 

WinNonlin software, version 6.3, in the Phoenix Suite version 1.3 (Pharsight Corporation, 

Mountain View, CA, USA). 

 

DOGS. On days 1 and 28, blood samples were obtained for toxicokinetic determinations 

from all animals at the following times: Day 1 at the end of infusion and 5, 10, 15, 30, 60 and 

180 minutes later; 6 ± 15 minutes and 24 hours ± 30 minutes post-dose; Day 28 at the end 
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of infusion and 5, 10, 15, 30, 60 and 180 min later; 6 ± 15 minutes and 24 hours ± 30 minutes 

post-dose. Blood samples were collected into lithium heparin test tubes and kept in an ice 

bath until centrifuging (1600x g for 10 min at 2-8ºC). The plasma obtained from each 

sample was transferred to a fresh polypropylenes test tubes, immediately frozen in dry ice 

and stored at -20ºC ± 5. Bioanalytical samples were analysed by a validated liquid 

chromatographic mass spectrometric assay. Pharmacokinetic parameters were calculated 

using the computer program Phoenix WinNonlin version 6.3 (Certara USA, Inc). 
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STUDY 3: INHALABLE POLYMERIC NANOPARTICLES FOR 

PULMONARY DELIVERY OF ANTIMICROBIAL PEPTIDE SET-

M33: ANTIBACTERIAL ACTIVITY AND TOXICITY IN VITRO AND 

IN VIVO 

 

MATERIALS 

The poly(lactide-co-glycolide) PLGA (Resomer® RG 502H uncapped PLGA 50:50, inherent 

viscosity 0.16–0.24 dL/g) was acquired from Boehringer Ingelheim (Ingelheim, Germany). 

Poly(lactic-co-glycolic acid) copolymer-Rhodamine-B conjugate (Mn 10,000–30,000 Da) 

(PLGA-Rhod) was purchased from PolyScitech (Akina division, Inc.,West Lafayette, IN, 

USA). Poly(ethylene glycol) methyl ether-block-poly(lactide-co-glycolide) with PEG average 

Mn 2000 Da, PLGA Mn 4500 Da and with PEG average Mn 5000 Da, PLGA Mn 7000 Da, 

diethylenetriaminepentaacetic acid (DTPA), DNA, egg yolk emulsion, poly(Llysine), RPMI 

amino acid solution and type II mucin from porcine stomach were purchased from Merck-

Sigma Aldrich (St. Louis, MO, USA). Bacterial alginate from the fermentation of Azotobacter 

vinelandii or Pseudomonas mendocina was purchased from Carbosynth (UK). Methylene 

chloride and ethanol were supplied by Carlo Erba (Italy). All salts and reagents were of 

analytical grade or higher. 

 

PEPTIDE PRODUCTION 

SET-M33 was produced in tetrabranched form by solid-phase synthesis using standard 

Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry on Fmoc4-Lys2-Lys-_-AlaWang resin 

with a Syro multiple peptide synthesizer (MultiSynTech, Witten, Germany). Sidechain-

protecting groups were 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl for Arg, t-

butoxycarbonyl for Lys, and t-butyl for Ser. The final product was cleaved from the solid 

support, deprotected by treatment with TFA containing tri-isopropylsilane and water 

(95/2.5/2.5), and precipitated with diethyl ether. Crude peptide was purified by 

reversephase chromatography on a column for medium-scale preparation in linear gradient 

form for 30 min using 0.1% TFA/water as eluent A and methanol as eluent B. The purified 

peptide was obtained as trifluoroacetate salts (TFacetate). Exchange from TFacetate (toxic 

by-product) to acetate form was carried out using a quaternary ammonium resin in acetate 
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form (AG1-X8, 100–200 mesh, 1.2 meq/mL capacity). The resin-to-peptide ratio was 

2000:1. Resin and peptide were stirred for 1 hour, the resin was filtered off and washed 

extensively, and the peptide was recovered and freeze dried [185]. Final peptide purity and 

identity were confirmed by reverse-phase chromatography using a Phenomenex Jupiter C18 

analytical column (300 Å, 5 mm, 25,064.6 mm) and by mass spectrometry MALDI-

TOF/TOF. Rhodamine-labeled peptides were synthesized using Lys-tetramethyl-rhodamine 

(Lys-TMR) as the first amino acid (SET-M33-Rhod).  

 

QUANTITATIVE ANALYSIS OF SET-M33 

SET-M33 was quantified by a RP-HPLC system consisting of a liquid chromatograph (LC-

10ADvp), an auto-injector (SIL-10ADvp), a UV–Vis detector (SPD-10Avp) and an integrator 

(C-R6) (Shimadzu, Japan). The SET-M33 quantitation was performed using a Jupiter 5 µm 

C18 column (250 x 4.6 mm, 300 Å) (Phenomenex, Torrance, CA, USA) and a mixture of 0.1% 

(v/v) TFA in water and acetonitrile (77:23 v/v) as the mobile phase. The flow rate was 1 

mL/min and the detection wavelength 215 nm. Calibration curves were achieved by plotting 

peak area versus the concentration of SET-M33 standard solutions in water, and the 

linearity of the response was verified over the concentration range 1–200 µg/mL (r2 ≥ 

0.999).  

Rhodamine-labeled SET-M33 was quantified by a spectrofluorimetric assay at λex = 520 nm 

and λem = 580/640 nm using a plate reader (GloMax® Explorer, Promega, Milano, Italy). 

The linearity of the response was verified over the SET-M33_Rhod concentration range 0.1–

100 µg/mL (r2 > 0.999). 

 

NANOPARTICLES PRODUCTION 

PEGylated PLGA-based NPs were prepared at a SET-M33 theoretical loading of 4% (4 mg 

of SET-M33 per 100 mg of NPs) by emulsion/solvent diffusion technique, as previously 

reported [185-186]. Briefly, 100 µL of SET-M33 aqueous solution (0.4 mg) was emulsified 

with 1 mL of methylene chloride containing a mixture of PLGA (8 mg) and PEG-conjugated 

PLGA (2 mg) by vortex mixing (2400 min-1, Heidolph, Schwabach, Germany). Two 

formulations were produced employing PLGA conjugated with PEG at different molecular 

weights (2000 and 5000 Da PEG): SET-M33_PEG2000 NPs and SET-M33_PEG5000 NPs, 

respectively. The obtained emulsion was added to 12.5 mL of ethanol 96% (v/v), allowing 
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polymer precipitation in the form of NPs. The NP dispersion was then diluted with 12.5 mL 

of water and kept under magnetic stirring for 10 minutes at room temperature. Afterwards, 

the organic solvent was evaporated under vacuum at 30°C (Rotavapor®, Heidolph VV 

2000, Germany), and the colloidal dispersion of NPs was collected and adjusted with 

ultrapure water to a final volume of 5 mL. Finally, NPs were isolated by centrifuge at 7000 

rcf for 20 minutes at 4°C and dispersed in ultrapure water.  

Two NP formulations containing fluorescent probes were obtained by encapsulating SET-

M33 conjugated with rhodamine B (SET-M33_Rhod) [172] or by embedding PLGA 

Rhodamine-B conjugate (PLGA-Rhod) in the polymeric matrix (10% w/w with respect to 

total PLGA amount) (Figure 18). 

 

 

Figure 18. Diagram of the core–shell structure of SET-M33-loaded PLGA NPs, PLGA NPs containing SET-

M33 conjugated with rhodamine (SET-M33_Rhod), and NPs prepared by employing PLGA conjugated 

with rhodamine (PLGA-Rhod). 

 

NANOPARTICLES PROPERTIES 

The hydrodynamic diameter (DH), polydispersity index (PDI) and zeta potential (ζ 

potential) of SET-M33-loaded NPs were measured by dynamic light scattering (DLS) and 

electrophoretic light scattering (ELS) with a Zetasizer Nano ZS (Malvern Instruments Ltd., 
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Malvern, UK). The ζ potential of the NP aqueous dispersion was evaluated after appropriate 

dilution in ultrapure water using an electrophoresis cell at a fixed potential of ±150 mV. The 

reported results are the mean of three measurements for three different batches (n = 9) ±SD. 

The NP morphology was evaluated by transmission electron microscopy (TEM) using a FEI 

Tecnai G2 200 kV S-TWIN microscope equipped with a 4 K camera (Thermo Fisher 

Scientific, Waltham, MA, USA). Briefly, 10 µL of SET-M33-loaded NP dispersion in water (3 

mg/mL) was mounted on 200 mesh copper grids coated with carbon film (Ted Pella Inc., 

Nanovision, Italy) and dried overnight at room temperature. The actual amount of SET-M33 

encapsulated in NPs was evaluated indirectly by measuring the amount of non-encapsulated 

peptide in the NP dispersion. Briefly, just after production, NPs were collected by 

centrifugation at 7000 rcf for 20 minutes at 4°C (Hettich Zentrifugen, Universal 16R), and 

the SET-M33 content in the supernatant was analyzed by RP-HPLC, as described above. The 

results are reported as actual loading (mg of encapsulated SET-M33 per 100 mg of NPs) and 

encapsulation efficiency (actual loading/theoretical loading x 100) ± SD from three different 

batches (n = 6). 

The PEG shell on the NP surface was evaluated by measuring fixed aqueous layer thickness 

(FALT), i.e., by monitoring the influence of the ionic strength of the dispersing medium on 

NP surface charge, as previously reported [166; 187]. According to the Gouy–Chapmann 

theory, ζ potential decreases with increasing ionic strength of the dispersion medium. By 

plotting ln (ζ) against k (k = 3.3 c0.5, where k -1 is the Debye length), a linear regression is 

obtained, and the thickness of the fixed aqueous layer (expressed in nm) due to the PEG 

shell is determined from the slope. Unloaded PLGA-based NPs prepared without PEG were 

tested in the same conditions as the control. 

In vitro release kinetic studies were performed by employing NPs containing SET-

M33_Rhod in phosphate buffer at pH 7.2 (120 mM NaCl, 2.7 mM KCl, 10 mM phosphate 

salts, PBS). SET-M33_Rhod-loaded NPs diluted in PBS were incubated at 37 °C and 40 rpm, 

in a horizontal shaking water bath (ShakeTemp SW 22, Julabo Italia, Italy). At scheduled 

time intervals, samples were centrifuged at 7000 rcf for 20 minutes at 4 °C to isolate NPs, 

and to withdraw 0.5 mL of the release medium. The released medium was analyzed by 

spectrofluorometer at λex = 520 nm and λem = 580/640 nm, as described above. Experiments 

were run in triplicate, and the results are expressed as the percentage of SET-M33 released 

from NPs (%) ± SD over time. 
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IN VITRO AEROSOL PERFORMANCE OF NANOPARTICLES 

Aerosolization properties of SET-M33-loaded NPs were evaluated in vitro on fluorescently 

labeled NPs prepared employing PLGA-Rhod (i.e., SET-M33-Rhod_PE2000 NPs and SET-

M33-Rhod_PEG5000 NPs) after nebulization through an air jet nebulizer (PARI 

TurboBOY, PARI GmbH, Starnberg, Germany) or a vibrating mesh nebulizer (Aeroneb® 

Go, Aerogen Ltd., Galway, Ireland). The aerosolization behaviour of NPs was evaluated 

using a next generation impactor (NGI) (Copley Scientific, Nottingham, UK), according to 

the Comité Européen de Normalization standard methodology for nebulizer systems, with 

sampling at 15 L/min and insertion of a filter in a micro-orifice collector (MOC). Briefly, the 

nebulizer reservoir was filled with 1 mL of a water dispersion of SET-M33-loaded fluorescent 

NPs (1 mg/mL). The nebulizer device was connected to the induction port of the NGI and 

operated at 15 L/min. The aerosol was drawn through the impactor for 5 min until dry. The 

NPs aerosolized (i.e., remaining inside the nebulizer reservoir, deposited on the seven cups 

of the NGI and in the induction port) were recovered quantitatively in 0.5 N NaOH. The 

achieved samples were maintained under magnetic stirring at room temperature for 1 h, and 

the number of fluorescent NPs in the resulting solutions was quantified by 

spectrofluorimetric analysis at λex = 520 nm and λem = 580–640 nm (GloMax® Explorer, 

Promega, Italy). Calibration curves were derived by analyzing serial dilutions of a stock of 

fluorescent NPs after degradation in 0.5 M NaOH, as described above. Each experiment was 

run in triplicate. 

The experimental mass median aerodynamic diameter (MMADexp) and the geometric 

standard deviation (GSD) were calculated, according to the European Pharmacopoeia, by 

plotting the cumulative mass of particles retained in each collection cup (expressed as 

percent of total mass recovered in the impactor) versus the cut-off diameter of the 

corresponding stage. At the used flow (15 L/min), the cut-off diameters of the NGI stages 

were 0.98 µm (Cup 1), 1.36 µm (Cup 2), 2.08 µm (Cup 3), 3.3 µm (Cup 4), 5.39 µm (Cup 5), 

8.61 µm (Cup 6), 14.1 µm (Cup 7). 

The fine particle fraction (FPF) was calculated by considering the number of NPs deposited 

on stages 3–7 (MMADexp < 5.39 µm) compared to the initial amount loaded in the nebulizer 

chamber, while the respirable fraction (RF) was determined by the total amount recovered 

from the NGI. 
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IN VITRO NANOPARTICLES INTERACTIONS WITH MUCIN AND 

BACTERIAL ALGINATES 

The interactions of SET-M33-loaded NPs with the main components of mucus and P. 

aeruginosa biofilm extracellular matrix (i.e., mucin and bacterial alginates, BA) were 

assessed by turbidimetric measurements, as previously described [166-167]. For mucin/NP 

interactions, a saturated aqueous solution of mucin was made by dispersing an excess of 

mucin in water (0.08% w/v), under overnight stirring, followed by centrifuging at 6000 rcf 

and 4°C for 20 minutes and collection of the supernatant. For NP/BA interactions, a BA 

dispersion in water (1% w/v) was centrifuged at 6000 rcf and 4°C for 15 minutes, and the 

supernatant was collected. Briefly, 10 µL of SET-M33-loaded NP water dispersion (1 mg) 

was diluted to 1 mL with the mucin or BA solution and mixed by vortex for 30 seconds; the 

turbidity was measured at time 0 and after incubation at 37°C for 30 and 60 minutes. The 

absorbance at an arbitrary unit (650 nm) was recorded by a spectrophotometer. The free 

SET-M33 in mucin and BA solutions, the mucin and the BA dispersion (without NPs) and 

the SET-M33-loaded NP dispersions in water were analyzed as controls. Results are 

expressed as mean absorbance of three replicates at 650 nm ± SD over time. The size of NPs 

dispersed in mucin and BA was assessed by DLS, as described above. DLS analysis of free 

SET-M33 in mucin and BA was carried out as a control. 

 

IN VITRO TRANSPORT OF NANOPARTICLES THROUGH ARTIFICIAL 

CYSTIC FIBROSIS MUCUS AND SIMULATED BACTERIA BIOFILM 

The diffusion of fluorescent NPs through artificial CF mucus (AM) and simulated bacteria 

biofilm (BA) was evaluated using a previous model based on Transwell® multiwall plates 

[166-167], with some changes. The AM was prepared as previously described [166], by 

adding 25 µL sterile egg yolk emulsion, 25 mg mucin, 20 mg DNA, 30 µL aqueous DTPA (1 

mg/mL), 25 mg NaCl, 11 mg KCl and 100 µL RPMI 1640 to 5 mL water. The BA was a 

dispersion of bacterial alginates in water (1% w/v), obtained as described previously for 

NP/BA interactions. 

