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ABSTRACT 

 

 

The increasing frequency of multidrug-resistant (MDR) pathogens leads to an urgent need for 

the development of new antimicrobial drugs and new strategies for the treatment of infectious 

diseases. Antimicrobial peptides (AMPs) are described as a promising alternative to traditional 

antibiotics, powerful to address the increasing problem of antibiotic resistance and hold 

promise to be developed as novel antibiotics thanks to their antimicrobial, immunomodulatory 

and anti-inflammatory combined properties. However, despite their desirable characteristic, 

AMPs show limited pharmaceutical development due to their toxicity, instability, 

manufacturing costs and systemic administration. Researchers and industry have been 

seeking news AMPs of natural or synthetic origin with low toxicity and longer half-life 

necessary for drug development. SET-M33 peptide, optimized version of an artificial peptide 

sequence isolated from a random phage library, is a synthetic cationic peptide obtained in 

tetra-branched form for making it more resistant to degradation in biological fluids and more 

suitable for clinical applications than its linear analogue. SET-M33 shows broadly high 

antimicrobial activity, both in vitro and in vivo, against Gram-negative bacteria, anti-

inflammatory activity through selective LPS neutralization, low hemolytic activity, lack of 

immunogenicity and ability to eradicate biofilms.  

In this thesis are reported strategies focused to improve the biopharmaceutical development 

and manufacturing procedures of the peptide SET-M33. 

First, the secondary structure of the peptide was investigated by NMR to fully characterize 

the product in the framework of preclinical studies. The formation of helixes or β-sheets in 

the structure had to be explored to predict the behavior of the branched peptide in solution, 

with a view to designing a formulation for parenteral administration.  

Salt formation is important in biopharmaceutical drug development as it modulates drug 

solubility, stability and bioavailability. Since the final formulation of SET-M33 had to be 

strictly defined in terms of counter-ions, a novel salt form, SET-M33 chloride was synthetized 

and characterized. SET-M33 chloride retains its activity against Gram-negative bacteria and 

gains in solubility, with a possible improvement in the pharmacokinetic profile. The 

opportunity of using a chloride counter-ion is very convenient from a process development 

point of view and did not increase the toxicity of the antimicrobial drug.  

In addition, to identify back-up molecules, a panel of modified versions of SET-M33 was tested 

in order to produce new molecules with better performance in terms of pharmaceutical profile 

and manufacturing costs. Amongst them, the opportunity of using SET-M33D-L-Ile and SET-

M33D-Leu/Ile will allow to decrease the costs in the synthesis process and SET-M33-Gly/Ala, 

to eliminate the degradation site for bacterial proteases, without altering the strong 

antimicrobial activity of the original peptide.
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Antimicrobial resistance 

Antimicrobial resistance is currently evaluated one of the main threats to global public health by 

the World Health Organization (WHO) [1], particularly for the global spread of multidrug-resistant 

(MDR) bacterial pathogens causing increases in nosocomial infections and in hospital mortality [2-

5]. The resistance is the ability of bacteria to grow in the presence of high concentrations of an 

antibiotic and it is caused by reduced permeability of the membrane or by increased efflux that 

block the access of antibiotic to its targets, by inherited mutations and post-translational 

modifications of antibiotic targets and also by enzyme-catalized modification/degradation of the 

antibiotic molecule itself [6-7]. According to the Infectious Diseases Society of America (IDSA), the 

most worrying MDR bacterial pathogens are Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., 

known as the “ESKAPE” pathogens [8]. Some other opportunistic pathogens, like Escherichia coli, 

Enterococcus faecalis, and Burkholderia cepacia can also become MDR strains and are able to cause 

severe infections. The failure of the most traditional antibiotics for killing bacteria leads to an urgent 

need to develop new antimicrobial drugs and new strategies for the treatment of infectious diseases 

[9-10]; the increasing antibiotic resistance, due to the inability and the shortage of new antibiotics, 

suggests that we are heading for a “post-antibiotics era”, where the previously effective therapeutic 

strategies are no longer relevant [11]. Moreover, the number of new antibiotics approved by the U.S. 

Food and Drug Administration (FDA) has steadily declined every year since 1980 and the major part 

of therapeutics in clinical development are modified derivatives of already existing antibiotics, which 

improve the activity and reduce the toxicity of the respective parent molecules [12-13]. 

Unfortunately, this procedure has led to the same undesired result namely bacterial resistance has 

developed also against these modified classes, either by alterations of the same resistance 

mechanisms observed with the original compounds or horizontal acquisition of new resistance 

genes [14]. Therefore, the need for novel and effective alternatives is essential [15-18]. 

 

Antimicrobial peptides 

Since their isolation and characterization in the late 1980, antimicrobial peptides (AMPs) have been 

evaluated one of the most important solutions to overcome the crisis of antimicrobial resistance 

[19-25]. AMPs are described as a promising alternative to traditional antibiotics, powerful to address 

the increasing problem of antibiotic resistance and hold promise to be developed as novel antibiotics 

[16]. Moreover, these precious molecules can act on multiple-fronts; indeed, in addition to their 

antimicrobial properties, they have been shown to possess immunomodulatory functions, to have 

anti-inflammatory properties, to demonstrate anti-cancer activity and to inhibit and eradicate 

biofilms [27-31]. Therefore, this ability to address different perspectives makes the AMPs very 

attractive [16, 18] and has led to them being referred to as host defense peptides (HDPs) [16, 32-

34].  
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Properties of antimicrobial peptides 

Antimicrobial peptides (AMPs) are produced naturally by all organisms ranging from bacteria to 

plants, vertebrates and invertebrates or they also can be designed and chemically synthetized in 

the laboratory. They can kill bacteria directly, by either targeting a wide spectrum of bacteria, or by 

being selective for Gram-positive and Gram-negative bacteria. Moreover, these peptides are also 

active against pathogenic species like viruses, fungi and parasites [16, 35-37]. Antimicrobial 

peptides are composed by a short amino acid sequence (between 12-50 aa) carrying a substantial 

portion of hydrophobic residues (50% or more), and most AMPs have a net positive charge, although 

a few anionic peptides are known [38]. The major part of antimicrobial peptides is amphipathic and 

this characteristic leads to their ability to fold in different conformations often induced by selective 

interaction with the bacterial membrane [39]. The cationic nature is ascribed to the presence of 

lysine and arginine (and sometimes histidine) residues while the hydrophobicity to the percent of 

hydrophobic residues like valine, leucine, isoleucine, alanine, methionine, phenylalanine, tyrosine 

and tryptophan in the peptide sequence. The amphipathicity can be thought of as the balance 

between the cationic and hydrophobic residues, not just at the sequence level but also in terms of 

the 2D or 3D structure of the AMPs [40]. 

To date, an analysis in the Antimicrobial Peptide Database (APD) has revealed that the peptide 

average length is 33 amino acids and more than 90% of these peptides have no more than 50 amino 

acids. Moreover, APD has showed that the mean peptide net charge is +3, the average hydrophobic 

content is 54% and about 45% of the peptides do not have cysteine [41]. Finally, the APD has 

revealed that these peptides all have different structures and sequence motifs and show the ability 

to kill a range of pathogens [42-43]. The structure, the sequence and the amphipathicity of the 

antimicrobial peptides all play a key role to determine the peptide’s activity. Therefore, it is 

important to take these properties into account. 
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Structural features of antimicrobial peptides 

The AMPs, both natural and synthetic, are divided into four major classes based on their structure: 

α-helical, β-sheet, not α or β extended and mixed structures peptides [44]. The structural 

representation of these classes is reported in Figure 1. The shared ability amongst cationic AMPs 

to fold into respective amphipathic or amphiphilic conformations is often induced by interaction 

with the membranes or membrane mimics. 

 

 

Figure 1. Structural classes of antimicrobial peptides; (A) α-helical, human cathelicidin LL-37 [48]; (B) β-
sheet, Polyphemusin I [52]; (C) extended, indolicidin [54]; (D) mixed structure, human β-defensin-2[57]. 
Disulfide bonds are indicated in yellow. 

 

α-Helical peptides 

The α-Helical peptides are characterized by their α-helical conformation and predominantly found 

in the matrix of frogs and insects. The major part of these peptides are unstructured in aqueous 

solution but become structured upon contact with detergents/surfactants above critical micellar 

concentration like sodium dodecyl sulfate (SDS), micelles and liposomes [45]. These peptides have 

an efficient solubility into the microbial membrane due to the two opposite different faces of their 

helix containing hydrophobic and polar residues, respectively [46]. Generally, peptides belonging to 

this class do not have cysteine residues; thus, they are unable to form disulfide bridges [47]. An 

extensively studied human AMP in this class is cathelicidin LL37 (Figure 1A) that plays an important 

role in immunomodulatory and inflammation responses [48-49]; this class also includes the α-

helical magainins which show antimicrobial activity against Gram-negative and Gram-positive 

bacteria, fungi, yeast and viruses [50]. 

 

β-Sheet peptides 

The β-sheet peptides are characterized by the presence of an antiparallel β-sheet, generally 

stabilized by conserved disulfide bonds. β sheet AMPs are more structured in solution and do not 
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undergo major conformational changes when going from an aqueous environment to a membrane 

environment [51]. This class includes polyphemusin, tachyplesins, defensins and protegrins. The 

polyphemusin I peptide, isolated from hemocytes of horseshoe crabs, shows an amphipathic 

antiparallel β-hairpin structure connected by a type I-β-turn stabilized by two disulfide bonds 

(Figure 1B) [52]; this peptide shows antimicrobial activity against Gram-negative and Gram-positive 

species and fungi [53]. Interestingly, this disulfide-constrained, β-sheet structure of polyphemusin 

I is required for maximal antimicrobial activity [52]. 

 

Extended peptides 

The extended peptides are characterized by the lack of classical secondary structures, generally due 

to their high contents of proline and/or glycine. Therefore, these peptides form their final structures 

by hydrogen bond and Van der Waals interaction with membrane lipids. This class includes the 

tryptophan rich indolicidin, a member of the cathelicidins, isolated from bovine neutrophils (Figure 

1C) [54]; this peptide exhibits membrane permeabilization effects and antimicrobial activity against 

Gram-negative and Gram-positive bacteria, fungi, HIV-1 virus and protozoa [55-56]. 

 

Mixed peptides 

The mixed peptides are characterized by the presence of several structural elements. A good 

example of this class is the human β-defensin 2, isolated from leukocytes and epithelial cells [57]; 

this peptide is rich of cysteine and arginine residues and it is composed by three-stranded β-sheets 

stabilized by three disulfide bonds and an α-helical region (Figure 1D). The human β-defensin 2 has 

strong antimicrobial and immunomodulatory functions and also it has further effects on healing 

and protection of the intestinal epithelial barrier [58]. 

The α-helical and the β-sheet classes are the most common in nature. 

The sequence and the conformation of the peptide affect peptide’s activity. 
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Mechanism of antimicrobial peptide activity 

It was originally thought that the only mechanism of antimicrobial peptide action was membrane 

targeting but now other modes of action have been discovered [59]; the mechanism of action of these 

peptides can be thereby classified into direct killing and immune modulation (Figure 2).  

 

Figure 2. Mechanisms of antimicrobial peptide action [40]. 

 

Direct killing action 

The direct killing is principally characterized by the specific interactions of the cationic peptide 

character with the model membrane systems, figure 2A; therefore, the design of membrane, then 

the different lipid bilayer composition, in eukaryotic and prokaryotic ones, has a key role to define 

the activity of antimicrobial peptides. The outer monolayer (leaflet) of the lipid bilayer in bacterial 

membranes is mainly composed by lipids with negatively charged head groups, as phospholipid 

sphosphatidylglycerol and cardiolipin [60]; in mammalian membranes most of these anionic lipids 

are in the inner leaflet facing the cytoplasm whereas their outer leaflet is made up of zwitterionic 

phospholipids like phosphatidylcholine, sphingomyelin and other neutral components as 

cholesterol [61]. Therefore, the positively charged AMPs have a strong electrostatic interaction with 

the negatively charged phospholipids on the outer leaflet of the bacterial membrane (Figure 3). 

Moreover, some AMPs are even sensitive to other lipid properties, not just the charge but also the 

shape depending on the relative size of the head group and hydrophobic tails [62-63]; the different 

shapes of lipids can display several membrane curvature properties [64]. Therefore, for the initial 

interaction, in addition to the membrane charge properties, it is also important the membrane 

curvature [62,65-66].  

A3 

A1 

A2 

A4 

A B 
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Figure 3. Initial interaction of cationic AMPs with the mammalian or bacterial membrane [40]. 

 

The next section will be focused in particular on the interaction of the antimicrobial peptides with 

the Gram-negative bacterial membrane. 