Briefly, 75 µL AM or BA was transferred to Transwells® (6.5 mm; pore size 8 µm; Corning 

Incorporated, Corning, NY, USA). Then, 25 µL of a NP dispersion in water (20 mg/150 µL) 

was placed on top of the AM/BA layer, and the wells were inserted into a 24-well plate 

containing 300 µL acceptor medium per well. Simulated interstitial lung fluid (SILF) and 
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PBS at pH 7.2 were used as acceptor media for AM and BA diffusion experiments, 

respectively. SILF was prepared as described by Moss [188], and consisted of 600 mg NaCl, 

30 mg KCl, 15.7 mg Na2HPO4, 7.1 mg Na2SO4, 27.8 mg CaCl2, 57.4 mg NaH3C2O2, 260.8 mg 

NaHCO3, 9.8 mg Na2H5C6O7*H2O and 29.4 mg MgCl2*6 H2O in 100 mL water. At scheduled 

time points (from 0 to 6 h), the acceptor medium was sampled and centrifuged at 9000 rcf 

for 20 minutes at 4°C to isolate NPs. The NP pellet was suspended in 50 µL water, diluted 

with 450 µL 0.5 N NaOH, and stirred for 1 hour to achieve complete PLGA matrix 

degradation. The resulting samples were analyzed by spectrofluorimetric analysis at λex = 

520 nm and λem = 580–640 nm (GloMax® Explorer, Promega, Italy) to quantify the number 

of permeated fluorescent NPs. Calibration curves were obtained by analyzing serial dilutions 

of SET-M33-loaded fluorescent NP standard solutions prepared from a stock of fluorescent 

NPs degraded in 0.5 M NaOH. The linearity of the response was verified over the 

concentration range 10–1000 µg/mL (r ≥ 0.999). Experiments were run in triplicate, and 

the results are expressed as the percentage of total NPs permeating over time ± SD. The 

ability of free SET-M33 to diffuse through AM and BA was also evaluated using SET-

M33_Rhod. The diffusion test was carried out on free SET-M33_Rhod, and compared to 

SET-M33-Rhod_PEG2000 NPs and SET-M33-Rhod_PEG5000 NPs. Briefly, 25 µL of a 

SET-M33_Rhod aqueous solution (4.8 mg/mL), or 25 µL of a SET-M33-Rhod-loaded NP 

dispersion (20 mg/150 µL corresponding to 4.8 mg/mL of SET-M33_Rhod), was added on 

top of AM or BA. At scheduled time intervals (from 0 to 6 hours), the acceptor medium (i.e., 

SILF or PBS) was collected and the amount of SET-M33_Rhod permeated was determined 

by spectrofluorometer, as described above. In the case of SET-M33_Rhod-loaded NPs, the 

amount of SET-M33 diffused was evaluated after degradation of permeated NPs in NaOH. 

Experiments were run in triplicate, and the results are expressed as the percentage of 

permeated SET-M33_Rhod ± SD. 

 

IN VITRO ANTIBACTERIAL ACTIVITY OF SET-M33_PEG 5000 NPS 

P. aeruginosa (ATCC 27853™) was grown at 37°C in Luria Bertani (LB) medium to an 

optical density (OD) of 0.8 (λ= 590 nm). The bacterial culture was centrifuged at 4000 RPM 

for 10 minutes at 4°C, washed in PBS, and resuspended in minimal medium E supplemented 

with 0.2% glucose and 1 µg/mL vitamin B1 (medium E++) [189]. The bacterial culture was 

then diluted to a concentration of 2 x 105 colony forming units (CFU)/mL in medium E++. 
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SET-M33_PEG5000 NPs were solubilized in medium E++ to final peptide concentrations 

of 24 µM, 12 µM and 6 µM. In a 96-well plate, 100 µL of bacterial culture was added to 100 

µL of NPs loaded with SET-M33 peptide at different concentrations; 100 µL of bacterial 

culture plus 100 µL of medium E++, and 100 µL of bacterial culture plus 100 µL of unloaded 

NPs, were used as controls. The plate was incubated at 30 °C. After 24, 48 and 72 hours, an 

aliquot from each well was withdrawn and plated in an LB agar plate for the bacterial colony 

count. Statistically significant differences between groups were evaluated by one-way 

ANOVA with Dunnett’s multiple comparison test using GraphPad Prism 5.03 software. 

 

IN VITRO ANTIBIOFILM ACTIVITY OF FREE SET-M33 AND SET-

M33_PEG5000 NPS 

P. aeruginosa (ATCC 27853™) biofilm was produced using special microtiter plates with 

lids bearing 96 pegs (Innovotech Inc., Edmonton, AB, Canada), according to a previous 

procedure [114; 190]. Briefly, 200 µL of the bacterial culture (1 x 107 cells/mL) in LB medium 

was transferred to each well. Plates were sealed with the peg lids, on which biofilm cells can 

grow, and then placed in a humidified orbital incubator at 35°C for 20 hours under agitation 

at 100 rpm. After biofilm formation, the peg lids were rinsed twice with PBS to remove 

planktonic cells, and transferred to a 96-well microtiter challenge plate, each well containing 

200 µL of free SET-M33 (peptide concentrations: 24 µM, 12 µM and 6 µM), SET-

M33_PEG5000 NPs (peptide concentrations: 24 µM, 12 µM and 6 µM) and unloaded NPs 

dissolved in minimal medium E supplemented with 0.2% glucose and 1 µg/mL vitamin B1 

(medium E++) [189]. Bacteria in complete medium E++ and bacteria incubated with 

unloaded NPs were used as controls. The plates were incubated at 30°C for 24, 48 and 72 

hours. For biomass evaluation, pegs were then washed twice with PBS and fixed in 4% 

paraformaldehyde (PFA) solution in PBS for 15 minutes at room temperature. Pegs were 

stained with 0.05% [w/v] crystal violet (CV) solution for 15 minutes. The excess CV was 

removed by washing the pegs with water. Finally, bound CV was released from pegs using 

absolute ethanol. The absorbance was measured at 600 nm using a microplate reader 

(VICTOR® Nivo™ Multimode plate reader, PerkinElmer), and the percentage of biofilm 

biomass was calculated with respect to the control (100% biofilm biomass). Statistically 

significant differences between groups were evaluated by one-way ANOVA with Dunnett’s 

multiple comparison test using GraphPad Prism 5.03 software. 
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CITOTOXICITY OF FREE SET-M33 AND SET-M33_PEG5000 NPS 

CFBE41o- and 16HBE14o- cells (obtained by Prof. Dieter Gruenert, University of California 

San Francisco under specific agreement) were plated at a density of 2.5 x 104 per well in 96-

well microplates, previously incubated with coating solution (88% LHC basal medium, 10% 

bovine serum albumin, 30 µg/mL bovine collagen type I and 1% human fibronectin). Free 

SET-M33 and SET-M33_PEG5000 NPs were diluted in culture medium (Minimum 

Essential Medium, MEM, with Earle’s salts, 10% FBS, 60 µg/mL penicillin, 100 µg/mL 

streptomycin and 200 µg/mL glutamine) in order to achieve final SET-M33 concentrations 

from 100 to 3.125 µM, and added 24 hours after plating. Cells were grown for 48 hours at 37 

°C under 5% CO2. Viability was assessed with 0.1% [w/v] CV solution. Cells were fixed with 

4% PFA-PBS for 15 minutes at room temperature and stained with 0.1% CV solution for 1 

hour at room temperature. The cells were then solubilized with 10% acetic acid, and the 

absorbance was measured at 595 nm using a microplate reader (VICTOR® Nivo™ 

Multimode plate reader, PerkinElmer). EC50 values were calculated by non-linear regression 

analysis using GraphPad Prism 5.03 software. 

 

IN VIVO ACUTE TOXICITY OF FREE SET-M33 AND SET-M33_PEG5000 

NPS  

Fifteen female 20 g BALB/c mice (Charles River Ltd.) were used for this toxicity experiment. 

After an acclimatization period of 4 days, the mice were divided as follows: group 1 (n = 5 

mice; free SET-M33 at 10 mg/Kg), group 2 (n = 5 mice; SET-M33-loaded NPs at 10 mg/Kg), 

group 3 (n = 5 mice; unloaded NPs). The mice were first anesthetized intraperitoneally with 

Zoletil 50/50 (250 mg tielamine + 250 mg zolazepam) + nerfastin (20 mg xilazine). Then 

they were placed on specific mouse holders and treated with a single intratracheal (i.t.) 

administration of free SET-M33 (10 mg/Kg) or SET-M33_PEG5000 NPs (263 mg/Kg, 

corresponding to 10 mg/Kg of SET-M33) or unloaded NPs (263 mg/Kg) at a volume of 25 

µL/mouse. The delivery system used for the i.t. administration was a PennCentury™ dry 

powder insufflator for mice (FMJ-250, Penn-Century Inc., Wyndmoor, PA, USA) [191-192]. 

The mice were observed for 96 hours after inoculation. They were weighed every day from 

arrival to the last day of the experiment. Moribund animals were killed humanely with 3.5% 

isoflurane and CO2 to avoid unnecessary distress. A toxicity score was assigned as follows: 
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wiry coat and poor motility = mild signs; very wiry coat, abundant lachrymation and poor 

motility even under stimulation = manifest signs.  

Animal procedures of present study were approved by the Italian Ministry of Health protocol 

34/2016-PR of 14 January 2016. All animal experiments complied with the ARRIVE 

guidelines [178] and were carried out in accordance with EU Directive 2010/63/EU for 

animal experiments.
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STUDY 1: IN VIVO EFFICACY AND TOXICITY OF SET-M33 IN A 

MURINE MODEL OF ENDOTOXIN-INDUCED PULMONARY 

INFLAMMATION 

 

TOXICITY STUDY BY INHALATION ADMINISTRATION TO CD-1 MICE 

FOR A WEEK 

In this study we evaluated the toxicity of SET-M33 during a one-week-inhalation study in 

CD-1 mice. The mice (six males and six females/group) were treated with the peptide at 5 

mg/kg/day, 20 mg/kg/day or vehicle only (control) by inhalation every day for 1 week. These 

doses were selected by preliminary studies on SET-M33 efficacy and toxicity. 

ATMOSPHERE ANALYSIS AND ESTIMATION OF ACHIEVED DOSE 

An aerosol administration study was performed. Atmosphere analysis, including da-ta on 

the concentration of peptide achieved in the aerosol, the particle size distribution in the 

aerosol and the estimated dose of peptide inhaled by the mice is reported in Table 1. The 

aerosol concentrations achieved were 87% and 117% of the target concentrations (Table 1), 

and the estimated inhaled doses achieved were 97% and 116% of the target doses for animals 

treated at 5 and 20 mg/kg/day, respectively. The mass median aerodynamic diameter 

(MMAD) of the droplets was slightly below for the lower dose and within the ideal range (1–

3 µm) of a repeated dose inhalation study for the higher dose. For technical details and the 

formula used to calculate the estimated inhaled dose, see Material and Methods. 

Table 1. Atmosphere analysis and estimated inhaled dose of SET-M33 peptide achieved at 5 and 20 

mg/kg/day inhaled by CD-1 mice. 

Concentration (µg/L) Particle Size Dose (mg/kg/Day) 

Target 
Achieved 

MMAD (µm) σg Target Estimated Achieved Inhaled 
Mean SD 

79 68.5 17.8 0.8 2.3 5 4.34 

318 371 25.4 1.4 2.5 20 23.1 

Abbreviation: SD = Standard deviation; MMAD = Mass Median Aerodynamic Diameters; σg = geometric standard 

deviation. 
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From now on throughout the article, the doses administered will be indicated as 4.34 

mg/kg/day and 23.1 mg/kg/day. 

 

CLINICAL OBSERVATIONS 

During the administration period, the animals were inspected visually at least twice daily for 

evidence of ill health or reaction to treatment. Clinical condition, body weight, food 

consumption, organ weight, macropathology, histopathology and toxicokinetic were 

observed. The weight of each animal was recorded twice during the study and before 

necropsy. 

There were no mortalities. Clinical signs in animals given 23.1 mg/kg/day were noted after 

the first dose. These included decreased activity, unsteadiness, cold to touch, partially closed 

eyelids, tremor, piloerection, hunched posture, splayed limbs and irregular breathing. The 

incidence and duration of the signs lessened as the study progressed. Regarding body 

weight, in males dosed at 23.1 mg/kg/day, group mean body weight loss (−2.2%) exceeded 

the loss seen in the control group (−0.32%) over days 1–8. In females, mean body weight 

loss was slightly less (−2.65%) than that of the control group (−4.8%). Group mean food 

consumption in males at 23.1 mg/kg/day was slightly less than controls (−16%). A similar 

effect was not seen in females. There were no effects on body weight or food consumption in 

animals dosed with 4.34 mg/kg/day. There was no restriction on diet supply. The weight of 

food supplied to each cage was recorded for the week before the treatment started and for 

each week throughout the study.  

 

NECROSCOPY 

In animals dosed with 23.1 mg/kg/day, group mean body weight adjusted lung and bronchi 

weight was higher than the controls in males and females (+5.6% and +25.61%, 

respectively), group mean body weight adjusted liver weight was lower than the concurrent 

controls in males (* p < 0.05) and females (−11.6% and −13.37%, respectively) and group 

mean body weight adjusted kidney weight was statistically significantly (* p < 0.05) lower 

than the control for males (−12.94%). In animals dosed with 4.34 mg/kg/day, group mean 
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body weight adjusted lung and bronchi weight was higher than the control (+5.9% and +12% 

for male and females, respectively). 

Interstitial and granulomatous inflammation associated with perivascular infiltrate of 

inflammatory cells and/or alveolar inflammation was seen in the lungs of animals given 23.1 

mg/kg/day, with fibrosis of the alveolar ducts in one female. Minimal interstitial 

inflammation was seen in two females on 4.34 mg/kg/day. Atrophy/degeneration of the 

olfactory epithelium and minimal-to-marked inflammatory exudate was seen in the 

nose/turbinates of all treated animals. In one male on 23.1 mg/kg/day, the exudate was 

haemorrhagic. These changes were generally associated with an increase in eosinophilic 

globules in the olfactory and respiratory epithelium and inflammatory cell infiltrate in the 

lamina propria. Minimal squamous metaplasia of the respiratory epithelium was seen in the 

larynx of animals on 4.34 or 23.1 mg/kg/day and was associated with minimal inflammatory 

cell infiltrate in most animals on 23.1 mg/kg/day and three males on 4.34 mg/kg/day. Loss 

of respiratory epithelial cilia at the tracheal bifurcation was observed in animals on 23.1 

mg/kg/day. Macroscopically enlarged tracheobronchial lymph nodes were seen in two 

females on 23.1 mg/kg/day. The above changes were considered adverse only at 23.1 

mg/kg/day. A summary of all these findings is reported in Table 2. 

 

BIOANALYSIS 

Blood samples were obtained from 2 animals/group/sex at day 7, immediately and 23 hours 

after dosing. Plasma concentrations of SET-M33 were only quantifiable in 1 out of 2 males 

(20.3 ng/mL) and both females (17.7 and 23.1 ng/mL) immediately after dosing at an 

achieved inhaled dose of 23.1 mg/kg. No quantifiable levels of the peptide were detected. 
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Table 2. SET-M33-related findings in the lungs, nose/turbinates, larynx and tracheal bifurcation in CD-1 mice after treatment with inhaled peptide at 0, 4.34 

and 23.1 mg/kg/day for 1 week. The findings were assigned a severity grade: minimal, slight, moderate, marked or severe. 

 

Male Female 

0  
mg/Kg/day  

4.34 
mg/Kg/day 

23.1 
mg/Kg/day 

0 
mg/Kg/day 

4.34 
mg/Kg/day 

23.1 
mg/Kg/day 

SET-M33-related findings in the lungs  

Inflammation, interstitial 

Minimal 0 0 1 1 2 4 

Slight 0 0 4 0 0 2 

Total 0 0 5 1 2 6 

Inflammation, granulomatous 

Minimal 0 0 2 0 0 3 

Slight 0 0 3 0 0 0 

Total 0 0 5 0 0 3 

Infiltrate, inflammatory cell, perivascular 

Minimal 0 0 2 0 1 1 

Slight 0 0 0 0 0 1 

Total 0 0 2 0 1 2 

Inflammation, alveolar ducts 
Minimal 0 0 2 1 0 2 

Total 0 0 2 1 0 2 

Fibrosis, alveolar ducts 
Minimal 0 0 0 0 0 1 

Total 0 0 0 0 0 1 

SET-M33-related findings in the nose/turbinates  

Atrophy/degeneration, olfactory epithelium 

Minimal 0 2 1 1 4 0 

Slight 0 4 5 0 2 3 

Moderate 0 0 0 0 0 3 

Total 0 6 6 1 6 6 

Inflammatory exudate 

Minimal 0 4 0 0 0 2 

Slight 0 0 2 0 0 0 

Moderate 0 0 3 0 0 3 

Marked 0 0 0 0 0 1 

Total 0 4 5 0 0 6 

Eosinophilic globules, olfactory epithelium 
Minimal 0 6 3 0 6 3 

Total 0 6 3 0 6 3 

Eosinophilic globules, respiratory epithelium 
Minimal 0 3 3 0 6 2 

Total 0 3 3 0 6 2 

Infiltrate, inflammatory cell, lamina propria 
Minimal 0 1 2 0 3 2 

Slight 0 1 0 0 2 2 



       
 Results 

 
 
 

 

70 
 

Moderate 0 0 0 0 0 1 

Total 0 2 2 0 5 5 

Haemorrhage 
Moderate 0 0 1 0 0 0 

Total 0 0 1 0 0 0 

SET-M33-related findings in the larynx  

Squamous metaplasia 
Minimal 0 4 6 0 6 6 

Total 0 4 6 0 6 6 

Infiltrate, inflammatory cell 
Minimal 0 3 4 0 0 5 

Total 0 3 4 0 0 5 

SET-M33-related findings at the tracheal bifurcation  

Loss of cilia, point of bifurcation 
Minimal 0 0 2 1 0 3 

Total 0 0 2 1 0 3 
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EFFICACY OF SET-M33 ON ENDOTOXIN (LPS)-INDUCED LUNG 

INFLAMMATION 

Vehicle (0.9% saline solution) or 0.5, 2, 5 mg/kg SET-M33 or 1 mg/kg budesonide (positive 

control) was administered intratracheally to male BALB/c mice (10 animals/group) 

approximately 30 min prior to saline or the LPS challenge (0.5 mg/mL). Budesonide is a 

corticosteroid drug administered clinically by inhalation to reduce inflammation of the lungs 

in cases of acute asthma [38]. The animals were sacrificed 4 hours after the LPS challenge, 

and bronchoalveolar lavage (BAL) was performed. Total and differential cell counts were 

carried out in the BAL fluid recovered from the mice, and levels of cytokines IL 6, IP-10, KC, 

MCP-1, MIP-1α and TNF-α were quantified in BAL supernatant. There were no mortalities. 