 

Mechanism of action: interaction of AMPs with bacterial membrane 

The initial electrostatic attraction of AMPs, primarily unfolded, with the bacterial membranes is 

allowed by the interaction of the peptide positive charge with negative charge of lipopolysaccharide 

(LPS) or lipoteichoic acid (LTA), which are on the outer surface of Gram-negative and Gram-positive 

bacteria, respectively [67-68]. This interaction leads to membrane perturbation due to the higher 

affinity of peptides with LPS (in the case of Gram-negative bacteria) than those by the native divalent 

cations like Mg2+ and Ca2+ [69]; this propensity disrupts the stabilizing effect of the divalent cations 

and perturbs the normal barrier properties of the outer membrane [70]. The formation of 

destabilized areas allows the peptides to translocate into the outer membrane in a process termed 

self-promoted uptake [71]. The peptides then associate with the monolayer of the cytoplasmic 

membrane after reaching a certain concentration [72-73]. At this stage different models have been 

proposed to describe the mechanism of action of AMPs; these models can be divided in two classes 

as transmembrane pore and non-pore mechanistic models depending on whether the orientation of 

peptides leads to a perturbation of the cytoplasmic membrane’s integrity or peptide translocation 

in the cytoplasm. All models lead to the lipid bilayer disruption (Fig. 2, A2). 

The transmembrane pore models can be further divided into the barrel stave and toroidal pore 

models.   
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Barrel-stave pore model 

In the barrel-stave model the AMPs are initially oriented parallel to the membrane but eventually 

they are inserted perpendicularly in the lipid bilayer like the staves in a barrel (Figure 4a) [74]; this 

orientation promotes lateral peptide-peptide interactions, similar to that of membrane protein ion 

channels, in which the hydrophobic regions interact with the membrane lipids and hydrophilic 

residues form the lumen of the pore. The arrangement of the lipid bilayer is conserved. In this pore 

formation mechanism is then necessary the peptide amphipathic structure (α helix and/or β sheet) 

[75-76].  

 

Toroidal pore model 

In the toroidal pore model the AMPs, also perpendicularly inserted in the lipid bilayer, induce a 

local curvature of the lipid bilayer which lead to the pores partly formed by peptides and partly by 

the phospholipids head group (Figure 4b). Unlike the barrel stave, this model is not characterized 

by specific peptide-peptide interactions instead by the formation of lipid-peptide supramolecule 

termed “toroidal pore” that disrupts the arrangement of lipid bilayer [77]. This formation provides 

alternate surfaces for the lipid tail and the lipid head group to interact with. 

Both pore forming models cause the membrane depolarization and eventually cell death. As the 

pores are transient upon disintegration, some peptides translocate to the inner cytoplasmic leaflet 

entering the cytoplasm and potentially targeting intracellular components [78]. 

The transmembrane non-pore models are instead divided in carpet and micellar aggregate models; 

in these mechanisms antimicrobial peptides do not insert in the lipid bilayer to form 

transmembrane channels/pore or specific peptide structures.  

 

Carpet model 

In the carpet model AMPs are oriented parallel to the lipid bilayer and after reaching a threshold 

concentration they cover the surface of the membrane, thus, forming a “carpet” (Figure 4c); this 

tendency causes local perturbation in membrane stability, formation of large cracks, disruption of 

the membrane potential and, ultimately, disintegration of the membrane [51,67-68, 79]. 
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Micellar aggregate  

In the micellar aggregate model, the antimicrobial peptides reorient and associate in an informal 

membrane-spanning micellar or aggregate-like arrangement leading to a final collapse of the 

membrane bilayer structure (Figure 4d) [69,80]. 

In some cases, there are not distinctions amongst the described mechanisms; for example, it has 

been suggested that the carpet mechanism is a prerequisite step for the micellar aggregate and 

toroidal pore models [51]. 

 

Figure 4. Proposed mechanisms of action for AMPs in bacteria [40]. 

 

Moreover, the action of AMPs on the disruption of the target membrane can also be mediated by 

receptor interactions; this pathway includes AMPs produced by bacteria that are active in vitro in 

the nanomolar range, like nisin peptide [81]. The nisin peptide is composed by two domains, the 

first has high affinity to a membrane anchored cell wall precursor, known as lipid II molecule and 

the second one, membrane embedded, forms the pores (Fig. 2, A3). 

Although the bacterial membrane is the main AMP target, intracellular targets that lead to the block 

critical cellular processes like inhibition of protein/nucleic acid synthesis and disruption of 

enzymatic/protein activity (Fig. 2, A1, A4) have been reported [75]. Therefore, in this case, AMPs do 

not cause membrane permeability but still cause bacterial death.  
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Immune modulation and inflammatory actions 

In addition to the direct killing action, AMPs can also have an important role in the immune 

modulation. In an infection, it is important to produce an immune response to attract other immune 

cells and control inflammation. It has been shown that most AMPs interact with components of 

innate immune system, like macrophages and neutrophils. They recruit and activate immune cell 

resulting in enhanced pathogen killing and/or controlled inflammation (Fig. 2, B) [82-84]. 

Antimicrobial peptides can lead to a variety of immune responses as activation, attraction and 

differentiation of white blood cells. Moreover, they can also produce stimulation of angiogenesis, 

reduce the inflammation lowering the expression of pro-inflammatory cytokines, control the 

expression of chemokines and reactive oxygen/nitrogen species [33, 82, 83, 85-86]. For example, 

human chatelicidin LL37 and human β defensins activate the toll-like receptor signal in the innate 

immune system [87-88] and synthetic versions of natural AMPs, known as innate defense regulators 

(IDR), suppress pro-inflammatory cytokines in mice infection models [89-90]. 

There is also evidence that AMPs are involved in modulation of adaptive immune system, inducing 

the recruitment of T cells [89]. 

Furthermore, AMPs have an important role in the promotion of wound healing. These peptides act 

directly on epithelial and endothelial cells which lead to the process of re-growth of epithelial layers 

and the formation of new blood resulting re-epithelialization and angiogenesis [91]. 

Finally, the AMPs are involved in the modulation of pyroptosis, a type of cellular death that is 

induced by pathogen- and damage-associated molecules, due to the binding of peptides with LPS 

[92]. 

Interestingly, all studies of AMPs point out their ability to act with independent or co-operative 

“multi-hit” mechanism, making them ideal candidates for further development [93]. 
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Challenges of antimicrobial peptides for therapeutic 

application 

Antimicrobial peptides are promising candidates as new therapeutic agents to face infections and 

antimicrobial resistance thanks to their antimicrobial, immunomodulatory and anti-inflammatory 

combined properties; none of the antibiotics used in clinical trials has these characteristics [94].  

Although many eukaryotic AMPs have been discovered and characterized, only a few have been 

approved by US Food and Drug Administration for clinical use [41]. The principal drawbacks of 

AMPs in clinical applications are due to systemic toxicity, low stability and systemic administration 

[36, 73, 95]. Natural antimicrobial peptides show a certain degree of toxicity for eukaryotic cells due 

to their low selectivity that leads to a high degree of hemolysis. The low stability is due to 

susceptibility of these peptides to protease degradation by enzymes in the digestive tract, as trypsin 

and pepsin, if peptides are administered orally. Finally, the systemic administration of these 

peptides, e.g. by intravenous injection, results in short half lives in vivo due to the rapid renal or 

hepatic clearances, also quick protease degradation and cytotoxic profiles in blood [24]. Therefore, 

antimicrobial peptides are usually administered like dermal creams and emollients at the wound 

bed or like nasal spray for mucosal application [11]. To overcome these issues and to improve the 

efficacy of AMPs different strategies have been examined; these refer chemical modification of AMPs 

[96] and the use of delivery vehicles [97].  

 

Chemical modification of AMPs 

Several chemical modifications of AMPs, allowed by solid phase synthesis, have been used to 

improve the performance of these peptides. The most important include: 

 incorporation of D and non-natural amino acids (1) 

 peptide cyclization (2) 

 acetylation of the N-terminus and polymer conjugation (3) 

 peptidomimetics (4) 

 Multiple Antigen Peptide forms (MAPs) (5) 

 different salt formulations (6) 

 

(1) The incorporation of D amino acids in the sequence of peptides improves their stability 

against proteolytic enzymes, as the latter are stereospecific, because these enzymes do not 

recognize the cutting site in the peptide sequence due to these incorporations. Although this 

strategy improves the stability and retains the antimicrobial activity of peptides, the 

synthesis containing D-amino acids is very costly [98]. Thus, alternative strategies have to 
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be find for reducing the economic impact. The substitution of positively-charged arginine 

with other non-natural amino acids like L-ornithine and L-homoarginine also increases the 

proteolysis stability of AMPs [99]. 

 

(2) The peptide cyclization, joining the backbone N- and C-termini or by disulfide bridges, is a 

common strategy to increase the serum stability of AMPs preventing protease degradation 

[100].  

 

(3) The acetylation of the N-terminus leads to the block of the aminopeptidase activity 

increasing the proteolytic stability of peptides; however, in most cases this results in the 

decrease of the antimicrobial activity due to the removal of a positive charge [101-102]. 

Another common strategy to improve pharmaceutical properties of AMPs is the PEGylation, 

a process by which polyethylene glycol (PEG) chain is covalently or not covalently bound to 

the peptides. The advantages of this strategy are provided water solubility, reduced non-

specific uptake in tissue, reduced cell toxicity, increased blood half-life and reduced 

proteolytic degradation [103-104]. However, the site and the nature of the conjugation 

chemistry affect the antimicrobial activity of the resulting peptide [105].  

 

(4) Peptidomimetics are peptide-like polymers composed by a backbone altered when compared 

to a peptide [106-108]. The use of peptidomimetics allow to conserve the 2D and 3D spatial 

arrangement of the side chains modifying the backbone to prevent proteolysis maintaining 

the antimicrobial activity; some example are peptoids, ceragenins, oligocyllysines and β-

peptides [107-108]. 

 

(5) A promising strategy is the synthesis of peptides in branched form, known as multiple 

antigen peptides (MAPs). These peptides are characterized by peptidyl core of branched 

lysine amino acids in which peptide sequences can be added using solid phase synthesis 

(Figure 5). Bracci et al. demonstrated that the MAPs make peptides more resistant to 

degradation in biological fluid and more efficient, due to the increase of the positive charges 

ascribed to lysine residues and to their ability to have polyvalent interactions, compared to 

the respective linear forms [109]. 

 

(6)  The salt formulations, defined in terms of counter-ions and additives, are important in 

developing a medicinal product. Various salt formulations, e.g. trifluoroacetate, acetate, 

sulfate, chloride, differently affect the solubility, the antimicrobial activity, the toxicity and 

the treatment of the resulting peptides. Therefore, it is strictly important to find the better 

salt formulation of the peptide in terms of pharmacological profile. 
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Figure 5. Structure of tetra-branched Multiple Antigen Peptide (MAP). 

 

Delivery systems for AMPs 

Delivery systems are another strategy to improve the properties of AMPs; in particular, they can 

improve the stability, toxicity, half-life and release profile of antimicrobial peptides. The delivery 

systems include inorganic and polymer materials, from surfactant/lipid self-assembly to peptide 

self-assembly system [97,103]. AMPs can be covalently bind to the delivery system or non-covalently 

encapsulated by them. Amongst inorganic materials there are mesoporous silica particles [110], 

titanium [111], metal Au and Ag nanoparticles [112-113], quantum dots [114], graphene [115] and 

carbon nanotubes [116]. Polymeric materials include polymer particles and fibers, polymer gels, 

polymer multilayers and polymer conjugates [97]. To date, poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles aroused lot of interest; in particular, d’Angelo et al. investigated colistin-loaded-PLGA 

particles coated with chitosan or poly(vinyl alcohol) for their ability to improve the transport 

(artificial) efficiency through cystic fibrosis mucus [117]. It was found that these particles coated 

with chitosan were active against Pseudomonas aeruginosa biolfilms and exhibited prolonged 

efficacy in the biofilm eradication compared to the free colistin. These results can be ascribed to 

nanoparticle penetration into bacterial biofilm, as well as, sustained colistin release within the 

biofilms. 
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Antimicrobial peptides for therapeutic application 

It is not surprising that the FDA-approved antimicrobial peptides are composed by different 

noncanonical amino acids and show chemical modifications or cyclic structures to optimize their 

pharmacological properties. They are colistin, gramicidin, daptomicin, vancomycin and 

vancomycin’s derivatives oritavancin, dalbavancin and telavancin (Figure 6) [41]. 

 

 

Figure 6. Chemical structures of seven FDA-approved AMPs [41]. 

 

Of these, only cyclic lipopeptides polymyxin B and colistin, also known as polymixin E, are included 

in the category of small cationic amphipathic peptides; colistin is a cyclic lipopeptide composed of 

10 amino acids (KTKKKLLKKT) and one fatty acid (6-methyl octanoic acid) that was FDA approved 

in 1962; it is commercially available as the product Coly-Mycins (colistin sulfate). Colistin is used 

in the treatment of acute infections due to P. aeruginosa and other several Gram-negative bacteria 

for their antimicrobial activity against various Gram-negative pathogens [118]. In particular, this 

peptide shows a transmembrane pore mechanism, thus, it forms pore-like aggregates in the 

bacterial cell membrane and disrupts the membrane resulting in lytic cell death [119-120]. 