Clinical signs showed dose dependency in severity and onset. All animals in groups dosed at 

2 and 5 mg/kg showed clinical signs (piloerection and labored breathing) 1 hour post-dose 

(immediately after the challenge); however clinical signs did not improve before 

termination. Group dosed at 0.5mg/kg/day showed no clinical signs during the 

experimental procedures.  

 

TOTAL AND DIFFERENTIAL CELL COUNTS IN BAL 

The LPS challenge resulted in a statistically significant increase in the BAL total cell count, 

neutrophils, eosinophils and lymphocytes and a significant decrease in mononuclear cells 

compared with vehicle-treated saline-challenged mice (Figure 19). Intratracheal 

administration of SET-M33 at 0.5 and 2 mg/kg produced a statistically significant decrease 

in the BAL total cell count (Figure 19 A), neutrophils (Figure 19 B) and lymphocytes (Figure 

19 E), a significant increase in mononuclear cells (Figure 19 D) and no significant effect on 

eosinophils (Figure 19 C) compared with the vehicle-treated LPS-challenged mice. SET-M33 

at 5 mg/kg produced a statistically significant decrease in neutrophils (Figure 19 B), a 

significant increase in mononuclear cells (Figure 19 D) and no significant effect on the BAL 

total cell count (Figure 19 A), lymphocytes (Figure 19 E) and eosinophils (Figure 19 C) 

compared with vehicle-treated LPS-challenged mice. The maximum inhibition of neutrophil 

cell infiltrate was recorded at all three doses of SET-M33 (Figure 19 B), which resulted in an 

equivalent to steroid efficacy, but a dose-dependent increase in BAL mononuclear cells 
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(macrophages) was recorded after the administration of SET-M33 (0.5, 2 and 5 mg/kg) 

(Figure 19 D). Budesonide at 1 mg/kg produced a significant decrease in neutrophils (Figure 

19 B) and a marked decrease in the BAL total cell count, which did not quite reach statistical 

significance with respect to vehicle-treated LPS-challenged mice (Figure 19 A). 

 

BAL CYTOKINE LEVELS 

The LPS challenge resulted in a statistically significant increase in the BAL concentrations 

of IL-6, IP-10, KC, MCP-1, MIP-1α and TNF-α compared with vehicle-treated saline-

challenged mice (Figure 20). SET-M33 at 0.5 mg/kg produced significant inhibition of IP-

10 (Figure 20 B), MCP-1 (Figure 20 D) and MIP-1α (Figure 20 E) and no significant effect 

on IL-6 (Figure 20 A), KC (Figure 20 C) or TNF-α (Figure 20 F). The same was found for 

SET-M33 at 2 mg/kg (Figure 20 A–E) except that TNF-α was significantly inhibited (Figure 

20 F). SET-M33 at 5 mg/kg produced significant inhibition of five cytokines (IP-10, KC, 

MCP-1, MIP-1α and TNF-α; Figure 20 B–F), and a significant increase in IL-6 (Figure 20 

A). The inhibitory effect of SET-M33 on pro-inflammatory cytokines was clearly dose-

dependent for KC, TNF-α and MIP-1α (Figure 20 C, E, F). Inhibition of IP-10 and MCP-1 

after administration of SET-M33 at all doses was similar to that recorded after budesonide. 

SET-M33 administration at 5 mg/kg proved more effective than steroid (budesonide 1 

mg/kg) in inhibiting MIP-1α and TNF-α. Budesonide 1 mg/kg significantly inhibited all the 

cytokines tested. 
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Figure 19. Effect of vehicle, SET-M33 (0.5, 2 and 5 mg/kg) and budesonide (1 mg/kg) on BAL total cell (A), 

neutrophils (B), eosinophils (C), mononuclear cells (D) and lymphocytes (E) (group mean values ± s.e.m.) 

in LPS-induced lung inflammation. Significant differences between groups are indicated as follows: *** p < 

0.001 and ** p < 0.01 Vehicle/LPS versus Vehicle/Saline; +++ p < 0.001, ++ p < 0.01 and + p < 0.05 drug-

treated groups versus Vehicle/LPS. Groups were compared by the Student’s t test. The graphs were plotted 

using GraphPad Prism for Windows version 5.03, GraphPad Software, San Diego, California, USA. 



  
  
  
  Results 
 
 
 

 

74 
 

 

Figure 20. Effect of vehicle, SET-M33 (0.5, 2 and 5 mg/kg) and budesonide (1 mg/kg) on BAL levels of cyto-

kines IL-6 (A), IP-10 (B), KC (C), MPC-1 (D), MIP-1α (E) and TNF-α (F) (group mean values ± s.e.m.) in LPS-

induced lung inflammation. Significant differences between groups are indicated as follows: *** p < 0.001 

Vehicle/ LPS versus Vehicle/Saline; +++ p < 0.001, ++ p < 0.01 and + p < 0.05 drug-treated groups versus 

Vehicle/LPS. Groups were compared by the Student’s t test. The graphs were plotted using GraphPad Prism 

for Windows version 5.03, GraphPad Software, San Diego, California USA. 
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STUDY 2: SAFETY EVALUATIONS OF SET-M33 ANTIMICROBIAL 

PEPTIDE ADMINISTERED INTRAVENOUSLY IN RATS AND DOGS 

 

DOSE RANGE FINDING (DRF) IN RATS 

The purpose of this study was to determine the DRF of SET-M33 peptide when administered 

by intravenous bolus to Sprague Dawley rats. In order to identify a starting point for DRF, 

in Phase I of this study the peptide was administered once daily for 3 days at a constant dose 

of 20 mg/kg/day to six animals (three males and three females). Detailed observations were 

made daily during dosing: decreased or increased activity, circling, slow breathing, partially 

closed eyelids, swollen eyelids, abnormal uncoordinated gait, reduced body tone and 

hunched posture were observed in treated animals in the first 5 minutes. No clinical signs 

were recorded in any animal 20-60 minutes after administration. Body weight of all animals 

in Phase I remained constant or decreased slightly during treatment.  

Phase II, where 10 animals/group (5 males and 5 females) were used, included a control 

group and two dose groups (10 mg/kg/day and 20 mg/kg/day), that were injected once daily 

for seven days. Moderate clinical signs, such as partially closed eyelids, not perfectly 

coordinate gait and hunched posture, were observed at 10 mg/kg/day. At 20 mg/kg/day, 

additional clinical signs, including decreased activity, irregular and/or slow breathing, 

piloerection, partially closed eyelids, abnormal uncoordinated gait, reduced body tone and 

hunched posture, were observed during the 7 days. The mean body weight of males treated 

with 10 and 20 mg/kg/day declined slightly (6% and 5% less than control group, 

respectively). Female body weight was unaffected by treatment. All animals survived both 

phases.  

 

CLINICAL LABORATORY INVESTIGATIONS  

Clinical haematology, biochemistry and urinalysis parameters were evaluated in animals in 

Phase II at the end of the treatment period. A complete list of parameters is reported in 

Materials and Methods. Administration of SET-M33 at 10 and 20 mg/kg/day for 7 days 

caused a statistically significant decrease of reticulocytes in males and females. SET-M33 
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caused a significant dose-related increase in creatinine levels in both sexes at 10 and 20 

mg/kg/day and a significant increase in urea levels in both sexes at 20 mg/kg/day. There 

were significant differences in other parameters, such as glucose (males at 10 and 20 

mg/kg/day), cholesterol (males at 20 mg/kg/day), triglycerides (females at 20 mg/kg/day), 

electrolytes, total protein and albumin (males at 20 mg/kg/day). Increased urine volume 

and lower specific gravity compared to the control group was recorded in both sexes at both 

doses. Differences were statistically significant for specific gravity in all cases and for volume 

in females at 20 mg/kg/day. Group mean values (± standard deviation) of significant 

changes are reported in Table 3.
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Table 3. Group mean values of significant changes obtained in haematology, clinical biochemistry and urinalysis tests (group mean values ± standard 

deviation) in male and female rats treated intravenously once daily for seven days with 0 (vehicle=0.9% saline solution), 10 and 20 mg/kg/day of SET-M33 

peptide.  

Abbreviations: Retic = reticulocyte count (absolute and relative), Creat = creatinine, Gluc = glucose, Chol = total cholesterol, Trig = triglycerides, Na = sodium, 

K = potassium, Cl = chloride, Ca = calcium, Phos = inorganic phosphorus, Total Prot = total protein, Alb = albumin, SG1 = specific gravity, Vol = volume.  

Significant differences between peptide vs control groups are expressed at 5% (*p<0.05) or 1% (**p<0.01) level. For statistical analysis, Dunnett, Shirley or 

Williams tests were used. 

 
Sex 

Dose 
(mg/kg/day) 

HAEMATOLOGY CLINICAL BIOCHEMISTRY URINALYSIS 

Retic  
(x1012/L) 

Retic  
(%) 

Urea 
(mmol/L) 

Creat 
(µmol/L) 

Gluc  
(mmol/L) 

Chol 
(mmol/L) 

Trig 
(mmol/L) 

Na 
(mmol/L) 

K 
(mmol/L) 

Cl 
(mmol/L) 

Ca 
(mmol/L) 

Phos 
(mmol/L) 

Total 
Prot 
(g/L) 

Alb 
(g/L) 

SG1 
Vol  

(mL) 

Male 

0 
0.112 

±0.0088 
1.46 

±0.131 
4.82 

±0.537 
24 

±1.9 
12.58 

±1.155 
2.49 

±0.213 
0.81 

±0.16 
134 
±1.1 

4.4 
±0.26 

93 
±1.2 

2.48 
±2.48 

2.51 
±0.106 

55 
±1.2 

30 
±1.8 

1.0299 
±0.006 

7 
±1.8 

10 
0.037** 
±0.007 

0.46** 
±0.1 

5.46 
±0.756 

41** 
±2.9 

8.73** 
±1.741 

2.79 
±0.29 

0.73 
±0.139 

136** 
±1.3 

4.0* 
±0.18 

96** 
±1.3 

2.38** 
±0.036 

2.31** 
±0.098 

57 
±1.2 

31 
±1 

1.0163** 
±0.0044 

11 
±4.5 

20 
0.027** 
±0.007 

0.33** 
±0.096 

8.52** 
±1.286 

62** 
±3.3 

7.64** 
±0.650 

3.46** 
±0.325 

0.85 
±0.183 

136** 
±0.4 

4.1* 
±0.29 

96** 
±0.6 

2.54* 
±0.033 

2.26** 
±0.081 

62** 
±1.3 

34** 
±1.6 

1.0197** 
±0.0043 

13 
±7.6 

Female 

0 
0.086 

±0.0109 
1.14 

±0.179 
4.77 

±1.894 
27 

±2.4 
8.31 

±1.051 
2.52 

±0.448 
0.57 

±0.213 
137 
±1.2 

3.8 
±0.24 

97 
±1.5 

2.44 
±0.073 

1.92 
±0.138 

57 
±4 

35 
±1.9 

1.0328 
±0.0173 

5 
±3 

10 
0.065 

±0.0266 
0.85 

±0.323 
5.79 

±0.971 
46** 

±6 
7.57 

±0.884 
2.99 

±0.241 
0.75 

±0.127 
136 
±1.1 

3.6 
±0.21 

97 
±1.1 

2.46 
±0.079 

1.96 
±0.187 

61 
±2.8 

34 
±1.5 

1.0154* 
±0.0079 

18 
±8.4 

20 
0.043** 
±0.008 

0.57** 
±0.143 

7.63* 
±1.941 

57** 
±9.7 

7.15 
±1.529 

3.09 
±0.574 

0.93* 
±0.213 

136 
±0.5 

3.6 
±0.36 

97 
±2 

2.5 
±0.54 

2.05 
±0.26 

60 
±3 

33 
±0.9 

1.0142* 
±0.0045 

20* 
±14.8 
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NECROSCOPY 

A gross necroscopy examination was performed on Phase I animals. A full necroscopy was 

performed on all Phase II animals. Organs were collected and weighed. No treatment-

related findings were recorded at the end of Phase I. After Phase II, pale kidneys were 

observed in one female at 10 mg/kg/day and two females at 20 mg/kg/day. Dilated pelvis 

was observed in one male at 10 mg/kg/day. Higher kidney weight was recorded in both sexes 

at 20 mg/kg/day (26% and 36% increase with respect to the control group for males and 

females, respectively). A statistically significant dose-related decrease in heart weight was 

recorded in treated males compared to the control group. Prostate, seminal vesicles and 

coagulating gland weight from males dosed at 20 mg/kg/day was significantly lower than in 

the control group; no differences were recorded in the weight of the testes.  

 

BIOANALYTIC AND TOXICOKINETIC STUDY  

SET-M33 concentration was determined after administration by intravenous bolus for 7 

days at 10 mg/kg/day and 20 mg/kg/day. Exposure parameters (AUCt and Cmax) were 

compared in order to evaluate dose-dependency, accumulation ratio and sex-related 

differences. On day 1, SET-M33 profiles showed quantifiable concentrations until 1 hour 

post-dose and on day 7, until 0.5-1 hours for 10 mg/kg/day and up to 24 hours for 20 

mg/kg/day. Mean plasma levels of SET-M33 increased in parallel with dose in males and 

females. Mean time to maximum concentrations (tmax) were observed immediately after 

administration, 5 minutes post-dose for both periods (days 1 and 7) and sexes, coherently 

with intravenous bolus administration. On day 1, mean AUCt and Cmax values for the low vs 

high dose were close to the theoretical ratio of 2 (values: 2.2 for AUCt and 2.4 to 2.7 for Cmax). 

On day 7, mean AUCt and Cmax values for the low vs high dose were higher than the 

theoretical ratio of 2 (values: 9.8-14.0 for AUCt and 2.8-7.2 for Cmax). At 20 mg/kg, exposure 

to SET-M33 was higher on day 7 than on day 1, whereas no accumulation or low 

accumulation was observed at 10 mg/kg. Mean SET-M33 exposures were comparable for 

males and females in all groups and on days 1 and 7 (data not shown) 
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FOUR‑WEEK TOXICITY STUDY WITH 2‑WEEK RECOVERY PERIOD IN 

RATS 

The purpose of this study was to evaluate the toxic effects of SET-M33 when administered 

intravenously to Sprague Dawley rats for 4 weeks. Recovery was evaluated during a 14-day 

drug-free period. The peptide was administered once a day at three dose levels at 5, 9 and 15 

mg/kg/day, and the control group was treated with the vehicle (10 males and 10 females per 

group which were sacrificed after four weeks for clinical and necroscopy analyses; 5 males 

and 5 females for the control and 15 mg/kg/day groups which were sacrificed after the 2 

weeks recovery period). The higher dose was selected on the basis of the DRF study (above) 

in which evident toxicity was recorded at the dose of 20 mg/kg. The efficacy dose in mouse 

is 5 mg/kg [174]. The lowest dose of this test is approximately twice the equivalent efficacy 

dose in rat (using body surface area) and the intermediate dose is approximately the 

geometric mean of the other two.  

Mortality was only recorded at 15 mg/kg/day. One male died on day 8 and one male and one 

female were euthanized for animal welfare reasons on days 6 and 10 of the recovery period, 

respectively, after showing various clinical signs (hunched back, abnormal gait and pallor) 

and weight loss of 14% and 11%, respectively. SET-M33-related effects consisting of 

decreased motor activity, irregular breathing, piloerection, closed or partially closed eyelids, 

abnormal gait and hunched back were recorded in animals treated at 15 mg/kg/day just after 

administration for the whole treatment period (as in the DRF study above). From day 8 of 

recovery onwards, hunched back and pallor were observed in animals treated at 15 

mg/kg/day. Among animals that had to be sacrificed for welfare reasons, abnormal gait, 

partially closed eyelids (the male) and decreased motor activity and piloerection (the female) 

were also recorded from day 3 onwards. Effects on body weight were observed mainly in 

males during the treatment period. During the recovery period, body-weight loss (between 

2% and 14% based on individual values) was recorded in some animals dosed at 15 

mg/kg/day. 
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CLINICAL LABORATORY INVESTIGATIONS 

Blood, coagulation, biochemistry and urinalysis parameters were evaluated at the end of 

treatment and at the end of recovery. A complete list of parameters can be found in Materials 

and Methods. A dose-related decrease in red blood parameters (haematocrit, haemoglobin, 

red blood cells and reticulocyte count) was noted in males and females at all dose levels, but 

was most pronounced at 15 mg/kg/day. Differences in other parameters, such as mean 

corpuscular haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), 

mean corpuscular volume (MCV) and haemoglobin concentration distribution width 

(HDW) were also observed, mainly at doses of 9 and 15 mg/kg/day. A significant increase in 

white blood cells (WBC), mainly due to an increase in lymphocyte and large unstained cell 

(LUC) count was recorded at 15 mg/kg/day, in both sexes. Platelet count was significantly 

higher than in the control group at all doses in males and females. Differences were dose-

related. A slight increase in prothrombin time (SPT) and a decrease in activated partial 

thromboplastin time (SAPT) were recorded in both sexes at 9 and 15 mg/kg/day (Table 4). 

The effects on red blood cell parameters were not reversible after 2 weeks of recovery, 

whereas the effect on lymphocyte count seemed to be reversible, as no significant differences 

compared to control were recorded in males or females (Table 4). A significant dose-related 

increase in alkaline phosphatase was recorded at all dose levels in animals treated at 9 and 

15 mg/kg/day. Increased gamma-glutamyl-transferase (gGT) was also observed in females 

at 9 and 15 mg/kg/day. A sharp dose-related effect on urea and creatinine was recorded at 

all doses, being statistically significant in all cases except in females at 9 mg/kg/day. Urea 

levels were more than 4 times control group values at 15 mg/kg/day. Creatinine values were 

more than 6 times control group values at 15 mg/kg/day. A significant decrease in albumin 

levels (and in total protein levels in males) was observed at 15 mg/kg/day (Table 4bis). 

Differences in alkaline phosphatase, gGT (mainly in females), bilirubin, urea and creatinine 

values had not reversed after two weeks of recovery.  

A higher dose-related volume of urine than in the control group was observed at all doses. 

The specific gravity recorded in all SET-M33-treated groups was lower than in controls. 

Differences were statistically significant except for volume in females at 5 mg/kg/day. 

Creatinine levels lower than in controls were recorded at all doses. Differences were dose-

related in females. The protein levels recorded in males from all SET-M33-treated groups 
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were significantly lower than in controls. Statistically significant differences in glucose 

increase were found in animals treated at 15 mg/kg/day. Differences observed at the end of 

treatment persisted at the end of the recovery period. Group mean values of significant 

changes are reported in Table 4 and Table 4(bis).  
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Table 4. Major changes obtained in haematology and coagulation measurements (group mean values ± standard deviation) in male and female rats treated intravenously for 
4 weeks and 2 weeks of recovery period with 0 (vehicle= 0.9% saline solution), 5, 9 and 15 mg/kg/day of SET-M33 peptide. Abbreviations:  Hct = haematocrit, Hb = 
haemoglobin, RBC = erythrocyte count, Retic = reticulocyte count (absolute and relative), MCH = mean corpuscular haemoglobin, MCHC = mean corpuscular haemoglobin 
concentration, MCV = mean corpuscular volume, WBC = leukocyte count, total, HDW = haemoglobin concentration distribution width, L = lymphocytes, LUC = large unstained 
cells, Plt = platelet (thrombocyte) count, SPT = prothrombin time, SAPT = activated partial thromboplastin time. Significant differences between peptide vs control groups were 
expressed at the 5% (*p<0.05) or 1% (**p<0.01) level. For statistical analysis, Dunnett, Shirley’ Williams, Wilcoxon and t-tests were used. 

 
Sex 

 
Dose 

(mg/kg/day) 

HAEMATOLOGY AND COAGULATION WEEK 4 OF TREATMENT - GROUP MEAN VALUES 

Hct  
(L/L) 

Hb  
(g/dL) 

RBC 
(x1012/L) 

Retic 
(x1012/L) 

Retic 
(%) 

MCH  
(pg) 

MCHC  
(g/dL) 

MCV 
(fL) 

WBC 
(x109/L) 

HDW 
(g/dL) 

L 
(x109/L) 

LUC 
(x109/L) 

Plt 
(x109/L) 

SPT  
(sec) 

SAPT  
(sec) 

Male 

0 
0.454 

±0.0145 
15.3 

±0.45 
8.49 

±0.32 
0.139 

±0.0233 
1.64 

±0.253 
18.00 
±0.49 

33.70 
±0.71 

53.50 
±0.79 

10.00 
±1.761 

2.94 
±0.097 

8.67 
±1.283 

0.08 
±0.022 

779 
±143.1 

23.0 
±6.54 

37.6 
±5.65 

5 
0.401** 
±0.0198 

13.5** 
±0.48 

7.55** 
±0.306 

0.152 
±0.0283 

2.00* 
±0.352 

17.90 
±0.38 

33.80 
±0.76 

53.00 
±1.15 

10.76 
±1.713 

3.21** 
±0.126 

9.73 
±1.418 

0.08 
±0.027 

917* 
±95.4 

21.8 
±0.82 

36.5 
±6.18 

9 
0.348** 
±0.0275 

11.9** 
±0.84 

6.81** 
±0.538 

0.076** 
±0.0292 

1.10** 
±0.357 

17.40* 
±0.39 

34.20 
±0.73 

51.0** 
±1.71 

11.36 
±2.206 

3.30** 
±0.174 

10.30 
±2.104 

0.10 
±0.049 

923* 
±148.7 

24.1** 
±0.68 

31.6* 
±5.31 

15 
0.311** 
±0.0158 

10.7** 
±0.58 

6.15** 
±0.322 

0.037** 
±0.0091 

0.60** 
±0.160 

17.50* 
±0.47 

34.6** 
±0.50 

50.50** 
±0.77 

13.51** 
±2.506 

3.23** 
±0.151 

12.35** 
±2.216 

0.14** 
±0.053 

961** 
±130.1 

24.5** 
±1.05 

31.9* 
±5.11 

Female 

0 
0.416 

±0.0133 
14.1 

±0.47 
7.62 

±0.23 
0.176 

±0.0445 
2.31 

±0.52 
18.50 
±0.40 

33.80 
±0.73 

54.70 
±1.64 

7.30 
±2.064 

2.76 
±0.096 

6.25 
±2.013 

0.05 
±0.023 

853 
±204.900 

21.9 
±1.150 

37.0 
±5.260 

5 
0.382** 
±0.0127 

12.9** 
±0.46 

7.11** 
±0.291 

0.180 
±0.0473 

2.55 
±0.712 

18.20 
±0.40 

33.90 
±0.43 

53.70 
±0.91 

7.11 
±0.596 

2.92 
±0.127 

6.31 
±0.710 

0.05 
±0.011 

1004* 
±115.600 

21.9 
±0.660 

33.1 
±5.900 

9 
0.352** 
±0.0199 

12.0** 
±0.48 

6.61** 
±0.358 

0.112** 
±0.0462 

1.69* 
±0.646 

18.10 
±0.43 

34.00 
±0.80 

53.30* 
±0.76 

9.15 
±2.982 

3.34** 
±0.189 

7.91 
±2.475 

0.08** 
±0.038 

1075** 
±136.70 

23.6** 
±1.00 

26.7** 
±3.890 

15 
0.284** 
±0.0223 

9.7** 
±0.75 

5.44** 
±0.488 

0.060** 
±0.0162 

1.12** 
±0.345 

17.9** 
±0.48 

34.20 
±0.33 

52.3** 
±1.44 

10.34** 
±1.917 

2.99** 
±0.199 

9.22** 
±1.713 

0.09** 
±0.019 

1250** 
±181.00 

23.3** 
±1.270 

25.6** 
±5.910 

 
Sex 

Dose 
(mg/kg/day) 

HAEMATOLOGY AND COAGULATION WEEK 2 OF RECOVERY - GROUP MEAN VALUES 

Hct  
(L/L) 

Hb  
(g/dL) 

RBC 
(x1012/L) 

Retic 
(x1012/L) 

Retic 
(%) 

MCH  
(pg) 

MCHC  
(g/dL) 

MCV 
(fL) 

WBC 
(x109/L) 

HDW 
(g/dL) 

L 
(x109/L) 

LUC 
(x109/L) 

Plt 
(x109/L) 

SPT  
(sec) 

SAPT  
(sec) 

Male 

0 
0.450 

±0.0136 
15.2 
±0.4 

8.73 
±0.359 

0.122 
±0.0091 

1.40 
±0.13 

17.4 
±0.61 

33.8 
±0.74 

51.6 
±0.8 

9.86 
±1.818 

3.03 
±0.075 

8.39 
±1.371 

0.08 
±0.026 

722 
±58.2 

21.5 
±0.63 

20.3 
±3.44 

15 
0.262** 
±0.0197 

9.5** 
±0.55 

5.36** 
±0.37 

0.061* 
±0.412 

1.16 
±0.797 

17.7 
±0.47 

36.1** 
±0.98 

49.0 
±2.37 

6.84* 
±1.913 

3.25* 
±0.16 

6.12 
±1.655 

0.05 
±0.034 

919* 
±169.1 

21.1 
±0.67 

13.3* 
±3.41 

Female 

0 
0.431 

±0.0097 
15 

±0.29 
8.04 

±0.097 
0.083 

±0.0311 
1.03 

±0.385 
18.7 

±0.29 
34.9 

±0.31 
53.6 

±1.07 
7.47 

±1.792 
2.64 

±0.102 
6.16 

±1.375 
0.06 

±0.014 
819 

±135 
22.4 

±0.33 
20.4 
±1.8 

15 
0.268** 
±0.0087 

9.3** 
±0.34 

5.31** 
±0.139 

0.063 
±0.0254 

1.17 
±0.458 

17.5** 
±0.62 

34.7 
±0.5 

50.6** 
±1.15 

7.89 
±1.712 

3.04** 
±0.167 

6.58 
±1.708 

0.05 
±0.018 

1208** 
±106.8 

22.9 
±0.79 

16.8* 
±1.37 
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Table 4. (bis) Major changes in biochemical and urine parameters (group mean values ± standard deviation) in male and female rats treated intravenously for 4 weeks, 
followed by a 2-week recovery period with 0 (vehicle= 0.9% saline solution), 5, 9 and 15 mg/kg/day of SET-M33 peptide.  Abbreviations: ALP = alkaline phosphatase, gGT = 
gamma-glutamyl-transferase, Creat = Creatinine, Na = sodium, Cl = chloride, Ca = calcium, Phos = inorganic phosphorus, Total Prot = total protein, Alb = albumin, SG1 = 
specific gravity, Vol = volume, Prot = protein, U-Creat = creatinine, U-Gluc = glucose. Significant differences between peptide vs control groups were expressed at the 5% 
(*p<0.05) or 1% (**p<0.01) level. For statistical analysis the Dunnett, Shirley, Williams, Wilcoxon and t-tests were used. 

 

Sex 
Dose 

(mg/kg/day) 

BIOCHEMISTRY WEEK 4 OF TREATMENT - GROUP MEAN VALUES URINALYSIS WEEK 4 OF TREATMENT - GROUP MEAN VALUES 

ALP 
(U/L) 

gGT 
(U/L) 

Urea 
(µmol/L) 

Creat 
(µmol/L) 

Na 
(mmol/L) 

Cl 
(mmol/L) 

Ca 
(mmol/L) 

Phos 
(mmol/L) 

Total Prot  
(g/L) 

Alb 
(g/L) 

SG1 
Vol 

(mL) 
Prot 
(g/L) 

U-Creat 
(µmol/L) 

U-Gluc 
(mmol/L) 

Male 

0  
130 

±19.5 
0 

±0.0 
4.91 

±0.501 
23 

±2.5 
138 
±3.1 

98 
±1.7 

2.46 
±0.095 

2.08 
±0.18 

58 
±3.4 

39 
±2.7 

1.051 
±0.0194 

5 
±2.2 

2.51 
±1.123 

12902 
±5527.3 

4.31 
±2.798 

5  
160** 
±16.8 

0 
±0.2 

6.97* 
±0.554 

47* 
±4.5 

134* 
±2.3 

98 
±1.5 

2.34* 
±0.06 

1.97 
±0.309 

56 
±2.4 

38 
±1.8 

1.0214** 
±0.0063 

10** 
±4 

1.04** 
±0.336 

4027** 
±1766.3 

1.52 
±0.676 

9  
187** 
±28.8 

0* 
±0.3 

11.64** 
±3.171 

97** 
±22.8 

134* 
±2.4 

103** 
±2.2 

2.13** 
±0.088 

2.26 
±0.393 

52** 
±3.3 

37 
±4.4 

1.0302** 
±0.0219 

15** 
±11.3 

1.54** 
±1.24 

4267** 
±3748.6 

11.22 
±14.93 

15  
196** 
±27.8 

1** 
±0.3 

21.16** 
±7.736 

156** 
±59.9 

138 
±3.2 

107** 
±3.2 

2.11** 
±0.167 

2.83** 
±0.324 

54** 
±3.5 

36* 
±2.4 

1.0182** 
±0.003 

26** 
±11.9 

0.94** 
±0.402 

1324** 
±352.0 

39.10** 
±13.323 

Female 

0  
98 

±13.7 
0 

±0.0 
5.91 

±0.963 
31 

±3.2 
134 
±1.9 

97 
±1.6 

2.41 
±0.066 

1.84 
±0.179 

56 
±3.0 

41 
±3.4 

1.036 
±0.0076 

6 
±1.9 

0.33 
±0.186 

6205 
±1731.9 

1.68 
±0.431 

5  
111 

±14.6 
0 

±0.1 
6.32 

±1.258 
40 

±5.8 
134 
±2.2 

100* 
±1.6 

2.33 
±0.067 

1.45** 
±0.201 

58 
±2.7 

42 
±2.2 

1.0203** 
±0.0072 

13 
±4.4 

0.30 
±0.271 

2969** 
±1365.2 

1.00 
±0.642 

9  
134** 
±12.6 

0 
±0.4 

9.81** 
±2.224 

80** 
±15 

135 
±1.9 

104** 
±2.0 

2.36 
±0.095 

1.49 
±0.415 

58 
±4.7 

39 
±3.2 

1.0173** 
±0.0063 

20* 
±12 

0.34 
±0.184 

1654** 
±667.2 

7.77 
±11.212 

15  
119** 
±18.0 

2** 
±0.5 

28.57** 
±15.12 

190** 
±76.6 

136 
±9.8 

102** 
±8.6 

2.33 
±0.127 

2.52* 
±0.757 

55 
±2.8 

36** 
±2.7 

1.0175** 
±0.0046 

34** 
±13.7 

0.76** 
±0.489 

985** 
±428.7 

43.03** 
±14.984 

Sex 
Dose 

(mg/kg/day) 