Gramicidin is a small hydrophobic linear peptide composed of 10 amino acids and FDA approved 

in 1955 as a constituent in Neosporin®, a triple antibiotic ointment used for treating bacterial 

conjunctivitis [121]; gramicidin is a pore-forming peptide that forms ion channels as a 

transmembrane dimer. Daptomycin is a small amphipathic cyclic lipopeptide, composed of 13 

residues, that shows neutral net charge. Daptomycin and its derivative Cubicin were FDA approved 

in 2003 to treat or prevent infectious diseases [122-123]. Cubicin and its new formulation Cubicin 
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RF are antibiotics used for the treatment of complicated skin structure infections (cSSSI) and S. 

aureus bloodstream infections. Daptomycin is a membrane lytic peptide that forms co-clusters with 

anionic lipids and lyses the membrane. Vancomycin and its derivatives telavancin, oritavancin and 

dalbavancin are small lipoglycopeptides, which are FDA approved in 1983, 2009, 2014 and 2014, 

respectively. The derivative lipoglycopeptides are more efficient and bactericidal compared to their 

prototype vancomycin, indeed, they are also active against vancomycin-resistant bacteria. The 

therapeutic products Orbactiv® (oritavancin), Dalvance™ (dalbavancin) and Vibativ® (telavancin) 

are used for treating Gram-positive bacterial infections and in particular for injection against cSSSI 

caused by S. aureus. These peptides inhibit the bacterial cell wall formation and oritavancin and 

telavancin also disrupt bacterial cell membranes and affect membrane permeability [124-127].  

The FDA-approved AMPs were discovered in or derived from Gram-positive bacteria commonly 

found in the soil; they, except gramicidin, are characterized by longer elimination half-life (ranging 

from hours to days) and better pharmakocinetics than other AMPs [100, 128-131]. 

However, these peptides show some issues as few of them have been administered as oral solutions 

or tablets due to their poor penetration of the intestinal mucosa [132] and the major part of them 

(except colistin) are used against Gram-positive bacterial infections. Therefore, AMPs for treating 

infection caused by Gram-negative pathogens are strictly needed. Vancomycin can cause kidney 

damage in high doses and in some patients, telavancin can induce acute kidney injury and 

oritavancin and dalbavancin show some side effects that have to be study deeper [133-137]. 

Moreover, the clinical use of colistin is mainly limited by nephrotoxicity and neurotoxicity and its 

heavy use leads to colistin-resistant bacteria, making it problematic for regular use [118,138-139]. 

Many peptides have been currently studied in clinical phase and many are in pre-clinical 

development; among the first ones there are the indolicidin derivative termed Omiganan, the 

magainin analoge termed Pexiganan and the proteigrin analog termed Iseganan. They are used for 

treat severe acne, rosacea, atopic dermatitis (Omiganan), for treat diabetic foot ulcers infections 

(Pexiganan) and for the treatment of inflammation and ulceration of digestive system mucous 

membrane (Iseganan) [24, 83, 140-141]. Instead among the peptides under pre-clinical development 

there are Novarifyn® [142], PXL150 [143], MU1140 (Mutacin) [144] and SET-M33 [145]. 

In conclusion, it is right to say finding antimicrobial peptides used in human medicines, which 

show a good stability, a low toxicity and low unexpected side effects, is an arduous challenge. The 

general goal to face this challenge is to perform the synthesis of a handful of peptide sequences, 

and then, find the peptide that display a good stability, a broad spectrum antimicrobial activity 

toward antibiotic resistant pathogens and especially a low toxicity amongst them. 
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SET-M33 peptide 

 

Structure and synthesis 

The SET-M33 peptide [146], obtained by the optimization of a phage library, is identified as a 

possible candidate for the development of a new antibacterial drug [147]. SET-M33 is a cationic 

synthetic peptide obtained in a branched form (MAP) in which four copies of the same peptide 

sequence (KKIRVRLSA), containing all amino-acids in L isomeric version, are linked by a three lysine 

core (Figure 7) [148]. This tetra-branched form makes the peptide more resistant to proteases, thus 

improving its half-life, and more suitable for clinical applications than its linear analogues [149]. 

 

 

 

Figure 7. Structure of the tetra-branched SET-M33 peptide. 

 

The peptide is obtained by solid phase synthesis, carried out by an automated Syro multiple peptide 

synthesizer, using standard 9-fluorenylmethyloxycarbonyl (Fmoc) strategy [150]. The amino acid 

sequences are build up stepwise on a solid support resin by successive cycles of Fmoc deprotection, 

with Piperidine 20%/dimethylformamide (DMF), and coupling of the following amino acid by the 

activation of the respective carboxylic group with O-(benzotriazol- 1-yl)-N,N,N,N-

tetramethyluronium hexafluorophosphate (HBTU)/1,3-isopropylethylamine (DIPEA). 

SET-M33, as almost all synthetic peptides, is obtained as trifluoroacetate salt (SET-M33 TFA), due 

to the cleavage and purification conditions that requires trifluoroacetic acid. Preliminary studies, 

on the efficacy and toxicity of SET-M33 revealed that the acetate form of the peptide  

(SET-M33 acetate) was less toxic to human cells and animals than SET-M33 TFA [151]. 

Thus, SET-M33 peptide is traditionally converted to the acetate form at the end of synthesis.  
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In vitro antimicrobial activity 

The peptide showed strong antimicrobial activity against various multi-resistant Gram-negative 

bacteria, including clinical isolates of Pseudomonas aeruginosa, Klebsiella pneumoniae, 

Acinetobacter baumannii and some enterobacteriaceae; in particular, SET-M33 showed a minimum 

inhibitory concentration (MIC)90 below 1.5 µM and 3 µM for P. aeruginosa and K. pneumoniae, 

respectively [145]. The peptide was also active against P. aeruginosa strains of clinical isolates from 

cystic fibrosis (CF) patients, which are resistant to currently available antibiotics (Figure 8) [145-

146, 151]. Moreover, the peptide showed strong antimicrobial activity against other Gram-negative 

clinical isolates, including MDR strains of Escherichia coli [152]. 

 

 

 

Figure 8. Comparison of MIC values between SET-M33 and colistin against several clinical isolates; legend: 
FQr, resistant to fluoroquinolones; AGr, resistant to aminoglycosides (gentamicin, amikacin, and/or 
tobramycin); ESCr, resistant to expanded-spectrum cephalosporins; NEMr, resistance to carbapenems 
(imipenem and/or meropenem), ETPr resistance to ertapenem; ESBL, extended spectrum β-lactamase; MBL, 
metallo-β-lactamase; OXA, oxacillinase; MR methicillin-resistant; PENr resistance to penicillin; VANi, 

vancomycin-intermediate [145-146, 151]. 
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SET-M33 showed also a high anti-biofilm activity against E. coli ATCC 25922, P. aeruginosa ATCC 

27853 Gram negative strains and a less activity against S. aureus ATCC 25923 Gram-positive 

strain (Table 1) [152]. 

 

 

Table 1. Anti-biofilm activity of SET-M33 against several bacterial strains [152]. 

 

Structural analysis and mechanism of action 

Preliminary studies in order to provide information on the structure and the peptide’s mechanism 

of action were carried out. Structural two-dimensional NMR studies of free SET-M33 revealed that 

the peptide explored a large conformational space, assuming a random coil structure. In addition 

of sodium dodecyl sulfate (SDS) micelles, used for mimic a membrane environment, NMR analysis 

was precluded due to the formation of SET-M33-SDS aggregates, promoted by the multimericity of 

the peptide [153]. An analogue peptide, Q-33, in linear form, was synthetized in order to generate a 

model of the peptide that could be studied in the presence of SDS. Q-33 did not show any stable 

conformation in water but with the addition of SDS micelles the electrostatic interaction of its 

positively charged amino acid residues with the negatively charged sulfate groups of the SDS 

micelles led to the formation of an amphipathic α-helix conformation. The resulting structure 

showed the cationic side chains (K and R) arranged parallel to the sulfate groups while the 

hydrophobic sidechains (I and L) inserted into the micelles [153]. The amphipathic helix structure 

caused the loss of the membrane functionality leading to the disruption of the bacterial membrane 

as showed by scanning electron microscopy micrographs (Figure 9) [153]. Circular dichroism (CD) 

spectra of SET-M33 and Q-33 showed a transition from a non-structured conformation in water to 

a stable α-helix formation in the presence of SDS micelles, in according with the NMR experiments 

on the linear analogue [153]. 
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Figure 9. Scanning electron micrographs (SEM) of K. pneumoniae ATCC 13833 and P. aeruginosa PAO-1. 

SEM micrographs of A) untreated K. pneumoniae; B) K. pneumoniae after 30 min incubation with SET-M33 

at MIC; C) K. pneumoniae after 60 min incubation with SET-M33 at MIC; D) untreated P. aeruginosa; E) P. 

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

SET-M33 at MIC. Scale bar 2 µm [153]. 

 

Therefore, based on these results, the mechanism of antimicrobial action of SET-M33 peptide could 

be divided in two steps: the first comprised the high affinity binding of the peptide positive charged 

K and R with negatively charged phosphate groups of LPS or LTA, which are on the outer surface 

of Gram-negative and Gram-positive bacteria [67-68] respectively, and the second one comprised 

the disruption of the bacterial membranes as a result of the amphipathic helix formation (Figure 

10). 

 

 

Figure 10. Mechanism of antimicrobial action of SET-M33 peptide against Gram-negative bacteria, based 
on NMR and CD results [153]. 
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In vivo antimicrobial activity and toxicity 

The antimicrobial activity of SET-M33 peptide was also demonstrated in vivo in models of sepsis, 

pneumoniae and skin infections [145]; in the sepsis and pneumoniae models neutropenic mice were 

injected intra-peritoneally (i.p.) or intra-tracheally (i.t.), respectively, with a lethal amount of P. 

aeruginosa PAO-1. Mice were then treated twice intravenously (i.v.) with SET-M33 at doses 

compatible for clinical use. In both models the therapeutic activity was demonstrated obtaining 

60% survival (sepsis) and 40% (pneumoniae) after treatment with the peptide (Figures 11-12). 

 

Figure 11. In vivo antibacterial activity of SET-M33 peptide in sepsis animal model [145]. 
10 BALB/c neutropenic mice/group were injected i.p. with a lethal amount of P. aeruginosa PAO1 and then 
treated twice i.v. with SET-M33 (5 mg/Kg), 24 and 72 hours post-infection. Percentage survival (y-axis) is 
plotted as a function of time (x-axis); p<0.02. 

 

 

Figure 12. In vivo antibacterial activity of SET-M33 peptide in pneumoniae model [145]. 
BALB/c neutropenic mice were injected i.t. with a lethal amount of P. aeruginosa PAO-1 and then treated 
twice i.v. with SET-M33 (5 mg/Kg) 1 and 16 hours post-infection. Percentage survival (y-axis) is plotted as 
a function of time (x-axis); p<0.05.  
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In the model of skin infection neutropenic mice were infected on abraded skin with P. aeruginosa 

P1242, an engineered strain expressing the luciferase gene and its substrate. The treatment with 

the peptide caused a significant reduction of the luciferase expression that was especially evident 2 

days after the challenge [Figure 13]. 

 

Figure 13. In vivo antibacterial activity of SET-M33 peptide in skin infection. [145]  
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). Example of 
images of five animals at day 2. Total photon emission from defined areas of the images of each mouse was 
quantified with the Living Image software package. 

 

Moreover, in vivo experiments were also carried out in order to evaluated the acute toxicity of the 

peptide compared with that of colistin, current antibiotic used in clinical practice; briefly, animals 

were injected with different amounts of SET-M33 and colistin, in single dose, at different ranges  

(5-40 mg/Kg). No signs of toxicity were observed up to 20 mg/Kg of SET-M33, while 100% mortality 

was induced by colistin at the same concentration (Figure 14) [145].  

 

Figure 14. Acute in vivo toxicity of SET-M33L and colistin at 20 mg/Kg and given in a single dose [145]. 
Ten mice/group (each circle represents one mouse) were inoculated i.v. with SET-M33 or colistin and were 
monitored for 96 hours. Different scales of grey indicate severity of signs as described in the legend.  
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Unlike colistin, which was 500 times more prone to select resistant mutants [154], SET-M33 showed 

a lower propensity for bacterial resistance selection after 24h of continuous exposure in extensively 

resistant isolates of P. aeruginosa and K. pneumoniae. Therefore, the use of SET-M33 in the clinical 

application may have advantages over the use of colistin [153]. 

Moreover, the toxicity of SET-M33 peptide was in vitro tested against different human cellular lines 

as human bronchial epithelial cells (16HBE14o-) from healthy patients and CFBE41o- from CF 

patients; the results revealed that the synthetic peptide showed an acceptable toxicity unlike many 

natural antimicrobial peptides that showed a certain degree of toxicity against eukaryotic cells due 

to their poor selectivity for bacteria [151, 152]. 

Pharmacokinetic and bio-distribution analyses revealed that the peptide was eliminated mainly via 

urine [145]. 

 

Anti-inflammatory and immunomodulatory activity 

Further experiments were performed to evaluate the anti-inflammatory and immunomodulatory 

activity of SET-M33 peptide. Preliminary studies demonstrated the ability of the synthetic peptide 

to decrease TNF-α production in vitro in cell stimulated by LPS from P. aeruginosa and K. 

Pneumoniae [146]. Indeed, the peptide revealed a strong anti-inflammatory activity in terms of 

reduced expression in murine macrophages (RAW 264.7) of a number of cytokines, enzymes, and 

signal transduction factors, including the major NF-KB, involved in inflammation triggered by LPS 

from Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia coli, according to the RT-

PCR results (Figure 15) [155]. The peptide also inhibited the expression of different pro-

inflammatory genes in bronchial cells (IB3-1) which were obtained from a CF patient (not shown) 

trough LPS neutralization [155]. 