BIOCHEMISTRY WEEK 2 OF RECOVERY - GROUP MEAN VALUES URINALYSIS WEEK 2 OF RECOVERY - GROUP MEAN VALUES 

ALP 
U/L 

gGT 
U/L 

Urea 
µmol/L 

Creat 
µmol/L 

Na 
mmol/L 

Cl 
mmol/L 

Ca 
mmol/L 

Phos 
mmol/L 

Total Prot  
g/L 

Alb 
g/L 

SG1 
Vol 
mL 

Prot 
g/L 

U-Creat 
µmol/L 

U-Gluc 
mmol/L 

Male 

0  
122 

±10.9 
0 

±0.0 
6.07 

±0.61 
24 

±1.1 
139 
±0.8 

99 
±0.7 

2.6 
±0.043 

1.96 
±0.122 

62 
±1.6 

40 
±1.4 

1.0394 
±0.0302 

7 
±3.2 

1.65 
±1.52 

11288 
±8063.3 

3.38 
±4.649 

15  
208** 
±53.1 

0 
±0.8 

46.64* 
±30.424 

235* 
±101.4 

145* 
±5.9 

104 
±5.7 

2.19** 
±0.154 

2.83 
±1.37 

61 
±4.4 

42 
±3.3 

1.0131* 
±0.0004 

34** 
±7.5 

0.35* 
±0.132 

1339* 
±134.3 

27.05** 
±5.353 

Female 

0  
105 

±22.1 
0 

±0.0 
5.73 

±0.558 
30 

±2.0 
140 
±0.7 

101 
±1.3 

2.64 
±0.048 

1.65 
±0.267 

64 
±1.4 

44 
±2.7 

1.0508 
±0.0238 

5 
±2.8 

0.78 
±0.516 

11012 
±4985.4 

2.9 
±1.896 

15  
146* 
±30.0 

1* 
±0.8 

34.83** 
±16.358 

179** 
±63.2 

143 
±4.3 

103* 
±1.4 

2.45** 
±0.054 

2.04 
±0.616 

63 
±2.0 

43 
±1.4 

1.0130* 
±0.0005 

34** 
±4.7 

0.29 
±0.206 

1089* 
±71.3 

34.76** 
±6.659 
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NECROSCOPY 

Necroscopy and histopathological examinations were performed at the end of treatment and 

at the end of the recovery period. Macroscopic changes were recorded in the kidneys (pale 

coloration and a reddened medullary area in almost all males and females from groups on 9 

and 15 mg/kg/day) and bladder (distended in a few males of all treated groups). These 

findings were also recorded at the end of the recovery period affecting all animals dose at 15 

mg/kg/day (pale coloration of the kidneys) or one male (distended urinary bladder). The 

mean weight of the kidneys, liver and spleen was significantly higher with respect to control 

group in both sexes at all dose levels. At the end of the recovery period the mean weight of 

the spleen (both sexes) and the mean weight of the kidneys and ovaries (females) from 

animals treated at 15 mg/kg/day were still higher with respect to control group. The 

microscopic examination revealed that all treated animals at 15mg/Kg/day showed a severe 

nephropathy. Furthermore, a SET-M33-related findings were found in femorotibial growth 

plate, brain, duodenum and ovaries (doses of 15 and 9 mg/kg), and in bone marrow, heart, 

uterine cervix and vagina and mammary glands (dose of 15 mg/kg). In particular, both in 

the femur and sternum of 3 out of 5 males and 2 out of 5 females treated at 15 mg/kg/day, a 

minimal to slight increase in adipocytes was observed in the bone marrow, compared with 

concurrent controls.  1 out of 5 animal treated at 15 mg/kg/day showed cervical and vaginal 

epithelial atrophy compared to controls. For 15 mg/kg/day group, the changes observed in 

the kidneys, bone marrow, uterine cervix and vagina were not reversible (Figure 21), while 

the rest of the findings were fully (femorotibial growth plate and duodenum) or partially 

recovered (heart, ovaries and mammary glands) after two weeks of recovery period. 
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Figure 21. Histological sections of tissues collected after 2-week recovery period of rats treated with 

vehicle (panels above) and SET-M33 at 15 mg/Kg/day for 28 days (panels below). In the animals treated 

with SET-M33 the following findings resulted evident: atrophy of the epithelial surface in uterine cervix 

and vagina; parenchymal degenerations in the kidney; increase of adipocytes in the femur bone marrow. 

Scale bars (white lines) correspond to 100 µm. Samples were examined by confocal laser microscope (Leica 

TCS SP8). All images were processed using ImageJ software (NIH). 

 

 

NEUROLOGICAL TOXICITY IN RATS 

The purpose of this study was to evaluate the neurological side-effects of SET-M33 following 

a single intravenous injection of 5, 9 and 15 mg/kg and vehicle (6 animals/group). The study 

was based on subjective observation of central nervous system effects on general behaviour 

(Irwin test), combined with objective evaluation of body temperature and locomotor activity 

in male rats [182-183]. Effects on body weight were also assessed. Again the dose levels were 

selected on the basis of the DRF study reported above.  

SET-M33 did not cause any adverse clinical signs during detailed observations at 5, 30, 90, 

240 minutes and 24 hours post-dose. Animals were also inspected daily from day 3 to day 7 

for any delayed effects. The list of parameters and observations considered in the Irwin test 

can be found in Materials and Methods. No delayed effects of toxicity and no mortality were 

recorded up to day 7. 
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Pre-dose group mean body temperatures were similar across groups. A single intravenous 

injection of SET-M33 at doses of 5, 9 and 15 mg/kg had no significant effects on body 

temperature when compared with control animals. Actually, significantly lower body 

temperatures were recorded 5 minutes post-dose in the 9 and 15 mg/kg SET-M33-treated 

groups compared with control animals (* p<0.05, ** p<0.01). However, since the group 

mean values were only 0.4-0.6 C° lower than the vehicle-treated control group, this cannot 

be considered biologically noteworthy (Table 5).  

Pre-dose group mean locomotor activity was relatively similar across all groups. SET-M33 

at doses of 5 and 9 mg/kg did not cause any effect on locomotor activity when compared 

with control animals. The 15 mg/kg dose caused a small transient reduction in locomotor 

activity at 5 minutes post-dose. However, since this effect subsided by 30 minutes and only 

occurred at a single time point, it was not considered to be adverse or dose-limiting (Table 

5).  

No statistically significant effects on body weight were recorded at any dose. Small weight 

losses (approximately 2-3%) were recorded in the 9 and 15 mg/kg treated groups at 24 h, 

compared with the weights of the previous day (not significant with respect to the control 

group), and were followed by increases on day 3. As these effects were very transient and 

small in magnitude, they were not considered adverse (Table 5).  

No other adverse effects were observed for any other neurological parameter listed in 

Material and Methods.
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Table 5. Effects of intravenous bolus injection of SET-M33 at 0 (vehicle = 0.9% saline solution), 5, 9 and 15 mg/kg on body temperature, locomotor activity and body weight in 

male rats (group mean values ± standard deviation).  

# number of times the rats entered a new square in the arena 

Statistical significance compared with vehicle: * p<0.05, ** p<0.01. The results of each treated group were compared with those of the vehicle-treated control group by analysis 

of variance and Williams test.  

 

DOSE 
(mg/kg) 

Group mean body temperature (°C ± sd) at 
time post-dose: 

Group mean locomotor activity (# ± sd) at 
time post-dose: 

Group mean bodyweight (g ± sd) on 
day: 

Pre-
dose 

5 
minutes 

30 
minutes 

90 
minutes 

240 
minutes 

24 
hours 

Pre-
dose 

5 
minutes 

30 
minutes 

90 
minutes 

240 
minutes 

24 
hours 

1  2 3 7 

0 
37.3 38 37.4 37.1 36.6 36.9 44.8 39.3 28.8 27.8 16 35 204.5 206 210.7 229 

±0.26 ±0.36 ±0.25 ±0.45 ±0.41 ±0.38 ±6.77 ±10.46 ±10.38 ±5.64 ±7.29 ±8.65 ±6.72 ±8.79 ±9.07 ±12.03 

5 
37.5 37.9 37.2 36.9 36.9 37.1 37.8 30.7 26.5 24.2 22.5 30 207.2 209 215.8 236.5 

±0.31 ±0.27 ±0.51 ±0.29 ±0.48 ±0.51 ±9.56 ±6.56 ±7.12 ±6.71 ±5.05 ±15.02 ±2.79 ±3.22 ±3.87 ±8.17 

9 
37.5 37.6* 37.3 36.9 36.7 36.8 38.2 32.5 27 21.3 22.5 28.3 204.8 201.2 209.5 229.5 

±0.34 ±0.31 ±0.43 ±0.35 ±0.41 ±0.79 ±7.73 ±5.96 ±9.34 ±12.65 ±12.82 ±12.82 ±4.92 ±4.36 ±3.39 ±5.01 

15 
37.2 37.4** 36.9 36.9 36.7 36.9 38.3 22.2** 29 20.7 18.5 25.5 206 200.3 209.7 227 

±0.51 ±0.29 ±0.41 ±0.24 ±0.31 ±0.5 ±4.08 ±9.5 ±5.8 ±8.02 ±8.17 ±10.21 ±5.93 ±6.92 ±7.58 ±8.34 
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EVALUATION OF RESPIRATORY FUNCTION IN RATS 

The possible side-effects of SET-M33 on respiratory function were evaluated after 

administration of the peptide as a single intravenous bolus at doses of 5, 9 and 15 mg/kg 

with vehicle (8 animals/group). Respiratory rate, tidal volume and minute volume were 

assessed. As in the case of neurological toxicity and the 4-week toxicity study, again the dose 

levels were selected on the basis DRF (above). Baclofen, a muscle relaxer and antispasmodic 

used to treat muscle pain, spasms and stiffness in people with multiple sclerosis or spinal 

cord injury or disease, was used as positive control. It was administered as a single 

intravenous injection at a dose of 15 mg/kg. 

SET-M33 did not produce any statistically significant adverse effects on respiratory rate, 

tidal volume or minute volume with respect to control animals, except for a statistically 

significant increase in minute volume recorded at 30 minutes post-dose at 15 mg/kg. 

However, since this effect subsided by 60 minutes post-dose and only occurred at a single 

time point, it was not considered to be adverse or dose-limiting. Baclofen produced sharp, 

statistically significant increases in tidal volume and minute volume, which were 

accompanied by a sharp, statistically significant decrease in respiratory rate, compared with 

vehicle-treated control animals (Figure 22).  At 30 minutes the group treated at 15 mg/kg 

had significantly higher minute volume than the vehicle control (p=0.019, Williams’ test). 

At 30 and 60 minutes the group treated with the Baclofen had significantly higher minute 

volume than the vehicle control (p≤0.014, t-test). At all post-dose time points the group treated 

with Baclofen had significantly higher tidal volume than the vehicle control (p<0.001, t-test). At 

30, 60, 90, 120, 150, 180 and 240 minutes the group treated with Baclofen had significantly 

lower respiration rate than the vehicle control (p≤0.031, t-test) 
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Figure 22. Effects of intravenous injection of SET-M33 at 0 (vehicle), 5, 9 and 15 mg/kg on respiratory rate (breaths/min ± sem), tidal volume (mL ± sem) and minute volume 

(mL/min ± sem) in rats. Baclofen at 15 mg/day was used as positive control. Abbreviations: sem = standard error of mean. Symbols (triangle, circle, rhombus or square) 

indicate a group mean respiratory parameter. The bar represents the standard error. The graphs were obtained using GraphPad Prism for Windows version 5.03, GraphPad 

Software, San Diego, California USA, www.graphpad.com. The groups treated with SET-M33 peptide were compared to vehicle using Williams’ test. The comparison between 

positive control and vehicle were made using two-tailed t-test based on the error mean square from the analysis of covariance.
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DOSE RANGE FINDING (DRF) IN DOGS 

The purpose of this study was to conduct DRF for SET-M33 administered by short 

intravenous infusion (30 minutes) to beagle dogs at 4.0 and 8.0 mg/kg/day (7-day treatment 

period). Two animals served as control group (one male, one female), and four animals were 

assigned to treated groups (two males, two females). The doses were determined by a 

preliminary study not reported here.  

The following clinical signs were reported: tremors were occasionally recorded in a male 

treated at 4 mg/kg (on days 4 and 5 of administration), and in a male and a female treated 

at 8 mg/kg (on days 5 of administration). In the males treated at 8 mg/kg, vomit was 

observed in the box on days 1 (both animals) and 3 (one dog). A 9.4% loss of body weight 

with respect to day 1 was recorded at the end of treatment in one animal of the 8 mg/kg/day 

group. No noteworthy effects on body weight were observed in the other dogs. All animals 

survived the scheduled period.  

 

CLINICAL LABORATORY INVESTIGATIONS 

Blood, coagulation, biochemical and urine parameters were evaluated pre-test and on 

completion of treatment. The complete list of parameters evaluated is reported in Materials 

and Methods. Increased urea and creatinine levels were recorded in males and females on 8 

mg/kg/day (67% and 74% higher than pre-test values for males, and 26% and 21% higher 

than pre-test values for females, respectively). No noteworthy effects on blood and 

coagulation parameters were recorded. Group mean values of significant changes are 

reported in Table 6.  
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Table 6. Major differences of urea and creatinine in clinical biochemistry values (group mean values ± standard 

deviation) in beagle dogs treated with intravenous 30 minutes-short infusion of SET-M33 at 0 (vehicle=0.9% saline 

solution), 4.0 and 8.0 mg/kg/day (7-day treatment period). Statistical analysis was not performed due to the small 

number of animals 

Sex Dose (mg/kg/day) 
Urea (nmol/L) Creatinine (µmol/L) 

Pre-dose End of treatment Pre-dose End of treatment 

Male 

0 5.15 4.58 79 58 

4.0 
4.31 

±0.849 

4.92 

±0.035 

84 

±18.4 

77 

±2.8 

8.0 
4.26 

±0.064 

7.64 

±0.191 

66 

±4.2 

115 

±25.5 

Female 

0 4.57 5.2 58 58 

4.0 
3.76 

±0.156 

4.76 

±0.021 

69 

±17.7 

79 

±2.8 

8.0 
6.29 

±2.15 

7.94 

±0.099 

85 

±23.3 

103 

±0 

 

NECROSCOPY 

A full necropsy was performed in all animals. Organs were collected and weighed. No 

noteworthy changes in organ weight were reported for the doses tested, except for lower 

weight of the thymus in males on doses of 4 and 8 mg/kg/day (66 and 76% less than control, 

respectively).  

BIOANALYTIC AND TOXICOKINETIC STUDY 

Concentrations of SET-M33 in dog plasma samples and the main toxicokinetic parameters 

were determined. The exposure parameters (AUCt and Cmax) were compared to evaluate 

dose-dependency, accumulation ratio and sex-related differences. Overall, on day 1, SET-

M33 profiles observed at doses of 4 and 8 mg/kg/day showed quantifiable concentrations 

until 3.5 hours after starting the infusion. In addition, one male on 8 mg/kg/day showed 

quantifiable concentrations at day 7 up to 24.5 hours after the start of infusion. Mean SET-

M33 plasma levels increased in parallel in males and females. Mean time to maximum SET-

M33 concentration (tmax) was after the end of infusion for both periods (days 1 and 7) and 

sexes, i.e. 30 minutes post-dose, coherently with intravenous administration. On day 1 and 

7, mean AUCt and Cmax values for the low vs high dose were close to the theoretical ratio of 

2. No accumulation or low accumulation was observed at 4 and 8 mg/kg after 7 days. Mean 

SET-M33 exposures were comparable for males and females in all groups on days 1 and 7, 
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with a male/female ratios ranging from 0.3 to 1.3 for Cmax and from 0.4 to 1.3 for AUCt (data 

not shown).  

FOUR‑WEEK TOXICITY STUDY WITH 4‑WEEK RECOVERY PERIOD IN 

DOGS 

Beagle dogs (5/sex/group) were dosed by intravenous infusion once daily for 1 hour with 0 

(0.9% sodium chloride for injection), 0.5, 1.5 or 4.0 mg/kg/day SET-M33 for four 

consecutive weeks. The doses were selected in the dog DRF study (above). The dose of 4 

mg/kg/day was selected as the highest dose without macroscopic side effects in the DRF 

study, and was used to evaluate renal toxicity and its reversibility. The dose of 0.5 mg/kg/day 

was selected as the lowest dose, about one order of magnitude less than the highest dose. 

The dose of 1.5 mg/kg/day was selected as an approximately median mid-dose. On 

completion of 4 weeks of infusion, three animals/sex/group were euthanized and necropsied 

and the remaining two animals/sex/group were held for a 4-week drug free recovery period 

after which they were euthanized and necropsied. Blood samples were obtained from all 

animals on days 1 and 28 for toxicokinetic analysis. 

All animals survived until their scheduled termination and there were no noteworthy 

peptide-related clinical signs.  

 

CLINICAL LABORATORY INVESTIGATIONS 

Blood, coagulation, biochemical and urine parameters were evaluated. A complete list of 

parameters is reported in Materials and Methods. There were no SET-M33-related blood or 

coagulation changes at the end of treatment or in the 4-week recovery period. SET-M33-

related biochemical changes at all doses in both sexes included increases in blood urea 

nitrogen (BUN; 25% to 64% higher than pre-test) and creatinine (14% to 50% higher than 

pre-test) in individual animals (data not show). The magnitude of these changes was 

generally similar across all dose groups. These increases were correlated with minimal renal 

tubule degeneration/regeneration at 1.5 mg/kg/day and 4 mg/kg/day in males and at 4.0 

mg/kg/day in females and minimal interstitial cell infiltrate in both sexes at a dose of 4.0 

mg/kg/day. There were no SET-M33-related biochemical changes at any dose after 4-week 

recovery, indicating complete recovery of the changes detected at the end of dosing. There 

were no SET-M33-related urine changes at 0.5 or 1.5 mg/kg/day. There were decreases in 
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urine specific gravity and urine creatinine concentrations with respect to individual pre-test 

values in individual animals on 4.0 mg/kg/day. These changes were more prominent in 

females and suggest more dilute urine, possibly associated with a lower concentrating ability 

of the kidneys. There were no SET-M33-related urine changes at any dose after the 4-week 

recovery period.  

 

NECROSCOPY 

Higher SET-M33-related kidney weights (absolute and relative to body and brain weight) 

were observed in both sexes at a dose of 4.0 mg/kg/day. These higher weights were 

correlated microscopically with minimal tubule degeneration/regeneration and minimal 

interstitial cell infiltrates. There were no other SET-M33-related organ weight changes 

(Table 7). There were no organ weight changes at recovery sacrifice, or macroscopic findings 

at terminal and recovery necroscopy. SET-M33-related microscopic findings were observed 

in kidneys at doses of 1.5 mg/kg/day and 4 mg/kg/day and at infusion sites at all doses. The 

kidney findings included minimal tubule degeneration/regeneration at 1.5 mg/kg/day and 

4 mg/kg/day in males, and at 4.0 mg/kg/day in females, and minimal interstitial cell 

infiltrate in both sexes at a dose of 4.0 mg/kg/day. Degeneration featured vacuolation, cell 

sloughing and/or tinctorial change, and regeneration was characterized by increased 

basophilia, nuclear crowding and/or increased mitoses of cortical tubule epithelial cells. 

Regenerative changes were typically more pronounced than degenerative changes. SET-

M33-related microscopic findings in kidney were correlated with higher kidney weights 

(absolute and relative to body and brain weight) and elevated BUN and creatinine in both 

sexes at 4.0 mg/kg/day. SET-M33-related findings were observed at all four infusion sites 

(different site each week) in both sexes at all doses and included vascular thrombi (minimal 

to high), vascular/perivascular inflammation (minimal to moderate), 

hypertrophy/hyperplasia of the tunica intima or tunica media (minimal to slight), and/or 

vascular/perivascular haemorrhage (minimal to moderate). The other SET-M33-related 

microscopic findings in kidney and at infusion sites were considered non-adverse due to the 

magnitude of the changes (minimal to moderate) and/or a lack of correlations suggesting 

functional impairment. After the 4-week recovery period, kidney interstitial infiltrates 

cleared completely and tubule degeneration/regeneration resolved almost completely. At 

the infusion sites, there was complete recovery from vascular/perivascular inflammation 
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and tunica intima hypertrophy/hyperplasia with partial recovery from vascular thrombi and 

hypertrophy/hyperplasia of the tunica media. Minimal regeneration of cortical tubule 

epithelial cells, observed in the kidneys of 1 female at a dose of 4.0 mg/kg/day, was 

considered to be due to a repair process, and a slight thrombus observed at the infusion site 

(saphenous vein) of another female was also in line with ongoing repair. In addition, slight 

tunica media hypertrophy/hyperplasia of the left cephalic vein was observed in one male 

(Table 7). Slight tunica media hypertrophy/hyperplasia of the left cephalic vein was observed 

in 1 male at a dose of 4.0 mg/kg/day.  

As a final result of this toxicological study, the no-observed-adverse-effect-level (NOAEL) of 

SET-M33 was determined to be 0.5 mg/kg/day
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Table 7. SET-M33-related changes in beagle dogs dosed with the peptide at 0 (vehicle=0.9% saline solution), 0.5, 1.5 and 4.0 mg/kg/day for 28 days and after 4-week recovery. 

For kidney weight changes statistical analysis was not performed due to the small number of animals 

   Male Female 
     

   0 mg/kg/day 
0.5 

mg/kg/day 
1.5 

mg/kg/day 
4.0 

mg/kg/day 
0 mg/kg/day 

0.5 
mg/kg/day 

1.5 
mg/kg/day 

4.0 mg/kg/day 

Kidney weight changes (% difference relative to controls)         

Kidney 

Absolute weight (%)   - - 8.63  - - 15.16 

vs. body weight (%)   - - 11.47  - - 9.56 

vs. brain weight (%)   - - 9.80  - - 13.59 

SET-M33-related findings in the kidney after 28-days dosing and after the 4-week recovery period 

4-week 
dosing 

Degeneration/ 
Regeneration, tubules 

Minimal 0 2 3 0 0 0 0 2 

Infiltrate, interstitium Minimal 0 0 1 0 0 0 0 1 

4-week 
recovery 
period 

Regeneration, tubules Minimal 0 0 0 0 0 0 0 1 

SET-M33-related findings at infusion site after 28-days dosing and after the 4-week recovery period (combined incidence from all four sites) 

4-week 
dosing 

Thrombus, blood vessels 

Minimal 0 1 0 0 0 0 0 0 

Slight 0 0 0 2 0 1 0 0 

Moderate 0 0 0 5 0 0 1 5 

High 0 0 0 1 0 0 0 0 

Total 0 1 0 8 0 1 1 5 

Inflammation, 
vascular/perivascular 

Minimal 0 2 3 0 1 0 1 1 

Slight 0 1 2 0 0 0 1 4 

Moderate 0 0 0 0 0 0 0 1 

Total 0 3 5 0 1 0 2 6 

Hypertrophy/hyperplasia, 
tunica intima 

Minimal 0 0 0 0 1 0 0 0 

Slight 0 1 1 0 0 0 0 0 

Total 0 1 1 0 1 0 0 0 

Hypertrophy/hyperplasia, 
tunica media 

Minimal 0 0 0 1 0 0 0 0 

Slight 0 2 0 2 0 0 1 0 

Total 0 2 0 3 0 0 1 0 

Haemorrhage, 
vascular/perivascular 

Minimal 0 1 1 0 2 1 3 2 

Slight 0 1 0 1 2 1 0 3 

Moderate 0 0 0 0 0 0 1 0 

Total 0 2 1 1 4 2 4 5 

4-week 
recovery 
period 

Thrombus, blood vessels 
Slight 0 0 0 0 0 0 0 1 

Total 0 0 0 0 0 0 0 1 

Hypertrophy/hyperplasia, 
tunica media 

Slight 0 0 0 1 0 0 0 0 

Total 0 0 0 1 0 0 0 0 
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BIOANALYTICS AND TOXICOKINETICS IN RATS AND DOGS 

Unlike similar tests reported in DRF studies, here SET-M33 was administered for a 

prolonged period (4 weeks instead of 1 week) and at doses previously selected by DRF. In 

order to better relate the toxicokinetics data (presented below) with SET-M33 activity we 

report, as examples, the following SET-M33 MIC values: MIC50 and MIC90 for P. 

aeruginosa are 1.4 µM; MIC50 and MIC90 for K. pneumoniae are 1.4 µM and 2.8 µM, 

respectively [174]. 

 

RATS 

SET-M33 was administered intravenously as a slow bolus to Sprague Dawley rats once daily 

for 4 weeks at 0 (vehicle only), 5, 9 and 15 mg/kg/day (control group 3 animals/sex, treated 

groups 6 animals/sex). Blood samples were taken on day 1 and day 28. The SET-M33 profiles 

showed quantifiable concentrations until 1 hour post-dose at days 1 and 28. Mean plasma 

SET-M33 exposures were higher for females than males at day 28, while no differences were 

observed at day 1. Mean plasma SET-M33 exposure increased in parallel with dose in males 

and females. Males and (especially) females showed higher exposure levels at day 28 than 

day 1 (Figure 23). Mean time to maximum plasma SET-M33 concentration (tmax) was 5 

minutes post-dose for both times and sexes as expected for intravenous bolus 

administration. On day 1, mean AUC0-t and Cmax values for the low vs intermediate and high 

doses were close to the theoretical ratios of 1.8 and 3 (2 and 2.9-3.2 for AUC0-t, and 1.7-2 and 

2.7 for Cmax). On day 28, female intermediate dose AUC0-t ratio was 1.7 times the theoretical 

ratio. The results suggest accumulation of SET-M33 in all dose groups in males and 

especially in females. This accumulation does not seem due to the repeated dose, since no 

steady state was reached (Table 8). 
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Table 8. Pharmacokinetic parameters of SET-M33 on day 1 and day 28 of 4 weeks of daily intravenous (slow bolus) 

administration to male and female rats at 5, 9 and 15 mg/kg/day (group mean values). Abbreviations: Cmax= 

maximum plasma concentrations; tmax = time at which Cmax occurred; AUC0-t= area under the curve from zero to 

last quantifiable sampling time. Statistical analysis is not applicable to these experiments. 

Time Parameters Units 
5 mg/kg/day 9 mg/kg/day 15 mg/kg/day 

Male Female Male Female Male Female 

Day 1 

tmax minutes 5 5 5 5 5 5 

Cmax ng/mL 2227 2107 4563 3503 6043 5727 

AUC0-t ng ∙ h/mL 692 663 1433 1152 2236 1944 

Day 28 

tmax minutes 5 5 5 5 5 5 

Cmax ng/mL 3017 4103 5890 12387 8170 13567 

AUC0-t ng ∙ h/mL 938 1218 1819 3558 2734 4111 

 

 

 
Figure 23. Mean plasma concentrations of SET-M33 on day 1 (A and C) and day 28 (B and D) of 4 weeks 

of daily intravenous (slow bolus) administration to male (A and B) and female (C and D) rats at 5, 9 and 15 

mg/kg/day. Symbols (circle, triangle or square) indicate a group mean value. Bars represent the standard 

deviation. The graphs were plotted using GraphPad Prism for Windows version 5.03, GraphPad Software, 

San Diego, California USA, www.graphpad.com. 

http://www.graphpad.com/
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DOGS 

Plasma concentrations and the main toxicokinetic parameters of SET-M33 in plasma 

samples were determined in beagle dogs after intravenous administration of SET-M33 by 

daily 1-hour-infusion at 0.5, 1.5 or 4.0 mg/kg/day or only vehicle for 4 weeks (5 

animals/group/sex). Blood samples were taken on day 1 and day 28.  

Mean plasma concentration-time profiles showed higher values for all doses at day 28 

(Figure 24). Maximum plasma concentrations (Cmax) of SET-M33, their times of occurrence 

(Tmax) and the areas under the plasma SET-M33 concentration-time curves within a 24-hour 

dosing interval (AUC0-24) on day 1 and day 28 are shown in Table 9, where the mean Cmax 

and AUC0-24 for the group are shown with standard deviations in brackets. The time when 

the maximum plasma concentration occurred (Tmax) was at the end of the 1-hour infusion in 

all animals, as expected for this route of administration. Plasma concentrations of SET-M33 

at 24 hours post-dose were below the limit of quantification (<20.0 ng/mL) in all animals at 

all dose levels on day 1 and day 28 (not shown). 

The systemic exposure (Cmax and AUC0-24) of dogs to SET-M33 increased with increasing 

dose over the dose range 0.5 to 4.0 mg/kg/day on day 1 and day 28. Excluding Cmax values 

in males, the Cmax and AUC0-24 values at the highest dose (4.0 mg/kg/day) were 

approximately 2.1 times higher than those predicted in the case of a linear relationship (not 

shown). The Cmax and AUC0-24 values of SET-M33 in female dogs were similar to the indices 

of exposure in males at the two lower dose levels, but were approximately 1.6 times higher 

than those of males at the highest dose level (Figure 25). After repeated doses (day 28), Cmax 

and AUC0-24 values of SET-M33 were generally higher than those after a single dose (day 1) 

(Figure 24). The accumulation ratios, based on Cmax and AUC0-24 values, were generally 

greater than one, indicating that systemic exposure to SET-M33 was higher after repeated 

administrations than after a single dose (not shown). However, since plasma concentrations 

of SET-M33 were below the limit of quantification 24 hours post-dose in all animals, these 

results indicate that SET-M33 has time-dependent kinetics. 
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Figure 24. Mean plasma concentrations of SET-M33 on day 1 (A and C) and day 28 (B and D) of 4 weeks 

of daily intravenous (infusion) administration to male (A and B) and female (C and D) dogs at 0.5, 1.5 and 

4.0 mg/kg/day. Symbols (circle, triangle or square) indicate a group mean value. Bars represent standard 

deviations. The graphs were plotted using GraphPad Prism for Windows version 5.03, GraphPad 

Software, San Diego, California USA, www.graphpad.com. 

 

 

 

 

 

 

 

 

 

http://www.graphpad.com/


  
  Results 
 
 

 

100 
 

Table 9. Pharmacokinetic parameters of SET-M33 on day 1 and day 28 of 4 weeks of daily intravenous 

(infusion) administration to male and female beagle dogs at 0.5, 1.5 and 4.0 mg/kg/day (group mean 

values ± standard deviation of Cmax and AUC0-24).  Abbreviations: AUC0-24 = area under the plasma 

concentration-time curve in 24-hour dosing intervals; Cmax= maximum plasma concentrations; EOI = end 

of infusion; tlast = time point of the last quantifiable plasma concentration; tmax = time at which Cmax 

occurred. Statistical analysis is not applicable to these experiments. 

Time Parameters Units 
0.5 mg/kg/day 1.5 mg/kg/day 4 mg/kg/day 

Male Female Male Female Male Female 

Day 1 

tmax minutes EOI EOI EOI EOI EOI EOI 

tlast minutes EOI 5 15 15 60 180 

Cmax ng/mL 
82.4 

±22.4 
82.8 

±19.1 
274 

±110 
345 
±87 

816 
±188 

1360 
±220 

AUC0-24 ng ∙ h/mL 
42.2 

±13.3 
45.6 

±10.4 
157 
±60 

196 
±48 

569 
±99 

991 
±161 

Day 28 

tmax minutes EOI EOI EOI EOI EOI EOI 

tlast minutes 10 10 60 60 180 360 

Cmax ng/mL 
149 
±16 

125 
±35 

470 
±218 

645 
±121 

1490 
±440 

1930 
±350 

AUC0-24 ng ∙ h/mL 
83.0 
±9.8 

76.5 
±25.2 

416 
±209 

402 
±104 

1050 
±150 

1550 
±450 

 

 

 

 

Figure 25. Mean maximum plasma concentrations (Cmax) of SET-M33 and mean areas under the plasma 

concentration-time curves (AUC0-24), on day 1 and day 28 of 4 weeks of daily intravenous (infusion) 

administration of SET-M33 to beagle dogs at 0.5, 1.5 and 4.0 mg/kg/day. Abbreviations: AUC0-24 = area 

under the plasma concentration-time curve in 24-hour dosing intervals; Cmax= maximum plasma 

concentrations. Columns and bars represent group mean values and standard deviations, respectively. The 

graphs were plotted using GraphPad Prism for Windows version 5.03, GraphPad Software, San Diego, 

California USA, www.graphpad.com. Statistical analysis is not applicable to these experiments.  
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STUDY 3: INHALABLE POLYMERIC NANOPARTICLES FOR 

PULMONARY DELIVERY OF ANTIMICROBIAL PEPTIDE SET-

M33: ANTIBACTERIAL ACTIVITY AND TOXICITY IN VITRO AND 

IN VIVO 

 

SET-M33 AND SET-M33_Rhod PEPTIDE PRODUCTION 

The peptide SET-M33 was produced on a solid support in tetrabranched form using Fmoc 

chemistry. The SET-M33_Rhod were synthesized in the same way using Lys-tetramethyl-

rhodamine (Lys-TMR) as the first amino acid. Both synthesis and purification process 

resulted in more than 95% pure product, as shown by analytical reverse phase 

chromatography on a Jupiter C18 column (Figure 26 A, C) and by mass spectrometry (MS) 

that have shown a single peak corresponding to the molecular mass of the tetrabranched 

peptide SET-M33 (4683) and SET-M33_Rhod (5754.504) (Figure 26 B, D) 

 

Figure 26. HPLC and Mass Spectrometry (MS) profiles of SET-M33 conjugated with tetramethyl-

rhodamine (SET-M33_Rhod) and free SET-M33. A and C, reverse phase HPLC profiles of SET-M33_Rhod 

(A) and SET-M33 (C) with test method (below) and retention times (above the peaks). B and D, MS profiles 

of SET-M33_Rhod (B) and SET-M33 (D) with the indication of revealed (above the main peak) and 

calculated MW (below the graph). 
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SET-M33-LOADED NANOPARTICLE PROPERTIES 

Two different formulations of PEGylated PLGA-based NPs containing SET-M33 were 

prepared by a modified emulsion/solvent diffusion technique employing PLGA conjugated 

with PEG 2000 Da or 5000 Da. The hydrodynamic diameter (DH), polydispersity index 

(PDI) and zeta potential (ζ potential) of SET-M33-loaded NPs were determined by DLS and 

ELS, as described above, and the results are reported in Table 10. 