 
Figure 15. Gene expression of pro-inflammatory cytokines and enzymes analyzed by RT-PCR before and 

after treatment with SET-M33 peptide [155].  
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LPS neutralization was also demonstrated in vivo by challenging bronchoalveolar lavage of SET-

M33-treated mice with LPS revealing a sharp reduction in TNF-α with respect to non-SET-M33-

treated animals (Figure 16) [155]. 

 

 

 
Figure 16. LPS neutralization in vivo. TNF-α levels (y axis) in BAL of mice (each square or circle indicates 
one mouse) challenged with P. aeruginosa LPS (black circles), LPS with SET-M33 (black squares), or SET-
M33 alone (whitsquares). Controls (white circles) show the TNF-α basal level in untreated mice. 
The horizontal lines in the graph indicate median values. ***, p < 0.001 compared with the LPS group [155]. 

 

Finally, the synthetic peptide reported a powerful activity in stimulating cell migration of 

keratinocytes in wound healing experiments in vitro demonstrating that the cells treated with SET-

M33 promoted wound closure more rapidly than those untreated, revealing an action generally 

characteristic of molecules taking part in innate immunity [155]. 

All these powerful characteristics make SET-M33 a promising candidate to face the antimicrobial 

resistance issue and, especially, to become a new antibacterial agent for the treatment of severe 

infections due to Gram-negative MDR pathogens. For this reason, the synthetic peptide is currently 

under preclinical development as a new drug to treat lung infections caused by Gram-negative 

bacteria.  

Although SET-M33 exhibited high antimicrobial, immunomodulatory and anti-inflammatory 

activities, the peptide showed also a certain level of toxicity towards eukaryotic cells, common 

characteristic of the most AMPs. 
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SET-M33 back-up molecules 

 

As previously described, certain drawbacks for the development of AMPs as drugs for bacterial 

infections are due to toxicity to eukaryotic cells, low stability, costs of production and systemic 

administration. It was known that the incorporation of non-natural amino acids, like D-amino acids 

to replace L-amino acids, in the sequence of peptides and the pegylation improved the stability 

against proteolytic enzymes, increased blood half-life and reduced cell toxicity of the resulting 

peptide [103-104, 129]. Therefore, in order to improve the biopharmaceutical properties of SET-

M33, the respective D (SET-M33D), pegylated (SET-M33-PEG4) and dimeric (SET-M33-DIM) 

versions of the peptide were produced and characterized. 

 

SET-M33D peptide 

SET-M33 peptide, traditionally synthetized with L amino acids, was synthetized using D amino 

acids (SET-M33D), with the exception of the three lysine residues of the branched core [156]. This 

change of isomeric peptide version leaded to an improvement of stability against individual 

proteases and infectious agent proteases dramatically increasing the overall performance of the 

peptide [152]. Indeed, SET-M33D peptide became also active against Gram-positive pathogens like 

Staphilococcus aureus and Staphilococcus epidermidis, including methicillin-resistant (MR) and 

vancomycin-intermediate (VAN) strains, revealing MICs 4 to 16-fold lower than those of the 

traditional SET-M33 in L isomeric version; in addition, compared to the traditional peptide version, 

SET-M33D exhibited the activity against P. aeruginosa and the same or a slightly lower activity 

against Enterobacteriaceae (Table 2). 

 

 

 

 

 

 

 

Table 2. MICs of SET-M33-L (traditional SET-M33) and SET-M33-D peptides for different bacteria species 
and strains [152].  
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The better activity shown by SET-M33D against S. aureus compared to the original SET-M33 was 

confirmed in biofilm eradication experiments where SET-M33 exhibited 12% activity with respect 

to SET-M33D [152]. The strong antimicrobial activity of SET-M33D peptide was demonstrated, also, 

in vivo models where Balb-c mice were infected i.p. with the LD100 of methicillin–resistant S. aureus 

(MRSA) USA 300. 100% survival, after 7 days, was obtained with mice treated i.p. with SET-M33D 

30 minutes after infection; in contrast mice treated with SET-M33 showed complete mortality within 

20 hours (Figure 17). 

 

Figure 17. In vivo antibacterial activity of SET-M33 and SET-M33D peptides [152]. Balb-c mice (20 g) were 

injected i.p. with a lethal amount of S. aureus USA300 cells. Dashed line (Ctr), injection with bacteria and 

no peptides; dotted line, injection with bacteria and a single injection of SET-M33-L peptide (25 mg/kg) 30 

min later; continuous line, injection with bacteria and a single injection of SET-M33-D peptide (25 mg/kg) 

30 min later. 

 

The interactions of both peptides with LPS (from E. coli, P. aeruginosa and K. pneumoniae) and with 

LTA (from S. aureus and S. faecalis) were analized by surface plasmon resonance. The results 

showed that the different antimicrobial activity of the peptides was not influenced by the molecular 

interactions; no significant difference in binding or kinetic rates was observed between the two 

peptides (Figure 18). SET-M33 and SET-M33D showed, also, similar behaviour in terms of 

perturbation of membranes prepared with different phospholipid composition; for this experiment 

two vesicles for mimic membranes of S. aureus and E. coli were used and the membrane permeability 

was revealed by measuring the fluorescence increase due to the calcein leakage from the vehicles.  

The results showed a dose-dependent effect after treating the vehicles with increasing peptide 

concentrations (0.5 to 1.5 μM). No significant differences in the effects induced by the two peptides 

were observed, although SET-M33D seemed slightly more efficient toward Gram-positive liposomes 

at doses above 8 μM (Figure 19). 
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Figure 18. Binding of LTA and LPS on SET-M33 or SET-M33D measured by surface plasmon resonance [152]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Release of calcein from bacterial-surface-mimicking liposomes. a) dose-response of SET-M33-
induced calcein release. The vesicles were incubated with different concentration of M33 peptide for 10 min 
at 20°C. Gram-positive liposomes (triangles); Gram-negative liposomes (squares); SET-M33-D (full symbols); 
SET-M33(empty symbols). b) time course of calcein release. Continuous line 5 μM, dotted line 1 μM [152]. 
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The reason of the different antimicrobial activity between the two peptides could be explained by 

their differential sensitivity to bacterial proteases, as showed by the peptide stability studies to 

bacterial proteases using purified aureolysin and elastase enzymes derived from S. aureus and P. 

aeruginosa, respectively. These enzymes, members of the family of M4 metallo-peptidase, 

hydrolyzed peptide bonds preferentially on the amino-terminal side of hydrophobic residues. In this 

case the HPLC and MS analyses revealed that traditional SET-M33 was degraded by aureolysin 

within 1 hour through hydrolysis at R6-L7 and S8-A9 peptide bonds, while showing moderate 

stability after 5 hours of incubation with elastase; conversely, SET-M33D was completely stable to 

proteolysis by these enzymes, remaining unaltered after 24 hours of incubation. 

Altogether, these results suggested that the mechanism used by the two peptides for the interaction 

with bacterial surfaces and disruption of bacterial membranes was basically the same, although 

SET-M33D, unlike of the original version, persisting on the Gram-positive bacterial membrane by 

virtue of its resistance to bacterial proteases, showed a strong antimicrobial activity also against 

Gram-positive bacteria.  

Concluding, the peptide SET-M33D was identified as an interesting candidate for the development 

of active novel broad-spectrum antimicrobials against bacterial pathogens of clinical importance. 
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SET-M33-PEG4 

The pegylated version of SET-M33 peptide, SET-M33-PEG4 was obtained adding a polyethylene 

glycol 4 molecule (PEG4) at the C-terminus of the three lysine-branching core. It was known that 

the method of covalent attachment of PEG prevented immunogenicity, reduced protein aggregation 

and increased protease stability of AMPs [156]. This modification led the peptide to have a longer 

persistence in plasma than the traditional peptide form [145]; this property could partially explain 

the better performance of the pegylated molecule in eradicating infections in vivo models of P. 

aeruginosa infections. SET-M33-PEG4 enabled a survival percentage of 80% and 60% in sepsis and 

lung infections, respectively, when injected twice i.v. at 5 mg/Kg after mice infection with a lethal 

amount of P. aeruginosa PAO-1. Conversely, the traditional version of the peptide showed a survival 

percentage of 60% and 40%, in sepsis and lung infections, respectively (Figures 20-21). 

 

Figure 20. In vivo antibacterial activity of SET-M33 and SET-M33-PEG4 peptides in sepsis animal model 
induced by P. aeruginosa PAO-1 [145]. 

 

 

Figure 21. In vivo antibacterial activity of SET-M33 and SET-M33-PEG4 peptides in lung infections induced 
by P. aeruginosa PAO-1 [145].  

CTR 
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The peptide SET-M33-PEG4 produced similar toxicity profile to that of SET-M33 peptide revealing 

in animals no signs of toxicity up to 20 mg/Kg [145]. 

The strategies of the incorporation of D amino acids and the pegylation have been examined to 

overcome the principal drawbacks of AMPs in clinical applications. Despite it was demonstrated 

that both strategies led to an improvement of the performance of SET-M33 peptide, some issues 

had to be considered; for instance, although the incorporation of D-amino acids improved the 

stability and retained the antimicrobial activity of the peptide, the synthesis with D-amino acids is 

very costly, especially for the use of D-Isoleucine residues [98] and, for the pegylated version, the 

site and the nature of the conjugation chemistry could affect the antimicrobial activity of the peptide 

[105]. Therefore, alternatives strategies have to be found for reducing the synthetic manufacturing 

costs of SET-M33 without affecting its strong antimicrobial activity. 

 

SET-M33-DIM 

The amino acid sequence (KKIRVRLSA) of the original peptide was synthetized in two-branched 

dimeric form to obtain SET-M33-DIM peptide. This peptide showed a toxicity more than 20 times 

lower than that of the original tetra-branched SET-M33 in cytotoxicity tests toward bronchial cells 

[157]. Experiments in vivo demonstrated a sharp improvement in toxicity with less morbidity and 

mortality for SET-M33-DIM respect to the original peptide [157]. In addition, SET-M33-DIM revealed 

strong anti-inflammatory activity, inhibiting expression of 14 cytokines, growth factors and enzymes 

involved in inflammation, triggered in cells or tissues by incubation with soluble LPS from P. 

aeruginosa, K. Pneumoniae and E. coli, (Figure 22) or by infection with living P. aeruginosa cells 

[157]. 

 

Figure 22. Gene expression of pro-inflammatory cytokines and enzymes analyzed by RT-PCR [157]
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The increasing frequency of multidrug-resistant (MDR) pathogens leads to an urgent need for the 

development of new antimicrobial drugs and new strategies for the treatment of infectious diseases. 

AMPs are described as a promising alternative to traditional antibiotics, powerful to address the 

increasing problem of antibiotic resistance and hold promise to be developed as novel antibiotics 

[16]. Although many eukaryotic AMPs have been discovered and characterized, only a few have been 

approved by US Food and Drug Administration for clinical use [41]. The principal drawbacks of 

AMPs in clinical applications are due to systemic toxicity, low stability, manufacturing costs and 

systemic administration [36, 73, 95]. 

This PhD thesis is divided in two sections focused to improve the biopharmaceutical development 

and manufacturing procedures of the peptide SET-M33. 

 

1) NMR study of the secondary structure and biopharmaceutical formulation of SET-M33 

peptide 

The presence of helixes or β-sheets in the structure of SET-M33 had to be explored to fully 

characterize the product in the framework of preclinical studies with a view to designing a 

formulation for parental administration. NMR studies of multiple branched peptides are 

extremely uncommon because their spectra are complex due to non-equivalent branches 

carrying the same amino acid sequence. Therefore, the secondary structure of branched 

peptides in solution is deducted from analogue linear peptides or studied using CD technique 

[153]. Previous CD studies on the peptide and NMR analysis on the linear analogue showed a 

transition from an unstructured state to a α-helix only in presence of micelle-like-structures 

[153]. Thus, the secondary structure of SET-M33 was investigated by 1H/13C/15N NMR 

spectroscopy to completely confirm the results obtained with the monomeric analogue [153]. 

Salt formation is important in biopharmaceutical drug development as it modulates drug 

solubility, stability and bioavailability. Since the final formulation of SET-M33 had to be strictly 

defined in terms of counter-ions, a novel salt form, SET-M33 chloride was synthetized and 

characterized. 

 

This research is reported in the article published on Molecules. 

Castiglia, F.; Zevolini, F.; Riolo, G.; Brunetti, J.; De Lazzari, A.; Moretto, A.; Manetto, G.; Fragai, 

M.; Algotsson, J.; Evenäs, J.;Bracci, L.; Pini, A.; Falciani, C. NMR Study of the Secondary 

Structure and Biopharmaceutical Formulation of an Active Branched Antimicrobial Peptide. 

Mol.  2019, 24(23):4290. 

 

2) Production and analysis of SET-M33 back-up molecules: SET-M33D-L-Ile, SET-M33D-

Leu/Ile and SET-M33-Gly/Ala.  