 

Table 10. Overall properties (hydrodynamic diameter - DH, polydispersity index - PDI, ζ potential, en-capsulation 

efficiency -EE and actual loading - AL) of SET-M33-loaded PLGA NPs. 

Formulation 
DH  

(nm) ± 
SD 

PDI  
(mean) ± 

SD 

ζ potential (mV) ± 
SD 

EE  
(%) ±SD 

AL (mg SET-M33/100 mg 
NPs) ± SD 

M33_PEG2000 
NPs 

208.8 ± 
1.5 

0.141 ± 
0.020 

-18.4 ± 0.7 
93.9 ± 
1.25 

3.793 ± 0.045 

M33_PEG5000 
NPs 

185.7 ± 
1.8 

0.09 ± 
0.044 

-18.87 ± 0.6 
85.9 ± 
4.63 

3.557 ± 0.159 

DH= Hydrodynamic diameter; PDI= Polydispersity index; EE= Encapsulation efficiency, calculated 

as actual loading/theoretical loading x 100; AL= Actual loading. 

 

Both NP formulations showed a DH close to 200 nm, sufficiently small to cross lung barriers, 

negative ζ potential and high EE (≥86%), suggesting that the PEG molecular weight did not 

significantly affect particle properties. As confirmed by TEM analysis, both the PEGylated 

NP formulations showed a regular and spherical shape (Figure 27). 

 

Figure 27. TEM images of M33-loaded NPs: M33_PEG2000 NPs (A) and M33_PEG5000 NPs (B). Images 

are representative of the samples. 
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The FALT analysis of the PEG shell on the NPs surface, obtained by monitoring the influence 

of the ionic strength of the dispersing medium on NP surface charge, confirmed the core–

shell structure of the NPs, with a PLGA core surrounded by a PEG shell (Figure 28). This 

hypothesis was also supported by the FALT evaluation of NPs prepared without PEG, which 

exhibited a very low shell thickness (1.08 nm). 

 

Figure 28. Fixed aqueous layer thickness (in nm) obtained as the slope of the linear regression of ionic 

strength of the dispersing medium against NP surface charge: ln (ζ) against k (k = 3.3 c0.5, where k - 1 is 

the Debye length). There is a significant difference between SET-M33_PEG2000 NPs and SET-

M33_PEG5000 NPs (one-way ANOVA; p < 0.05), and between both the two PEGylated formulations and 

the PLGA NP formulation control (one-way ANOVA; p < 0.0001). 

 

As expected, particles with PEG 5000 Da showed a higher shell thickness (4.07 nm) than 

that obtained with PEG 2000 Da (3.21 nm). The in vitro kinetics of SET-M33 release were 

evaluated in PBS employing NPs containing the SET-M33_Rhod. The results are shown in 

Figure 29 as the percentage of peptide released over time. 
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Figure 29. In vitro release of SET-M33_Rhod from PEG NPs calculated as the percentage of SET-M33 

released by NPs (%) ± SD over time. The experiments were run in triplicate for each time point. No 

significant differences were observed (t-test; p > 0.05). 

 

The two NP formulations showed typical biphasic release profiles characterized by an initial 

burst (about 60% and 45% of the amount encapsulated released in 6 hours for SET-M33-

Rhod_PEG5000 NPs and SET-M33-Rhod_PEG2000 NPs, respectively) followed by 

controlled release of the peptide lasting about 7 days. In the case of polymeric nanoparticles, 

the diffusion of the drug is generally faster than polymeric matrix erosion, thus the 

mechanism of release can be predominantly related to the diffusion process. 

 

IN VITRO AEROSOL PERFORMANCE OF NANOPARTICLES 

The in vitro aerosol performance of NPs is shown in Figure 30 and Table 11. 

Cumulative mass recovered as a function of the cut-off diameter and the fine particle 

characteristics of the aerosol cloud of SET-M33-Rhod_PE2000 NPs and SET-M33-

Rhod_PEG5000 NPs was evaluated upon delivery through Aeroneb® Go and PARI 

TurboBOY nebulizers. Differences were observed in the deposition patterns of the NP 

formulations tested. When PARI TurboBOY was used as the nebulizer, both NP formulations 

generated a NP cloud with a low aerodynamic diameter (<2.7 µm) that reached the deep 

CUP of the NGI. On the other hand, when Aeroneb Go was used, SET-M33_PEG5000 NPs 
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showed a higher aerodynamic diameter (3.85±0.70 µm) than SET-M33_PEG2000NPs 

(2.68±1.59 µm). Nevertheless, all the aerodynamic diameters were less than 5 µm, 

suggesting that the distribution of the formulation in the lungs by the most widely used 

nebulizers is uniform. 

 

Figure 30. In vitro aerosol performance of SET-M33_PEG 2000-Rhod and SET-M33_PEG 5000-Rhod 

delivered through Aeroneb® Go and PARI TurboBOY nebulizers: Cumulative mass recovered was a 

function of the cut-off diameter of the NGI stages (A, B), NGI deposition pattern (A’, B’). The emitted dose 

was measured as the difference between the total amount of NPs initially placed in the nebulizer chamber 

and the amount remaining. At the flow rate used (15 L/min), the cut-off diameters of the NGI stages were 

0.98 m (Cup 1), 1.36 µm (Cup 2), 2.08 µm (Cup 3), 3.3 µm (Cup 4), 5.39 µm (Cup 5), 8.61 µm (Cup 6), 14.1 

µm (Cup 7). No significant differences were observed for all the formulations tested (one-way ANOVA 

multiple comparison; p > 0.05). 
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Table 11. Overall aerosol properties of M33_PEG 2000-Rhod and M33_PEG 5000-Rhod delivered through Aeroneb® 

Go and PARI TurboBOY nebulizers: Experimental mass median aerodynamic diameter (MMADexp) and geometric 

standard deviation (GSD) were calculated by plotting cumulative mass of particles retained in each collection cup versus 

the cut-off diameter of the corresponding stage. The fine particle fraction (FPF) was calculated as the percentage of NPs 

deposited in stages 3–7 (MMADexp < 5.39 µm) compared to the amount initially loaded in the nebulizer chamber. The 

respirable fraction (RF) is the total amount recovered from the NGI. Data are reported as mean ± SD (n = 3). 

 M33_PEG 2000RhodNPs M33_PEG 5000RhodNPs 

 Aeroneb PARI TurboBOY Aeroneb PARI TurboBOY 

FPF 37.1 ± 16.3 39.4 ± 9.5 40.5 ± 0.1 43.0 ± 5.7 

RF 71.1 ± 1.6 71.2 ± 7.4 50.0 ± 7.8 67.5 ± 2.2 

MMADexp 2.68 ± 1.03 2.66 ± 1.02 3.85 ± 0.70 2.53 ± 0.71 

GSD 2.91 ±0.98 2.66 ± 0.58 2.62 ± 0.02 2.86 ± 0.47  

 

 

IN VITRO NPs INTERACTIONS WITH MUCIN AND BACTERIAL 

ALGINATES 

A critical issue in defining the ability of particles to diffuse across lung barriers (i.e., the 

mucus layer) is the evaluation of the interactions between the particles and major barrier 

components. An absence of interactions is commonly considered a prerequisite for 

improving particle diffusion across the mucus layer [193]. We therefore first derived a rough 

estimation of interactions between NPs and mucin, the major component of airway mucus, 

and between NPs and BA, a main component of the P. aeruginosa biofilm extracellular 

matrix. This was achieved by measuring NP scattering at 650 nm with and without 

mucin/BA. As shown in Figure 30 A, both formulations showed the same absorbance in 

water and in mucin, suggesting that mucin is not absorbed on the surface of NPs, irrespective 

of the length of the PEG chain on the particle surface. The absence of evident particle 

interactions was also confirmed by DLS size analysis, where NP dispersion in water and 

mucin was comparable (Figure 31 B). 
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Figure 31. In vitro assessment of SET-M33-loaded NP interactions with mucin and BA: (A) Time trend of 

scattering at 650 nm by NPs (1 mg/mL) in the presence of mucin or BA. NP dispersions in water are 

reported as controls. (B) Size distribution of NPs with mucin or BA evaluated by dynamic light scattering 

intensity. The size distribution profiles of NP dispersions in water are reported as controls. The statistical 

analysis was performed by one-way ANOVA (* p < 0.0001). 

 

On the other hand, SET-M33_PEG2000 NP dispersion in BA showed a statistically 

significant difference (p < 0.0001) in the scattering, suggesting an interaction between NPs 

and BA (Figure 30). This effect was not observed with SET-M33_PEG5000 NPs, where the 

greater thickness of the PEG shell protected the particle surface from these interactions. 

Although detectable, the slight increase in scattering by PEG 2000 particles suggests an 

absence of particle aggregation and strong interactions, as confirmed by size analysis in BA 

(Figure 31 B).  

On the other hand, free SET-M33 strongly interacted with mucin and BA, leading to the 

formation of nanometric complexes and 60-fold and 200-fold increases in sample turbidity, 

respectively (Figure 32), while PEGylated NPs efficiently shielded interactions of SET-M33 

with mucin and BA, avoiding any formation of complexes or aggregates. 
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Figure 32. In vitro assessment of free SET-M33 interactions with mucin and BA: (A) Time trend of 

scattering at 650 nm by free SET-M33 (40 g/mL) in the presence of mucin or BA. Scattering at 650 nm by 

SET-M33 solution in water is reported as the control. (B) Size distribution of free SET-M33 NPs with mucin 

or BA evaluated by dynamic light scattering intensity. 

 

IN VITRO DIFFUSION STUDIES ACROSS MUCUS AND BIOFILM 

MODELS 

The ability of NPs to aid the diffusion of SET-M33 through artificial mucus (AM) and 

simulated bacterial biofilm (BA), and the effect of the PEG shell on NP diffusion, were 

evaluated by a modified Transwell® multiplate assay (Figure 32). After 1 hour, NP 

percentages as high as 70% for SET-M33_PEG5000 NPs in the acceptor medium were 

recorded, demonstrating that these PEGylated NPs readily diffused across the artificial 

mucus layer (Figure 33 A). SET-M33_PEG2000 NPs did not diffuse so readily even after 4 

hours (Figure 33 A). Although the two PEGylated NPs diffused rapidly through the mucus 

layer, the highest diffusion was observed for NPs modified with PEG 5000 Da, which 

provides an optimal dense PEG shell with a brush conformation, confirming that the PEG 

molecular weight affects the ability of NPs to diffuse across the mucus layer [194]. On the 

other hand, in the BA diffusion studies, no differences were found between the two NP 

formulations in the first 2 hours (see similar diffusion profiles in Figure 33 C). An effect of 

PEG molecular weight was observed towards the end of the assay at 6 hours, namely, the 

greater diffusion of SET-M33_PEG5000 NPs (90%) than of SET-M33_PEG 2000 NPs 

(70%). The ability of PEGylated NPs to aid the diffusion of SET-M33 across simulated lung 

barriers was confirmed by in vitro permeation studies, performed under the same 



  
  Results 
 
 

 

109 
 

conditions, with NPs containing fluorescently labeled SET-M33. The results were compared 

with those of free SET-M33_Rhod (Figure 33 B, D). After deposition of the same amount on 

the AM layer, the percentage of SET-M33_Rhod encapsulated in SET-M33_PEG 5000 NPs 

permeating into the acceptor compartment in 1 hour was more than twice that of the free 

SET-M33_Rhod and SET-M33_Rhod encapsulated in SET-M33_PEG 2000 NPs (80.68% 

for SET-M33_PEG 5000 NPs versus 37.10% and 26.32% for free SET-M33_Rhod and SET-

M33_PEG 2000 NPs, respectively) (Figure 33 B). Interestingly, while a slight decrease in 

SET-M33_Rhod diffusion was detected in AM, high interaction was detected between free 

SET-M33_Rhod and BA, as suggested by the permeation profile (Figure 33 D). The 

encapsulation of SET-M33_Rhod in PEGylated PLGA NPs led to a 7.6-fold increase in SET-

M33_Rhod diffusion across the BA layer. After 6 hours, only 12.3% of SET-M33_Rhod had 

crossed the BA layer, while more than 90% was detected in the acceptor compartment when 

the peptide was encapsulated in NPs (93.74% and 92.91% for SET-M33_PEG 5000 NPs and 

SET-M33_PEG 2000 NPs, respectively). These results indicate that PEG5000 NPs were the 

best formulation. They were therefore selected for further experiments on in vitro 

antimicrobial and anti-biofilm activity and in vivo toxicity. 
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Figure 33. In vitro transport of SET-M33-loaded fluorescent NPs (A,C) and in vitro transport of SET-

M33_Rhod-loaded NPs (B,D) through artificial mucus (AM) and bacterial alginates (BA), as determined by 

the Transwell® multiplate assay. Results are presented as the percentage of SETM33_Rhod and 

fluorescent NPs permeating across AM and BA as a function of time. Data are expressed as the mean ± SD 

calculated for three different batches (n = 6). 

 

IN VITRO ANTIBACTERIAL ACTIVITY OF SET-M33_PEG 5000 NPS 

On the basis of the promising results achieved with PEG5000, only SET-M33_PEG5000 

NPs underwent in vitro efficacy studies against bacteria. NPs produced with PEG5000 were 

tested at different final peptide concentrations (24 µM, 12 µM, 6 µM). Unloaded NPs were 

tested as a control. The activity was evaluated in terms of the growth of P. aeruginosa ATCC 

27853™24, 48 and 72 hours after treatment, compared with the control sample (untreated 

bacterial cells). Antibacterial activity persisted up to 72 hours when SET-M33_PEG5000 

NPs were loaded at the higher concentrations, and up to 48 hours with SET-M33_PEG5000 

NPs loaded with 6 µM SET-M33 (Figure 34). The persistent effect can be related to the 

sustained release of SET-M33 provided by NPs. 
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Figure 34. Histogram of P. aeruginosa (ATCC 27853™) colonies (CFUs) produced at different times 

(indicated in the internal legend) and then plated in LB agar medium: CTR indicates the number of colonies 

produced by untreated bacteria. Unloaded NPs indicates the number of colonies produced by bacteria 

incubated with NPs without peptide. M33_PEG5000 NPs show the number of colonies produced by 

bacteria incubated with NPs with the peptide at the concentrations indicated. The experiment was 

performed in triplicate. Results are expressed as mean ± SD of three wells. Significant differences between 

groups were evaluated by one-way ANOVA with Dunnett’s multiple comparison test using GraphPad 

Prism 5.03 software, where ***, p < 0.001; **, p < 0.05. Each column is compared with its control at each 

time point. 

 

IN VITRO ANTIBIOFILM ACTIVITY OF FREE SET-M33 AND SET-

M33_PEG5000 NPS 

Antibiofilm activity of SET-M33_PEG5000 NPs was measured and compared to that of free 

SET-M33 peptide using P. aeruginosa (ATCC 27853™) as a bacterial model. The free 

peptide showed evident anti-biofilm activity at all concentrations tested, proving to be 

strongest 72 hours after the initial incubation (Figure 35). This could be due to the high 

stability of SET-M33 polymeric structure. The profile of anti-biofilm activity of SET-

M33_PEG5000 NPs was very similar to that of the free peptide; it had a dose-dependent 

trend, and the greatest reduction in biomass was at 24 µM. Like the free form, SET-
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M33_PEG5000 NP activity was strongest after 72 hours. Of note, when SET-

M33_PEG5000 NPs were tested, only a reduced amount of SET-M33 was released and able 

to exert its anti-biofilm activity. Nonetheless, the effect of SET-M33_PEG5000 NPs 

appeared comparable to that observed when the total amount of SET-M33 was free. This 

effect can be related to the ability of NPs to release the peptide in a controlled manner over 

time. 

 

Figure 35. Histogram of the percentage of P. aeruginosa (ATCC 27853™) biofilm biomass at different 

times of incubation with free SET-M33 or SET-M33 peptide encapsulated in nanoparticles (M33_PEG5000 

NPs): Unloaded NPs indicates the biofilm biomass after incubation with nanoparticles without peptide. 

Results are expressed as mean ± SD of three wells. Significant differences between groups were evaluated 

by one-way ANOVA with Dunnett’s multiple comparison test using GraphPad Prism 5.03 software, where 

***, p < 0.001. Each column is compared with its control at each time point. 

 

CYTOTOXICITY OF FREE SET-M33 AND SET-M33_PEG5000 NPS 

Since the NPs described here are intended to treat pneumonia via local delivery to the lungs, 

cytotoxicity was measured on human bronchial cells from a healthy individual (16HBE14o- 

cells) and a CF patient (CFBE41o- cells). SET-M33_PEG5000 NPs and the free peptide were 

incubated for 48 hours with cells to determine EC50. No toxicity was detected for SET-
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M33_PEG5000 NPs, whereas the free peptide at the same concentrations as in the NPs 

showed an EC50 of 23 µM with 16HBE14o- cells (Figure 36 A) and 21 µM with CFBE41ocells 

(Figure 36 B). 

 

Figure 36. Cytotoxicity of free SET-M33 (circle) and M33_PEG5000 NPs (triangle) towards 16HBE14o-

(A) and CFBE41o- (B) bronchial cells: The cell lines were incubated with free and encapsulated peptide at 

the same concentrations (from 100 to 3.125 µM) for 48 h. Cell viability was then evaluated using 0.1% 

crystal violet staining solution. Cell survival (y-axis), expressed as a percentage with respect to untreated 

cells, is plotted against peptide concentration (x-axis) on a logarithmic scale. The experiment was 

performed in triplicate. The data, reported as mean  SD (n = 3), were analyzed by non-linear regression 

using GraphPad Prism 5.03. 

 

IN VIVO ACUTE TOXICITY OF FREE SET-M33 AND SET-M33_PEG5000 

NPS 

Mice (n = 5/group) were treated via i.t. administration of free SET-M33 and SET-

M33_PEG5000 NPs at the same peptide concentration (10 mg/Kg). A nebulization system 

reproducing aerosol application was used. Mice were checked for signs of toxicity for up to 

96 hours, using the following toxicity score: wiry coat and poor motility = mild signs; very 

wiry coat, abundant lachrymation and poor motility even under stimulation = manifest signs 

(Figure 37). No signs of toxicity were observed in mice treated via i.t. administration of SET-

M33_PEG5000 NPs and unloaded nanoparticles, confirming the absence of toxicity already 

seen in cytotoxicity tests, and the high biocompatibility of the material used. On the other 

hand, i.t. administration of free SET-M33 caused three deaths within 6 hours, mild signs in 
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one mouse and no signs in another mouse. The situations of the two surviving mice 

remained unchanged over the 96 hours. 

 

 

Figure 37. Acute toxicity of SET-M33_PEG5000 NPs, free SET-M33 and unloaded NPs in vivo: Mice 

(represented as circles) underwent i.t. inoculation with 10 mg/kg in a single dose and were monitored for 

96 hours. Different scales of grey and the X symbols in the circles indicate severity of signs and death, as 

described in the internal legend.
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Excessive and inappropriate use of antibiotics in healthcare, agriculture, and veterinary 

resulted in a significant rise in antimicrobial resistance. This phenomenon poses a 

significant global threat, underscoring the pressing need for strategic global investments in 

developing new therapeutic approaches to combat antimicrobial resistance. Among these 

alternatives, antimicrobial peptides emerged as a noteworthy class of antibacterial 

molecules. Although they are not a complete alternative to traditional antibiotics due to 

certain limitations, they could be a valid support to antibiotic therapy [1-12]. 

The peptide SET-M33 is a synthetic molecule under study for the development of a new 

antibacterial drug for bacterial infections, including pulmonary ones.  

Pneumonia is a common acute respiratory infection that affects the alveoli and distal airways 

[195]. It is a major health problem and is associated with high morbidity and short- and 

long-term mortality in all age groups worldwide. A large variety of microorganisms can 

cause pneumonia, including MDR pathogens such as S. aureus, P. aeruginosa, K. 

pneumoniae and other bacteria [196-197]. Research focused on new antibacterial drugs to 

be administered locally into the lungs is of crucial importance for the future. Pneumonia is 

triggered by bacterial infections that evolve into an inflammatory state, in some cases very 

severe, in which bacterial toxins such as LPS, LTA, peptidoglycan and others play an 

important role. However, LPS is the major toxin involved in lung inflammation in 

pneumonia [198]. The neutralization of LPS and the killing of bacteria are therefore 

important therapeutic issues for healthcare professionals. 

SET-M33 and some of its back-up molecules have already been reported for antibacterial 

efficacy in different infections and inflammation models in vivo and ex vivo, including sepsis 

[115; 169; 174], pneumonia [174- 177] and skin infections [174]. As a novel drug to administer 

intravenously, SET-M33 entered in a pre-clinical development phase that includes the scale 

up of the production process, adsorption, excretion [174] and finally toxicity. SET-M33 

showed a grade of toxicity, which when combined with the efficacy experiments already 

reported, suggests that it will have a favourable therapeutic index. 

A new therapeutic agent must meet all regulatory agency requirements in order to obtain 

marketing authorization. Then, the standard procedures specify that before a new 

therapeutic entity can be given to humans, developers must first test it thoroughly in animals 

for safety and efficacy [199]. The main aims of pre-clinical studies are roughly to determine: 
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i) the efficacy and toxicity of the compound; ii) its pharmacokinetics; iii) the formulation for 

appropriate delivery in humans. Pre-clinical toxicological studies must be conducted in two 

animal species, including a rodent and a non-rodent, before proceeding to the clinical phases 

of development [200-201]. In the pre-clinical phase, the ultimate goal is to translate the 

animal model responses into an understanding of the risk for human subjects [202]. Toxicity 

testing in animals is therefore valuable for lead compound characterization and further 

decisions about the direction of development [203]. 

The Study 1 reported in this Ph.D. thesis describes the activity of SET-M33 in inhibiting the 

pro-inflammatory action of LPS in the lung through local administration by nebulization in 

mice. The therapeutic effect of the peptide was evaluated in terms of inhibition of the cells 

and cytokines involved in inflammation. The strongest activity of SET-M33 was recorded for 

neutrophils and mononuclear cells, and for cytokines IP-10, MCP-1, MIP1 and TNF-α. 

Moreover, the inhibition dose dependency result was evident for KC, MIP-1 and TNF-α. The 

very promising outcomes emerged from a comparison of SET-M33 activity and Budesonide, 

namely the corticosteroid drug used in clinical practice to reduce lung inflammation and in 

the present study as a positive control. In particular, as regards IP-10, MIP-1α and TNF-α 

levels, SET-M33 proved even more active in a dose-dependent manner than Budesonide in 

inhibiting the inflammatory effect provoked by LPS.  

At the same time, the in vivo toxicity study showed that doses compatible with anti-

inflammatory efficacy could be considered suitable for clinical use. As stated by Palazzi et al. 

[204], changes likely to impair the functional capacity of an organism or degenerative 

changes associated with inflammation and fibrosis can be considered adverse. For these 

evaluations, the concentration of peptide in the aerosol, the particle-size distribution in the 

aerosol, and the estimated achieved dose of the peptide inhaled by the mice were initially 

estimated. This allowed to calculate that doses of 5 and 20 mg/kg/day corresponded to 

actual concentrations in aerosol particles of 4.34 and 23.1 mg/kg/day, respectively. These 

data are important for evaluation of the actual number of molecules inhaled by the animals. 

The high incidence, nature and range of findings seen in mice treated with SET-M33 at 23.1 

mg/kg/day indicated irritation and foreign-body reaction and included a clear local 

inflammatory response, leading to the conclusion that effects were adverse at this exposure 

level. On the other hand, pathological effects on the respiratory system were practically 

absent in mice dosed with 4.34 mg/kg/day, which did not provoke any in-life effects. As 
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such, the effects were considered non-adverse. Consequently, the present results suggest a 

reference NOAEL for aerosol administration of 5 mg/kg as a starting point for future clinical 

studies. 

As an outcome of the Study 2, when tested in rats, even at highest dose used, SET-M33 did 

not have any neurological effects as assessed by Irwin tests of behavioural and physiological 

states, nor did it affect body temperature, locomotor activity or body weight. Likewise, SET-

M33 did not affect lung function in terms of respiratory rate, tidal volume and minute 

volume when compared with the vehicle-treated control and a baclofen-treated positive 

control. In prolonged treatment (4-week daily administration and 2-week recovery period) 

of rats, clinical signs during the recovery period and loss of body weight recorded in some 

animals showed that animals treated with the high dose (15 mg/kg/day) were unable to 

recover. Mean plasma concentrations quantified on day 28 were higher than on day 1 in both 

sexes, but especially in females. In any case, because no quantifiable concentrations were 

detected in the day 28 pre-dose and 24-hour post-dose samples, the increased drug exposure 

in females at day 28 is more likely related to a defect in drug elimination than to 

accumulation of SET-M33. 

Systemic exposure of dogs to SET-M33 generally appeared to have nonlinear (dose-

dependent) kinetics in the dose range 0.5 to 4.0 mg/kg/day on days 1 and 28 of the 4-week 

intravenous (infusion) study. Increasing the dose of SET-M33 above 0.5 mg/kg/day is likely 

to result in higher systemic exposure than would be predicted in the case of a linear 

relationship. However, the Cmax of SET-M33 in male dogs appeared to have linear (dose-

independent) kinetics. In addition, the data also provided evidence that there were no 

differences in systemic exposure of male and female dogs to SET-M33 at the 0.5 and 1.5 

mg/kg/day dose levels, but that at the highest dose (4.0 mg/kg/day), the systemic exposure 

of female dogs to SET-M33 was higher than that of males. Systemic exposure was higher 

after repeated intravenous administration (infusion) of SET-M33 than after a single dose 

and suggests that SET-M33 has time-dependent kinetics. 

 

Daily intravenous infusion of the peptide at ≥0.5 mg/kg/day in beagle dogs did not produce 

any observable effect on heart function, as demonstrated by ECG parameters (heart rate, 

PR, QRS, QT and QTc intervals) in males and females (data not reported here). 
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In both animal species, daily administration of SET-M33 at the highest doses used in our 

tests caused renal effects, such as tubule degeneration/regeneration, elevated blood 

concentrations of urea and creatinine, high glucose (only in rats), all suggesting a functional 

deficit and identifying the kidneys as a possible target for toxic effects. This confirms the bio-

distribution and excretion data obtained previously with radio-iodinate SET-M33 [174], 

which showed an evident uptake of the peptide by kidneys and bladder after intravenous 

administration of the peptide to mice. The bioanalytical evaluation of blood parameters and 

the histological analysis of the present study did not suggest any possible toxic effects on 

other organs in rats and dogs. 

Dogs remain the main non-rodent species used in preclinical drug development [205]. 

Determination of the NOAEL in these animals is an important part of non-clinical risk 

assessment [205-206]. The results obtained with SET-M33 in the 4-week toxicity study with 

4-week recovery period in dogs, especially regarding the adverse findings of renal tubule 

degeneration/regeneration and moderate to marked vascular thrombi at infusion sites at 

doses ≥1.5 mg/kg/day, indicate that the NOAEL is below this latter dosage, presumably 

around 0.5 mg/kg/day. This dose will be a useful starting point for an eventual Phase I 

clinical trial. 

Study 1 and Study 2 reported in this thesis were designed to comply with accepted 

pharmacological principles and the requirements of Europe, Japan and the USA [207-215]. 

The data reported in this thesis, added to that previously published for different animal 

models [174-177] complete the experimentation of the SET-M33 peptide. SET-M33 has now 

concluded all pre-clinical stages of development, including safety evaluations and 

toxicokinetic parameters, for administration by intravenous bolus or infusion and 

inhalation. 

Considering the certain degree of toxicity, reported for other similar peptides as well, a 

strategies aimed to reduce the toxic effects at the local level maintaining its efficacy need to 

be implemented. With this purpose, the idea of encapsulation of the peptide in 

biocompatible nanoparticles (NPs) came up. Indeed, a promising formulation approach is 

the encapsulation in a poly(lactide-co-glycolide) nanoparticles that can mask the charges of 

SET-M33, preserve its bioactive structure, reduce side effects, facilitate transport to bacteria 

and achieve a prolonged therapeutic effect.  
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As a local delivery route, pulmonary administration through nebulization systems is an ideal 

way to treat respiratory infections, inflammation and other pathological manifestations 

affecting the lungs. However, important determinants of the clinical outcomes of inhaled 

medicines are the concentration/persistency of the drug in the lungs, as well as its ability to 

overcome airway barriers. Optimized inhalable formulations should be able to deliver the 

drug intact to the lungs and to shield its interactions with the lung environment [139; 216]. 

Traditional antibiotic therapies often fail, not only due to recurrent bacterial resistance, but 

also because of the presence of sticky mucus associated with infections and inflammation 

[217]. This aspect is especially critical in CF, where the submucosal glands and distal airways 

are obstructed by thick tenacious secretions. Indeed, CF mucus may strongly limit the drug 

concentration reaching the target (i.e., bacterial cells in the case of antimicrobial therapy). 

The route to the target is even more complicated for inhaled antimicrobial agents due to the 

biofilm-like mode of growth of certain bacterial species, such as P. aeruginosa, involved in 

lung infections. 

The toxicity results and efficacy data already reported in this thesis and in previous articles 

[115; 169; 174; 176] showed a satisfactory therapeutic index, even with the narrow range of 

doses used. Likewise, preliminary experiments with free SET-M33 administered 

intratracheally by nebulization systems gave promising results in terms of efficacy and 

toxicity. However, its clinical application would be greatly improved by a decrease in toxicity. 

A possible way to decrease local toxicity, and consequently enlarge the dose range, is 

encapsulation of the peptide in biocompatible nanoparticles. The encapsulation systems 

with single-chain dextran nanoparticles has been previously tested [177]. Here, we 

developed PLGA nanoparticles with a PEG shell. By virtue of their biocompatibility and 

biodegradability, PLGAs are a promising class of materials for delivery of antimicrobial 

peptides to the lungs [166-167]. These biocompatible NPs can be administered to the lungs 

through nebulizers as aqueous dispersions or dry powder [166; 218]. In our study, two 

different formulations of PEGylated PLGA-based NPs containing SET-M33 were prepared, 

using PEG of two different molecular weights (2000 or 5000 Da). Since PEG 5000 showed 

better performance in a translational perspective, SET-M33-containing NPs conjugated 

with PEG 5000 were chosen for further characterization in terms of antibacterial efficacy 

and toxicity. 
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Testing of this well-characterized nanosystem showed three important effects for lung 

delivery: 1) NPs containing SET-M33 passed biological barriers (lung mucus and bacterial 

alginate) while maintaining the local activity of the peptide; 2) the active molecule was 

released from NPs over an extended period of time, producing a prolonged antibacterial 

effect after a single administration; 3) SET-M33 toxicity was much reduced, while the 

molecule remained active in terms of antibacterial effect. Practically, the peptide contained 

within NPs did not provoke any detectable side effects in cells or in vivo at peptide doses in 

NPs that caused manifest toxicity when used as a free molecule [219]. 

In conclusion of the Study 3, the combination of polymeric NPs with a strong new 

antibacterial agent, such as the peptide SET-M33, produced an ideal antibacterial 

nanosystem for the development of a novel antibacterial agent. This nanosystem is attractive 

for the treatment of lung pathologies, where traditional antibiotics are losing their activity 

due to multidrug-resistant bacteria.
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