To identify back-up molecules, a panel of modified versions of SET-M33 was tested in order to 

produce new molecules with better performance in terms of pharmaceutical profile and 

manufacturing costs. Amongst them, the peptides SET-M33D-L-Ile and SET-M33D-Leu/Ile, 

proposed for replacing D-Isoleucine, D-Ile, which is the most expensive amino acid in the 

https://pubmed.ncbi.nlm.nih.gov/?term=Castiglia+F&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Zevolini+F&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Riolo+G&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Brunetti+J&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=De+Lazzari+A&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Manetto+G&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Fragai+M&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Algotsson+J&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Even%C3%A4s+J&cauthor_id=31775296
https://pubmed.ncbi.nlm.nih.gov/?term=Bracci+L&cauthor_id=31775296
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sequence of the peptide, and SET-M33-Gly/Ala, attempted to eliminate the degradation site for 

bacterial proteases [152], replacing alanine with glycine, were synthetized, tested for the 

antimicrobial activity, by means of MIC assays, and subjected to stability study upon the time. 

In addition, SET-M33-PEG4 and SET-M33-DIM, due to their very promising profiles [145,157], 

were synthetized again and included in these analyses. 
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NMR study of the secondary structure of SET-M33 

peptide 

 

The upstream and downstream processes of SET-M33 are currently being developed together with 

full characterization of the product. Like most peptides, SET-M33 is routinely characterized by 

HPLC and mass spectrometry (MS) for its purity and chemical structure. Here are reported its 

1H/13C/15N NMR spectroscopy characterization for full atom-specific assignment and the primary 

and secondary structure of the peptide in solution based on observed chemical shifts. Assessment 

of SET-M33 secondary structure in water allows predicting aggregation potential, which can affect 

drug product design and formulation strategy. Aqueous environments are involved in most typical 

peptide drug manufacturing processes, that can be crucial for successful development, such as the 

lyophilization process and the preparation of injectable pharmaceutical forms. 

 

NMR characterization of SET-M33 peptide 

 

The 40 amino acid long peptide SET-M33 was characterized using 1H-/13C-/15N-NMR spectroscopy 

to perform complete atom-specific assignment, to verify the primary peptide structure and to 

evaluate possible secondary or other ordered structures based on observed chemical shift values 

and possible medium- and long-range NOEs. 

To allow a faster NMR data collection, a 12.5 mg/mL peptide solution was used. The pH was 

adjusted to pH 4.9 by a small addition of TFA-d in order to minimize the rate of proton exchange 

between amide groups of the peptide and water molecules resulting in clear observation of the 

backbone amide proton signals critical to effectively obtain the atom-specific chemical shift 

assignments. The resulting 1D 1H-NMR spectrum is shown in Figure 23. 

 

 

 

Figure 23. 1D 1H-NMR spectrum of 12.5 mg/Ml SET-M33 in H2O/D2O (9:1) and TFA-d (12.5 mg/mL) at  
298 K [158]. 
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The spectral quality and resolution were good although the amide region contained some broadened 

signals, presumably due to fast proton exchange with the solvent. All observed signals originated 

from SET-M33, except those that originate from residual NMR solvents and sodium 

trimethylsilylpropanesulfonate, DSS. In addition, a singlet 1H signal was observed at 1.97 ppm 

(proton(s) bound to carbon with a 13C chemical shift of 25.0 ppm), tentatively assigned to acetate. 

The broad 1H signal at 6.68 ppm sharpened further at pH values lower than 4.9, and an additional 

broad peak also appeared at 7.54 ppm at these more acidic conditions (data not shown). These two 

broad signals presumably originated from the guanidine- and amino side chain groups of arginine 

and lysine residues. The first step in the NMR study was to assign the 1H, 13C and 15N chemical 

shifts of SET-M33 applying the conventional backbone amide proton strategy developed for non-

isotope-enriched proteins [159]. Figure 24 (panel A) shows the amino acid numbering and atom 

labelling of SET-M33. The four identical segments of nine amino acids are indicated A, B, C and D. 

The three linking lysine residues are indicated Lys’10, Lys’11 and Lys’12, respectively and the C-

terminal βAla, as βAla 13. 

The 1HN-1Hα fingerprint region of the 2D 1H COSY spectrum and the 1HN-15N fingerprint region of 

the 1H-15N HSQC spectrum are shown in Figure 24 (panels B and C, respectively), with each peak 

labelled with the assigned amino acid. The amino group of Lys1 was not detectable due to fast 

proton exchange with the solvent and also the backbone amide proton signal of Lys2 was 

significantly weaker presumably for the same reason. The assignment procedure readily revealed 

virtually identical chemical shifts of the four 9-amino acid chains, strongly indicating the same 

conformation(s) of all the branches of SET-M33. There were, however, small chemical shift changes 

clearly observed between Ala9 of A, D and Ala9 of B, C, consistent with the asymmetric coupling to 

the branched core, i.e., A, D are connected via the sidechain amino group of Lys’10 and Lys’12 while 

B, C are connected via the backbone amino groups of Lys’10 and Lys’12. 
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Figure 24. A) The primary structure of SET-M33 with amino acid numbering. Amino acids are labeled with 
a three-letter code and sequence number as reported above. B) The 1HN-1Hα fingerprint region of the 2D 1H 
COSY spectrum of SET-M33 in H2O/D2O (9:1) with addition of TFA-d, pH 4.9 at 298 K. The assignment of 
each cross-peak is shown using the three-letter amino acid code followed by the sequence number. C) The 
2D 1H-15N HSQC spectrum of SET-M33 in H2O/D2O (9:1) with addition of TFA-d at 298 K. The peaks for the 
sidechain εNH groups of Arg4,6 are folded into the spectrum with opposite sign (blue color). The assignment 
of each cross-peak is indicated using the three-letter amino acid code followed by the sequence number 

[158].  
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The primary structure was confirmed by the “sequential walk” in the 1HN(i)-1Hα fingerprint region 

of the 2D 1H NOESY spectrum connecting sequential amino acids (Figure 25). This plot showed the 

“walk” between alternating sequential and intra-residue NOE (1HN-1Hα) from Lys1 to Lys’10, Lys’11 

and Lys’12 – a key step to confirm the amino acid sequence. All assigned 1H-, 13C-, and 15N-NMR 

chemical shifts were reported in Table 3 and fully confirmed the anticipated amino acid sequence 

and chemical structure of SET-M33. 

 

Figure 25. Sequential walk through the amide backbone fingerprint region of 2D 1H NOESY spectrum of 
SET-M33 in H2O/D2O (9:1) with addition of TFA-d, pH 4.9 298 K is shown. The assignment of each cross-
peak is shown using the three-letter amino acid code followed by the sequence number. The sequential walk 
follows the arrows between alternating sequential inter-residue HN(i)-Hα(i-1) and intra-residue HN(i)-Hα(i) 
NOEs [158]. 

 

Table 3. 1H/13C/15N chemical shifts (ppm) of SET-M33 in H2O/D2O (9:1) with addition of TFA-d at 298 K 
[158].  
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The chemical shifts were determined in the 2D 1H-13C HSQC and 2D 1H-15N HSQC spectra. 

Referencing for 1H- and 13C- spectra is relative to the 1H- and 13C-NMR chemical shifts of the methyl 

groups of DSS (set to 0 ppm for both nuclei) while indirect chemical shift referencing is applied for 

15N chemical shifts using the gyromagnetic ratio of 1H and 15N. The notation NO indicates that the 

signals of these atoms are not observed. The 15N-NMR chemical shifts of Arg4 and Arg6 may be 

interchanged, i.e., the 15N chemical shift of Arg4 may belong to Arg6 and vice versa. 

Based on the peak integral measured of aliphatic protons in the quantitative 1D 1H-NMR spectrum, 

the number of amino acids in the peptide was verified. 
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Assessment of secondary structure elements 

 

The chemical shift index (CSI) method for 1Hα, 13Cα and 13Cβ atoms was used as the primary means 

to assess the degree of secondary structure and its possible sequence-specific locations [160]. The 

chemical shifts obtained experimentally were compared with the so-called random coil chemical 

shifts of the corresponding amino acid residue type (Xxx) measured in Gly-Gly-Xxx-Ala-Gly-Gly 

peptides in 1M urea [161]. Figure 26 shows the CSI values for 1Hα, 13Cα and 13Cβ atoms, as well as 

the absolute deviation in ppm from the random coil shifts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. 1Hα, 13Cα and 13Cβ chemical shift data of SET-M33 in H2O/D2O (9:1) with addition of TFA-d, pH 
4.9 at 298 K. A) CSI values for 1Hα, 13Cα and 13Cβ atoms. B) The absolute difference between observed 
chemical shift values and random coil chemical shift values for 1Hα atoms. C) The absolute difference 
between observed chemical shift values and random coil chemical shift values for 13Cα and 13Cβ atoms [158].  
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An index of 1 for more than three residues in a row indicates β-strand while an index of -1 for at 

least four consecutive residues indicates helical structure. The index is set to 1 if the difference 

between experimental shift and random coil shift is greater than 0.1 ppm (1Hα), greater than 0.7 

ppm (13Cβ) or less than -0.7 ppm for 13Cα, while it is set at -1 if the difference is less than -0.1 ppm 

(1Hα), less than -0.7 ppm (13Cβ) or greater than 0.7 ppm for 13Cα. If the absolute chemical shift 

difference is less than 0.1 ppm (1H) or 0.7 ppm (13C), the index is set to 0. 

The chemical shift data including the several positive CSI values of the 1Hα, 13Cα and 13Cβ atoms 

indicate a generally more extended peptide backbone configuration for several amino acids in the 

Lys1–Ser8 sequence. However, as there are no clear stretches of three such amino acids in a row, 

the conclusion is that the peptide has no stable β-strand configurations. 

In addition to the chemical shift analysis, the NOESY spectra were examined to further investigate 

the structural properties of SET-M33 in water, pH 4.9. Besides several intra- and sequential NOEs, 

no resolved medium- or long-range NOEs were observed, strongly indicating the lack of any stable 

secondary or tertiary structure. Several sequential 1HN-1HN NOEs were observed primarily for the 

inner core of the peptide. 

The finding of virtually identical chemical shifts for all four branches, reported above, prevented 

most conclusions using inter-branch NOEs as such potential cross peaks would fully overlap with 

the intra-branch NOE cross peaks. In conclusion, the NMR data were fully consistent with 

anticipated chemical structure of SET-M33 but no stable secondary or tertiary structure could be 

shown. Furthermore, the data showed that all four 9-amino acid chains of the branched peptide 

were in the identical conformation(s). The data suggested that these chains have a propensity to 

adopt an extended, flexible conformation as compared with the so-called random coil conformation. 
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Biopharmaceutical formulation of SET-M33 peptide 

 

Salt formation is important during biopharmaceutical drug development as it modulates drug 

solubility, stability and bioavailability. SET-M33, like almost all synthetic peptides, is obtained as 

trifluoroacetate salt (SET-M33 TFA), due to the cleavage and purification conditions. Preliminary 

studies, on the efficacy and toxicity of SET-M33 revealed that the acetate form of the peptide,  

SET-M33 acetate, was less toxic to human cells and animals than SET-M33 TFA [151]. Thus, the 

peptide is traditionally converted into the acetate form at the end of the synthesis. However, this 

counter-ion exchange requires the use of a quaternary ammonium salt resin that is unsuitable for 

industrial scaling [162]. In order to avoid this step, hydrochloric acid was chosen, as a stronger acid 

than TFA, so that chloride counter-ion could be replaced TFA [163-165], for producing  

SET-M33 chloride. Complete replacement of TFA with chloride and stability of SET-M33 to HCl 

treatment were assessed. Finally, the antimicrobial activity and toxicity of SET-M33 with the three 

different counter-ions, TFA, acetate and chloride, were assessed in mammalian cells and in mice. 

 

TFA/chloride counter ion exchange 

 

SET-M33 TFA (2 mg/mL) was dissolved in 100 mM HCl solution, frozen and dried. The HPLC and 

MS analyses revealed that the peptide was intact after the ion exchange procedure; the HPLC profile 

was unchanged and the MS profile showed a single peak of molecular mass of 4683 Da in line with 

the calculated mass of C209H399N75O45. 

Residual TFA counter-ions was determined by comparing the intensity of the fluorine signal in the 

NMR spectra of the sample before and after the exchange procedure, using the same concentration 

and volume of SET-M33 TFA and SET-M33 chloride and the same NMR settings. The NMR 

experiments were recorded at 298 K on a Bruker Avance III spectrometer operating at 800 MHz and 

equipped with a 5 mm PHTXI 1H-13C/15N probe, tuned on 19F. The intensity of the fluorine signal 

after exchange decreased by a factor of about 200 with respect to the signal recorded on the sample 

before exchange. The solubility of SET-M33 chloride in water was much higher (100 mg/mL) than 

that of the acetate (15 mg/mL) and TFA forms (10 mg/mL).  
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MIC Determination 

Minimum inhibitory concentrations (MICs) of SET-M33 chloride were determined against two Gram-

negative pathogens like E. coli TG-1 and P. aeruginosa PAO-1 and compared to  

those of SET-M33 acetate. SET-M33 chloride retained its antimicrobial activity against both species 

and actually improved from 3.0 μM to 1.5 μM against P. aeruginosa, as revealed by MIC results 

(Table 4). 

 

Table 4. MICs of SET-M33 acetate and SET-M33 chloride [158]. 

 

Cytotoxicity 

T24 human bladder epithelial cells, 16HBE14o- human bronchial epithelial cells and RAW264.7 

mouse macrophages were used to test the cytotoxicity of SET-M33 chloride and to compare it with 

that of the TFA and acetate salts. Bladder cells and human bronchial cell lines were selected, with 

a view to using SET-M33, as local treatment for urinary tract infections and pneumonia, 

respectively. Being a cationic hydrophilic molecule, SET-M33 peptide is also most probably 

eliminated in the urine when administered systemically, as observed in previous studies [145]. 

Hence bladder cells will be the most targeted. 

The 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay results revealed that 

no SET-M33 form was toxic, except at very high concentrations. 100% cytotoxicity occurred at  

100 μM for T24 and 16HBE14o- cells and at 10 μM for RAW264.7. SET-M33 chloride showed 

slightly lower toxicity for T24 and RAW264.7 cells (Figure 27, Table 5). 

 

 

Figure 27. Cytotoxicity of SET-M33 salts for T24 (A), 16HBE14o- (B) and RAW264.7 (C) cells. Circles, 
incubation with SET-M33 TFA; squares incubation with SET-M33 acetate; triangles, incubation with SET-
M33-chloride (dotted line) [158].  
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Table 5. In vitro toxicity of the different SET-M33 salts, measured as inhibition of growth [158]. 

 

Acute toxicity 

Acute toxicity of SET-M33 chloride was tested in mice and compared with the acetate and TFA 

counter-ions. Ten animals per group (five males and five females) were injected with two doses of 

SET-M33 chloride, 20 and 30 mg/kg, known to be below the LD50 [145]. Signs of toxicity were 

scored as not-observable, mild and severe. SET-M33 chloride and SET-M33 acetate scored 100% 

not-observable signs of toxicity, unlike, SET-M33 TFA that scored 100% toxicity at 25 mg/kg, 

described as 33% severe and 66% mild [145] (Table 6). 

 

 

Table 6. Signs of acute toxicity in vivo of the three SET-M33 salts [158]. 

 
 
 
 

 

[146] 
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To identify back-up molecules, modified versions of SET-M33 were tested in order to produce new 

molecules with better performance in terms of pharmacological profile and manufacturing costs. 

Here are reported the synthesis of three novel SET-M33 analogues, SET-M33D-L-Ile, SET-M33D-

Leu/Ile and SET-M33-Gly/Ala, obtained as acetate salt, and their activity against many bacterial 

isolates. In addition, the SET-M33 analogues were subjected to a stability study observing their MIC 

values, HPLC and MS profiles during the time. Moreover, SET-M33-PEG4 and SET-M33-DIM due 

to their very promising profile [145,157], were synthetized again and included in these analysis. 

 

Synthesis of SET-M33D-L-Ile  

 

The peptide SET-M33D-L-Ile has the same amino acid sequence of the peptide SET-M33 

(KKIRVRLSA) synthesized in tetrameric form using amino-acids in D configuration with the 

exception of the isoleucine residues in L configuration; the synthesis with D amino-acids was 

carried out in order to improve the stability of the resulting peptide and to replace D-Ile residues, 

which are the most expensive amino-acid in the peptide sequence, with L-Ile. This analogue was 

obtained as acetate salt. According to the conditions described in material and method section, 

synthesis and purification processes of SET-M33D-L-Ile resulted in more than 98% pure product, 

as shown by analytical reversed phase chromatography on a Jupiter C18 column (Fig. 28). The 

retention time of the peptide was 21 minutes. The MS profile showed a single peak at molecular 

mass of 4686 Da, in according to the calculated C209H399N75O45 tetra-branched peptide (Figure 29).  

. 

Figure 28. HPLC profile of SET-M33D-L-Ile on a Phenomenex analytical Column Jupiter C18 300Å  
µm 4.6 x 250mm, eluent A: 0.1% TFA / H2O, eluent B: Acetonitrile, gradient from 83:17 A/B to 70:30 A/B 
in 40min. 
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Figure 29. MALDI TOF MS profile of SET-M33D-L-Ile. 
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Synthesis of SET-M33D-Leu/Ile 

 

The peptide SET-M33D-Leu/Ile has the sequence KKLRVRLSA synthesized in tetrameric form with 

all amino-acids in D configuration and D-Ile residues replaced with D-Leu residues. The analogue 

was obtained as acetate salt. According to the conditions described in material and method section, 

synthesis and purification processes of SET-M33D-Leu/Ile resulted in more than 97% pure product, 

as shown by analytical reversed phase chromatography on a Jupiter C18 column (Fig. 30), the 

retention time of the peptide was 22 minutes (Figure 30). The MS profile showed a single peak at 

molecular mass of 4686 Da, in according to the calculated C209H399N75O45 tetra-branched peptide 

(Figure 31). 

 

 

Figure 30. HPLC profile of SET-M33D-Leu/Ile on a Phenomenex analytical Column Jupiter C18 300Å 5µm 
4.6 x 250mm, eluent A: 0.1%TFA / H2O, eluent B: Acetonitrile, gradient from 83:17 A/B to 70:30 A/B in 
40min. 
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Figure 31. MALDI TOF MS profile of SET-M33D-Leu/Ile. 
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Synthesis of SET-M33-Gly/Ala  

 

The peptide SET-M33-Gly/Ala has the sequence KKIRVRLSG synthetized in tetrameric form using 

all amino acids in L configuration; the replacement of the alanine residues, originally presents in 

the traditional SET-M33 sequence, with glycine residues was attempted to eliminate the degradation 

site for bacterial proteases [152]. The peptide was obtained as acetate salt. According to the 

conditions described in material and method section, synthesis and purification processes of SET-

M33-Gly/Ala resulted in more than 95% pure product, as shown by analytical reversed phase 

chromatography on a Jupiter C18 column (Fig. 32). The retention time of the peptide was 19 

minutes (Figure 32). 

The MS profile showed a single peak at molecular mass of 4629 Da, in according to the calculated 

C205H391N75O45 tetra-branched peptide (Figure 33). 

 

 

 

Figure 32. HPLC profile of SET-M33-Gly/Ala on a Phenomenex analytical Column Jupiter C18 300Å 5µm 
4.6 x 250mm, eluent A: 0.1%TFA / H2O, eluent B: Acetonitrile, gradient from 83:17 A/B to 70:30 A/B in 
40min. 
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Figure 33. MALDI TOF MS profile of SET-M33-Gly/Ala. 
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Synthesis of SET-M33-PEG4  

 

The peptide SET-M33-PEG4 has the same sequence of the peptide SET-M33 synthesized in 

tetrameric form with all amino acids in L configuration with the insertion of polyethylene glycol 4 

molecule (PEG4) at the C terminus of the three lysine-branching core; this modification led the 

peptide to have a longer persistence in plasma than the traditional peptide [145]. The peptide was 

obtained in acetate salt. According to the conditions described in material and method section, 

synthesis and purification processes of SET-M33-PEG4 resulted in more than 95% pure product, 

as shown by analytical reversed phase chromatography on a Jupiter C18 column (Fig. 34); the 

retention time of the peptide was 21 minutes (Figure 34); The MS profile showed a single peak at 

molecular mass of 4861 Da, in according to the calculated C217H416N76O48 tetra-branched peptide 

(Figure 35). 

 

Figure 34. HPLC profile of SET-M33-PEG4 on a Phenomenex analytical Column Jupiter C18 300Å 5µm 4.6 
x 250mm, eluent A: 0.1%TFA / H2O, eluent B: Acetonitrile, gradient from 83:17 A/B to 70:30 A/B in 40min. 
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Figure 35. MALDI TOF MS profile of SET-M33-PEG4. 
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Synthesis of SET-M33-DIM 

 

The SET-M33-DIM peptide has the same sequence of SET-M33 synthetized in L configuration in 

two-branched form, instead of the traditional tetra-branched form. This peptide was more than 20 

fold less toxic for eukaryotic bronchial cells respect of the traditional peptide SET-M33 [157].  

The analogue was obtained as acetate salt. According to the conditions described in material and 

method section, synthesis and purification processes of SET-M33-DIM resulted in more than 96% 

pure product, as shown by analytical reversed phase chromatography on a Jupiter C18 column  

(Fig. 36); the retention time of the peptide was around 20 minutes (Figure 36). The MS profile 

showed a single peak at molecular mass of 2321 Da, in according to the calculated C103H198N38O22 

two-branched peptide (Figure 37). 

 

 

 

Figure 36. HPLC profile of SET-M33-DIM on a Phenomenex analytical Column Jupiter C18 300Å 5µm  
4.6 x 250mm, eluent A: 0.1%TFA / H2O, eluent B: Acetonitrile, gradient from 85:17 A/B to 70:30 A/B in 
40min. 
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Figure 37. MALDI TOF MS profile of SET-M33-DIM. 
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MIC determination of SET-M33 analogues 

 

MIC values of the SET-M33 analogues were determined against a collection of clinical isolates of 

Gram-negative and Gram-positive pathogens and compared to the original SET-M33 (in L 

configuration) and SET-M33D peptides, in collaboration with Professor Rossolini from Department 

of Experimental and Clinical Medicine at the University of Florence. Isolates were selected according 

to their phenotype or genotype. Overall, 34 representative isolates were tested, including 18 Gram-

negatives and 16 Gram-positives (Tables 7a-b). 

The tetra-branched SET-M33 analogues showed MIC values against Gram-negative strains 

comparable to those of SET-M33 and SET-M33D with MICs mostly in the range between 0.7- 1.5 

µM. Among the peptide tested, SET-M33D-Leu/Ile and SET-M33-PEG4 showed a higher 

antimicrobial activity than those of SET-M33 and SET-M33D against K. pneumoniae (Table 7a). In 

particular, SET-M33D-Leu/Ile showed MIC values of 0.7 µM versus 3 µM of SET-M33 against K. 

pneumoniae 7086042 and of 1.5 µM versus 6 µM of SET-M33D against K. pneumoniae FI-20.  

SET-M33-PEG4 observed MIC values of 0.7 µM versus 3 µM of SET-M33 against K. pneumoniae 

7086042 and of 0.7 µM versus 3 µM of SET-M33 against K. pneumoniae FI-20. In addition SET-

M33D-Leu/Ile resulted also more efficient against E.coli W03BG0025, compared to SET-M33D,  

with lower MIC values (0.3 vs 1.5 µM) and SET-M33-PEG4 more efficient than SET-M33 against 

Enterobacter cloacae W03AN0041 (0.3 vs 1.5 µM). No obvious correlation of the MICs with the 

different resistance phenotypes and resistance mechanisms could be observed except for MICs of 

those species that are naturally resistant to colistin (e.g Proteus mirabilis, Serratia marcescens, 

Bulkholderia cepacia), that were in general higher than those observed for colistin-susceptible 

strains.  

The SET-M33 analogues were less active against Gram-positive strains showing MIC values higher 

than those observed for Gram-negatives, mostly in the range 1.5-12 µM (Table 7b) with relatively 

lower MIC values (range 0.15-0.3 µM) observed for S. saprophyticus strains than SET-M33 (1.5 µM).  

SET-M33D-Leu/Ile peptide resulted the more efficient against gram-positive bacteria, compared to 

the other analogues. 

Among the tested peptides, SET-M33D-Leu/Ile was apparently the most active against   

Gram-negative and Gram-positive bacteria and SET-M33-DIM was the less active, according to the 

highest MIC values obtained in these experiments. 
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Table 7. MIC values of SET-M33 analogues on a collection of major clinical Gram-negative (a) and Gram-
positive (b) strains compared to SET-M33 and SET-M33D. Tested strains included either reference strains 
(indicated) or clinical isolates mostly with an MDR phenotype. Relevant resistance traits and resistance 
mechanisms are indicated. FQr, resistant to fluoroquinolones; AGr, resistant to aminoglycosides 
(gentamicin, amikacin and/or tobramycin); ESCr, resistant to expanded-spectrum cephalosporins; NEMr, 
resistance to carbapenems (imipenem and/or meropenem); COLr, resistance to colistin; ESBL, extended 
spectrum-lactamase; MBL, metallo-ß-lactamase; CARB, class A carbapenemase; AmpC, class C  
ß-lactamase; OXA, oxacillinase; PENr, resistant to penicillin; MR, methicillin-resistant; VANi, vancomycin-

intermediate; GLYr, resistant to glycopetides; LNZr, resistant to linezolid. 

  

a 

b 
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Stability studies of SET-M33 analogues 

 

Stability studies of pharmaceutical products may be expressed as the time during which the 

pharmaceutical products retain their physical, chemical, microbiological, pharmacokinetic 

properties and characteristics throughout the shelf life, defined as the reduction of the compound 

to 90% of its original concentration, from the time of manufacture [166]. The shelf-life prediction 

has an important role for the pharmaceutical product development of all the dosage forms and, 

also, it is utilized to determine the particular storage conditions. Thus, stability studies of 

pharmaceutical products are considered as pre-requisite for the acceptance and approval of any 

pharmaceutical products.  

Therefore, a stability study of the SET-M33 analogues, stored at -20 and 25 °C in lyophilized form, 

was evaluated by means of MIC assays by analytical HPLC profile, observing area (%), defined as 

the area under the peak corresponding to the respective peptide obtained by the normalization of 

all areas in the chromatogram including those associated to impurities, and by MS profile. The 

experiments of stability were carried out at the following times: after synthesis (T0) (peptides not 

stored at any temperature), 1 week (T1), 2 weeks (T2),1 month (T3), 2 months (T4), 4 months (T5), 

and 6 months (T6). The antimicrobial activity of the SET-M33 analogues was tested against the 

Gram-negative E. coli TG-1 strain and compared to that of traditional SET-M33 peptide. The 

antimicrobial activity of each peptide, at the tested times, expressed as MIC values, is reported in 

Tables 8 and 9. 

 

Table 8. MIC of SET-M33 analogues against E. coli TG-1 at -20 °C from T0 to T6. 

 

Table 9. MIC of SET-M33 analogues against E. coli TG-1 at 25 °C from T0 to T6.  
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Stability of SET-M33D-L-Ile 

 

The peptide SET-M33D-L-Ile, stored at -20 °C, was stable during the time as revealed by HPLC 

profiles that showed a single pure peak of the peptide that retained an area (%) of 99% up to 6 

months (Figures 38a-b). The HPLC profile of the peptide stored at 25 °C revealed small peaks only 

at 6 months (T6) (Figure 38d) reporting an area (%) of SET-M33D-L-Ile’s peak of 90%. The MS profiles 

at T6 of the peptide stored at -20 °C and 25 °C showed both the peak of molecular mass of 4682.1 

Da, associated to the peptide, and some small peaks of unidentified impurities (Figure 38 c, e). 

The antimicrobial activity did not result altered, in both temperatures, as shown in Tables 8 and 9.  
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Figure 38. HPLC profiles of SET-M33D-L-Ile at 
T0 (a) and T6 (b) stored at -20 °C; ESI-Orbitrap 

MS profile of SET-M33D-L-Ile at T6 stored at  

-20 °C (c); HPLC profile of SET-M33D-L-Ile at T6 

stored at 25 °C (d); ESI-Orbitrap MS profile of 
M33D-L-Ile at T6 stored at 25 °C (e). 
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Stability of SET-M33D-Leu/Ile 

 

The peptide SET-M33D-Leu/Ile stored at -20 °C was stable over time as revealed by HPLC profile 

that showed a single pure peak of the peptide with an area (%) of 98% up to 6 months (Figures 39a-

b); the antimicrobial activity did not result altered toward T6. The results for the peptide stored at 

25 °C showed HPLC profile with small peaks already at 1 month (not shown) and more evident at  

6 months reporting an area (%) of SET-M33D-Leu/Ile’s peak of 75% respect to 98% at T0, suggesting 

a possible degradation of the peptide upon the time (Figure 39d). This tendency was in accordance 

with the propensity of the peptide to loss antimicrobial activity during the time (Table 9). 

The MS profile at T6 of the peptide stored at the defined temperatures showed both the peak at 

molecular mass of 4682.2 Da, associated to the peptide, and some small peaks of unidentified 

impurities (Figures 39 c, e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 39. HPLC profiles of SET-M33D-Leu/Ile 
at T0 (a) and T6 (b) stored at -20 °C; ESI-
Orbitrap MS profile of SET-M33D-Leu/Ile at T6 
stored at -20 °C (c); HPLC profile of SET-M33D-
Leu/Ile at T6 stored at 25 °C (d); ESI-Orbitrap 
MS profile of SET-M33D-Leu/Ile at T6 stored at 
25 °C (e). 
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Stability of SET-M33-Gly/Ala  

 

The peptide SET-M33-Gly/Ala, stored at -20° C, was stable during the time as revealed by HPLC 

profiles showing a clear single pure peak of the peptide with an area (%) of 96% up to 6 months 

(Figures 40a-b), accordingly to the MIC assay results. The peptide stored at 25 °C evidenced small 

peaks in its HPLC profile already at 2 weeks (not shown) and more marked at 6 months decreasing 

the area (%) of its peak of 74% respect to 96% at T0 (Figure 40d). This tendency did not show 

significant difference of the antimicrobial activity of the peptide (Table 9). The MS profiles at T6 of 

the peptide stored at the two temperatures showed both the peak at molecular mass of 4626.1 Da, 

associated to the peptide, and some small peaks of unidentified impurities (Figures 40 c, e). 
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Figure 40. HPLC profiles of SET-M33-Gly/Ala 

at T0 (a) and T6 (b) stored at -20 °C; ESI-Orbitrap 
MS profile of SET-M33-Gly/Ala at T6 stored at -
20 °C (c); HPLC profile of SET-M33-Gly/Ala at 
T6 stored at 25 °C (d); ESI-Orbitrap MS profile 
of SET-M33-Gly/Ala at T6 stored at 25 °C (e). 
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Stability of SET-M33-PEG4 

 

SET-M33-PEG4 peptide, stored at -20 °C, was stable during the time as revealed by HPLC profile 

that showed a single pure peak of the peptide with an area (%) of 95% up to 6 months (Figures 41a-

b). The antimicrobial activity was slightly influenced as revealed by MIC results obtained towards 

T6 from 0.7 to 1.5 µM (Table 8). The storage of the peptide at 25 °C determined small peaks in its 

HPLC profile at 2 months (not shown) becoming more prominent at 6 months and leading the area 

(%) of SET-M33-PEG4’s peak to 71% respect to 95% at T0 (Figure 41d). This tendency suggested a 

possible degradation of the peptide stored at 25 °C. These results were in accordance with a slight 

increase of obtained MIC values (Table 9). The MS profiles at T6 of the peptide stored at the respective 

temperatures showed both the peak of molecular mass of 4857.3 Da, associated to the peptide, and 

some small peaks of unidentified impurities. (Figures 41 c, e). 
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Figure 41. HPLC profiles of SET-M33-PEG4 at 
T0 (a) and T6 (b) stored at -20 °C; ESI-Orbitrap 
MS profile of SET-M33-PEG4 at T6 stored at  

-20 °C (c); HPLC profile of SET-M33- PEG4 at T6 

stored at 25 °C (d); ESI-Orbitrap MS profile of 
SET-M33-PEG4 at T6 stored at 25 °C (e). 
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Stability of SET-M33-DIM  

 

The peptide SET-M33-DIM, stored at -20 °C, was stable during the time as revealed by HPLC profile 

that showed a clear pure peak of the peptide with an area (%) of 97% up to 6 months (Figures 42a-

b); The HPLC profile of the peptide stored at 25 °C showed two small peaks at 2 months (not shown) 

due a possible poor fragmentation of the peptide; these peaks were more evident at 6 months 

revealing an area (%) of SET-M33-DIM’s peak of 72% respect to 97% at T0 (Figure 42d). The obtained 

MIC values, in both temperatures, ranged between 1.5 µM and 3 µM (Tables 8-9). The MS profiles 

at T6 of the peptide stored at the defined temperatures, showed both the peak at molecular mass of 

2320.55 Da, associated to the peptide, and some small peaks of unidentified impurities (Figures 42 

c, e). 
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Figure 42. HPLC profiles of SET-M33-DIM at T0 
(a) and T6 (b) stored at -20 °C; ESI-Orbitrap MS 
profile of SET-M33-DIM at T6 stored at -20 °C (c); 
HPLC profile of SET-M33-DIM at T6 stored at 25 
°C (d); ESI-Orbitrap MS profile of SET-M33-DIM 
at T6 stored at 25 °C (e). 
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The areas (%) of the SET-M33 analogues, obtained at the defined storage temperatures, were 

reported as a function of the time. SET-M33 analogues appeared more stable when stored at -20 °C 

than 25 °C as revealed by the higher areas (%) than those reported at 25 °C (Figures 43-44).  

 

 

Figure 43. Stability of the SET-M33 analogues at -20 °C expressed as area (%) as a function of the time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44. Stability of the SET-M33 analogues at 25 °C expressed as area (%) as a function of the time. 

 

Further experiments must be performed in order to identify the small peaks, presumably associated 

to impurities in the MS profiles of the peptides at all tested times and at the defined temperatures.  
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SET-M33 peptide synthesis 

 

SET-M33 peptide was synthesized by solid phase synthesis in an automated Syro multiple peptide 

synthesizer (MultiSynTech, Witten, Germany), using standard 9-fluorenylmethyl-oxycarbonyl 

(Fmoc) strategy. The amino acid sequences were build up stepwise on TentaGel 4 branch β-Ala resin 

(loading 0.45 mmol/g) (Rapp Polymere, Tübingen, Germany) by successive cycles of Fmoc 

deprotection with piperidine 40%/dimethylformamide and coupling of the subsequent amino acids 

by activation of the respective carboxylic groups with O-(benzotriazol-1-yl)-N,N,N,N-tetramethyl-

uronium hexafluorophosphate (HBTU)/1,3-isopropylethylamine (DIPEA). Amino acids were coupled 

in dimethylformamide (DMF), using the molar ratio of amino acids/HBTU/DIPEA on the resin of 5 

eq/5 eq/10 eq., until completing the nine sequential additions KKIRVRLSA of the peptide. Side 

chain-protecting groups were 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl for R, t-

butoxycarbonyl for K and t-butyl for S (Iris Biotech, Marktredwitz, Germany). The peptide was 

cleaved from the solid support, deprotected in a single step by treatment with TFA containing 

triisopropylsilane and water (95/2.5/2.5), and precipitated with diethyl ether. Crude peptide was 

purified by reversed-phase HPLC chromatography on a Waters XBridge® Peptide BEH C18 OBD 

Prep column (Waters, Milford, MA, USA, 300 Å, 10 μm, 19 × 250 mm), using 0.1% TFA/water as 

eluent A and acetonitrile as eluent B, performing a linear gradient from 83:17 A/B to 70:30 A/B in 

40 min. The peptide was obtained as TFA salt. Final peptide purity was confirmed by reversed-

phase chromatography on a Jupiter C18 analytical column (Phenomenex, Torrance, CA, USA, 300 

Å, 5 μm, 4.6 × 250 mm), under the same conditions as for the HPLC purification. The identity of 

the peptide was checked by MALDI ToF/ToF mass spectrometry (Ultraflex III, Brucker Daltonics, 

Bremen, Germany). 

The traditional ion exchange from TFA to acetate of the peptide was carried out using a quaternary 

ammonium resin in acetate form (AG1-X8, 100-200 mesh, 1.2 meq/mL capacity, BioRad, Hercules, 

CA, USA), with a resin: peptide ratio of 2000:1. Resin and peptide were stirred for 1 h, the resin was 

then filtered off and washed thoroughly.  

TFA/chloride counter-ion exchange 

 

SET-M33 TFA was dissolved in double distilled H2O at a concentration of 2 mg/ml (3.4 x 10-4 M) 

and mixed 1:1 with an HCl solution to yield a final HCl concentration of 50 mM. The sample was 

freeze dried overnight and then weighted to evaluate no loss of product (<95% of the calculated 

yield). TFA/Chloride exchange was followed by quantitative 19F-NMR and 1H-NMR to determine the 

exact amount of counter-ion [167-168]. The NMR experiments were recorded at 298 K on an Avance 

III spectrometer (Bruker, Billerica, MA, USA) operating at 800 MHz (proton Larmor frequency) 

equipped with a 5 mm PHTXI 1H-13C/15N probe, tuned to 19F. SET-M33 TFA and SET-M33 chloride 

samples were prepared at the same concentration (1 mM) in 600 μL of D2O; spectra were acquired 

with 512 scans, with receiver gain factor of 64 and a relaxation delay of 6.5 s. 
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NMR characterizations 

 

A 500 MHz Inova spectrometer (Varian, Palo Alto, CA, USA) equipped with a 5 mm 1H/13C/15N triple 

resonance probe was used for the NMR experiments. A 1H 90° pulse length of 10.9 μs was 

determined. Suppression of the intense water signal in the performed 1D and 2D NMR experiments 

was achieved using pre-saturation or watergate pulse sequences. A relaxation delay of 57 s was 

applied for the acquired quantitative 1D 1H experiments. 

The following NMR spectra were recorded: 1D 1H; 2D 1H gradient-COSY (pulsed field gradient COSY 

acquired in magnitude mode, standard version in VNMRJ 2.3); 2D 1H TOCSY (standard version in 

VNMRJ 2.3; mixing time = 80 ms); 2D 1H NOESY (standard version in VNMRJ 2.3; mixing times: 

100, 200 and 400 ms); 2D 1H-13C multiplicity-edited HSQC (standard version in VNMRJ 2.3); 2D 

1H-15N HSQC [169]. 

All spectra were recorded at 298 K with 12.5 mg/mL SET-M33 dissolved in H2O/D2O 9:1 with 0.5 

μL TFA-d (99.5%D; Cambridge Isotope Laboratories, Tewksbury, MA, USA) with 5 μL 10 mM DSS 

(4,4-dimethyl-4-silapentane-1-sulfonic acid, 97%, Cambridge Isotope Laboratories) in D2O added 

as the internal chemical shift calibration standard. NMR data were processed and analyzed using 

MestReNova 12.0.1–20560 (Mestrelab Research SL, Santiago de Compostela, Spain).  

 

MIC determination 

 

Antimicrobial susceptibility was assessed by determining MICs of SET-M33 acetate and  

SET-M33 chloride against E. coli TG-1 and P. aeruginosa PAO-1 using the broth microdilution 

technique according to 2017 EUCAST guidelines. The MIC assay measures visible inhibition of 

bacterial growth after 24 h exposure of bacteria to antibiotic in Mueller-Hinton (MH) broth. Assays 

were performed in triplicate using a bacterial inoculum of 5 x 104 CFU/well in a final volume of  

100 μL. The twofold antibiotic concentration ranged from 0.1 μM to 12 μM for both peptides. MICs 

were read after 24 h of incubation at 35 °C.  

 

Cytotoxicity 

 

T24 human epithelial bladder cells, 16HBE14o- human bronchial epithelial cells and RAW264.7 

mouse macrophages were plated at a density of 2.5 x 104 cells/well in 96-well microplates. The 

16HBE14o- cells were previously incubated with coating solution (88% LHC basal medium, 10% 

bovine serum albumin, 30 µg/ml bovine collagen type I and 1% human fibronectin). Different 

concentrations of SET-M33 TFA, acetate and chloride were added 24 h after plating. Cells were 

grown for 48 h at 37°C. Their viability was assessed by MTT assay. EC50 values were obtained by 

dose-response variable slope analysis using GraphPad Prism 5.03 software (San Diego, CA, USA). 
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Acute toxicity 

 

All animal experiments were conducted under the protocol approved by the Italian Ministry of 

Health at the Toscana Life Sciences Foundation animal facility in Siena, Italy (authorization n. 

34/2016PR). Animals (10 CD1 mice/group, 20–22 g) were injected i.v. with SET-M33 acetate (group 

1 and group 2) and SET-M33 chloride (group 3 and group 4), in a single dose. The doses were: group 

1,25 mg/kg SET-M33 acetate; group 2, 30 mg/kg SET-M33 acetate; group 3, 20 mg/kg SET-M33 

chloride and group 4, 30 mg/kg SET-M33 chloride. Animals were monitored for 96 h. Signs of 

toxicity were checked four times a day by visual inspection and were evaluated as not-observable, 

mild and severe. Mice were weighed every day from arrival to the last day of the experiment. Animals 

with clear signs of distress, like reduced mobility and weight loss greater than 20%, were 

anesthetized and sacrificed with carbon dioxide or by cervical dislocation. 
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Synthesis of SET-M33D-L-Ile, SET-M33D-Leu/Ile, SET-M33-

Gly/Ala, SET-M33-PEG4 and SET-M33-DIM 

 

SET-M33 analogues were performed by solid phase synthesis (SPPS), carried out by an automated 

Syro multiple peptide synthesizer (MultiSynTech, Witten, Germany), using standard 9-

fluorenylmethyloxycarbonyl (Fmoc) strategy. Two solid support resins were used for the synthesis 

of the peptides, TentaGel cMAP 4 branch β-Ala (RAPP POLIMERE loading 0.45 mmol/g) SET-M33D-

L-Ile, SET-M33D-Leu/Ile and SET-M33-Gly/Ala, in contrast to TentaGel S RAM  

(Iris Biotech GmbH loading 0.22 mmol/g) for the synthesis of SET-M33-PEG4 and SET-M33-DIM. 

Fmoc-Lys(Fmoc)-OH was used to build the dimeric core unlike the tetrameric core that is included 

in the resin. For the synthesis of SET-M33-PEG4 was used Fmoc-NH-PEG4-COOH as first coupling 

step. The respective amino acid sequences, in L or D version, were build up stepwise on the 

corresponding solid support resin by successive cycles of Fmoc deprotection with Piperidine 

40%/dimethylformamide (DMF) and coupling of the following amino acid by the activation of 

respective carboxylic group with O-(benzotriazol- 1-yl)-N,N,N,N-tetramethyluronium 

hexafluorophosphate (HBTU)/1,3-isopropylethylamine (DIPEA) until completing the respective 

peptides. In all synthesis, side chain-protecting groups were 2,2,4,6,7-

pentamethyldihydrobenzofuran-5-sulfonyl for R, t-butoxycarbonyl for K and t-butyl for S. The resin 

and protected Fmoc-amino-acids were purchased from RAPP Polymere and Iris Biotech, 

respectively. Peptides were cleaved from the solid support and deprotected in one step by treatment 

with Trifluoroacetic acid (TFA), containing triisopropylsilane and water (95/2,5/2,5), and 

precipitated with diethyl ether. Crude peptides were purified by reversed-phase HPLC 

chromatography on a Waters XBridge® Peptide BEH C18 OBD Prep column (300 Ǻ 10 μm 19 x 250 

mm), using 0.1% TFA/water as eluent A and acetonitrile as eluent B; linear gradient from 83:17 

A/B to 70:30 A/B in 40 min was performed for the purification of SET-M33D-L-Ile, SET-M33D-

Leu/Ile, SET-M33-PEG4 and SET-M33-Gly/Ala, in contrast to the purification of SET-M33-DIM 

that required a linear gradient from 85:15 A/B to 70:30 A/B in 40 min. At the end of the purification 

the peptides were obtained as trifluoroacetate. The exchange from trifluoroacetate to acetate form 

was carried out using a quaternary ammonium resin in acetate form (AG1-X8, 100-200 mesh, 1.2 

meq/ml capacity, Biorad); resin and tetra-branched peptides (2000:1 molar ratio) and dimeric 

peptide (1000:1 molar ratio) were stirred for 1 h, then the resin was filtered off and washed 

thoroughly. The peptides were recovered and freeze dried. Final peptides purity was analyzed by 

reversed-phase HPLC chromatography on a Phenomenex Jupiter C18 analytical column (300 Ǻ, 5 

μm, 4,6 x 250 mm), using the same conditions of the respective purifications, and the identity of 

the peptides was confirmed by mass spectrometry MALDI ToF/ToF (Ultraflex III, Brucker Daltonics, 

Bremen Germany).  
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MIC determination of SET-M33 analogues 

 

MIC values of SET-M33 analogues were determined against a collection of clinical isolates of major 

Gram-negative and Gram-positive pathogens. Isolates were selected from characterized collections 

of clinical isolates available at the Clinical Microbiology Unit of Careggi University Hospital in 

Florence or were collected during routine diagnostic procedures at the Microbiology and Virology 

Unit. Isolates were selected according to their phenotype or genotype (e.g. multidrug-resistant 

phenotype or carriage of specific resistance traits, such as resistance to carbapenems due to 

carbapenemases production and colistin due to the novel mcr transferable gene). Overall, 34 

representative isolates were tested, including 18 Gram-negatives and 16 Gram-positives. MICs were 

determined in duplicate using a standard microdilution assay according to the guidelines of the 

Clinical and Laboratory Standards Institute. Briefly, assays were performed in cation-supplemented 

MHB (Becton Dickinson, Franklin Lakes, NJ, USA) using a bacterial inoculum of 5x104 CFU/well 

prepared in a final volume of 100 µL. MIC values were recorded after incubation at 35°C for 18–20 

h. Tested concentrations were in the range 1-64 µg/mL (0,15-12 µM) for all peptides except for SET-

M33-DIM for which the range was 0,3-22 µM. 

 

Stability studies of SET-M33 analogues 

 

The stability or “shelf-life” of the SET-M33 analogues was assessed with their storage at two 

temperatures, -20 and 25 °C in lyophilized form exclusively. Peptides stability was evaluated by  

antimicrobial activity in terms of MIC assays and by HPLC and MS resulting profiles at the following 

times: after synthesis (T0) (peptides not stored at any temperature), 1 week (T1),  2 weeks (T2),1 

month (T3), 2 months (T4), 4 months (T5), 6 months (T6). 6 mg of peptides SET-M33D-L-Ile, SET-

M33D-Leu/Ile, SET-M33-PEG4 and SET-M33-Gly/Ala and 3 mg of SET-M33-DIM, just synthetized 

and purified, were dissolved in H2O at the concentration of 200 μM; the respective solutions were 

filtered with a 0.2 μm sterile filter and divided in 20 aliquots for each peptide containing 200 μL, 

reaching a total of 100 aliquots. The filtered remainder of these solutions was used to perform the 

first MIC assay at time T0. All aliquots were lyophilized for two nights. Then, samples were divided 

in two groups: ten of each peptide were stored at -20 °C and the others ten were stored at room 

temperature (25 °C). The MIC assays, at the appropriate time, were carried out against Gram-

negative Escherichia coli TG-1 strain using the following standard broth microdilution protocol 

according to the guidelines of the Clinical and Laboratory Standards Institute. The MIC assays were 

performed in triplicate with MHB, using a final bacterial inoculum of 5 x 104 CFU/well in a final 

volume of 100 μL. The scalar concentrations of all peptides ranged from 0.03 μM to 25 μM for all 

experiments. The determination of the respective MICs was revealed by visual inspection after 18-

20 h of incubation at 35 °C. 85 μL of each peptide solution, at the tested times, were analyzed by 

reversed-phase HPLC chromatography, using the same conditions for their respective purification, 
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and by MS. The MS experiments were performed by MALDI TOF/TOF mass spectrometry up to T4 

and by ESI-Orbitrap mass spectrometry from T5 to T6. 

 

 



 

72 

 

 

 

 

 

DISCUSSION 

 

 

 



Discussion 

73 

Antimicrobial resistance is currently evaluated one of the main threats to global public health by 

the World Health Organization (WHO) [1], particularly for the global spread of multidrug-resistant 

(MDR) bacterial pathogens causing increases in nosocomial infections and in hospital mortality [2-

5]. Since their isolation and characterization in 1980, antimicrobial peptides (AMPs) has been 

evaluated one of the most important solutions to overcome the crisis of antimicrobial resistance 

thanks to their antimicrobial, immunomodulatory and anti-inflammatory combined properties [19-

25, 94]. AMPs are described as a promising alternative to traditional antibiotics, powerful to address 

the increasing problem of antibiotic resistance and hold promise to be developed as novel antibiotics 

[16]. These peptides are produced naturally by all organisms ranging from bacteria to plants, 

vertebrates and invertebrates or they also can be designed and chemically synthetized in the 

laboratory. The major part of antimicrobial peptides is amphipathic due to the balance of cationic 

and hydrophobic residues in the peptide sequence. This characteristic leads AMPs to have an 

electrostatic attraction with the bacterial membranes allowed by the interaction of the positively 

charged residues of AMPs, like lysine and arginine, with the negative charges of LPS or LTA which 

are on the outer surface of Gram-negative and Gram-positive bacteria, respectively [67-68]. This 

interaction leads to membrane perturbation, provokes cell permeation and causes bacterial death 

[11,106]. However, despite their desirable characteristic, antimicrobial peptides show limited 

pharmaceutical development due to their toxicity, instability and manufacturing costs; only a few 

of them have actually been approved for clinical use [41]. Thus, researchers and industry have been 

seeking news AMPs of natural or synthetic origin with low toxicity and longer half-life necessary for 

drug development. The SET-M33 peptide, optimized version of an artificial peptide sequence isolated 

from a random phage library [147], is a cationic non-natural peptide synthetized and used in 

multiple antigen peptide (MAP) form, with four copies of the same peptide sequence (KKIRVRLSA) 

mounted on a three-lysine core. This tetra-branched form provides more resistance to degradation 

in biological fluids and makes the peptide more suitable for clinical applications than the linear 

analogue peptide [109, 149]. The SET-M33 peptide has a strong in vitro antimicrobial activity 

against a several Gram-negative MDR clinical isolates, including many cystic fibrosis isolates [145, 

146], in vitro anti-inflammatory activity thanks to its capacity to neutralize LPS-induced cytokine 

release [155] and in vivo antimicrobial activity preventing septic shock in animals infected with 

bacteria of clinical interest [145, 146]; in addition this peptide showed low hemolytic activity, lack 

of immunogenicity and ability in eradicating biofilms [152, 153]. Its mechanism of action is based 

on multistep interference with bacterial membranes [153]. First it was attracted to the bacterial 

surface by the anionic LPS coating. Close to the lipid double layer it took on amphipathic helix 

structure and became partially embedded in the bacterial plasma membrane, causing loss of 

membrane function [153]. 

Therefore, SET-M33 peptide is identified as a promising candidate for the treatment of multi-drug 

resistant bacteria, becoming a new possible antibacterial drug. SET-M33 peptide is currently in the 

late stage of preclinical characterization prior to clinical trials.  
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The aim of this PhD thesis was to improve biopharmaceutical development and manufacturing 

procedures of the peptide SET-M33.  

First, the secondary structure of the peptide was investigated by NMR to predict potential 

aggregation in solution which can affect drug product design and formulation strategy. NMR studies 

of multiple branched peptides are extremely uncommon because their spectra are complex due to 

non-equivalent branches carrying the same amino acid sequence. The secondary structure of 

branched peptides in solution is therefore deducted from analogue linear peptides or studied using 

circular dichroism techniques [153]. The branched core, forcing the oligomers into parallel 

distribution, may induce a β-sheet secondary structure, that in turn could generate unwanted 

aggregation. Previous CD studies on SET-M33 and on a monomeric analogue, showed that helix 

formation is only observed in the presence of micelle-like structures [153]. It was therefore 

important to determine the secondary structure of SET-M33 in order to: 1) confirm the results 

obtained with a monomeric analogue [153], showing that a helix is only formed in the presence of 

micelles; 2) to investigate if a β-sheet forms in aqueous solution, so prepare a stable drug 

formulation. The result showed that no stable β-strand configuration of the peptide was revealed 

according with the chemical shift index method [160] nor supported by the NOESY data [158]. 

In developing a medicinal product, salt formulations are important. Most synthetic peptides are 

obtained using Fmoc–solid-phase procedures and are produced as TFA salts due to cleavage and 

purification conditions. TFA can be toxic for some eukaryotic cells and should therefore be removed 

from synthetic peptides [170-171]. TFA counter-ion is often removed using ion exchange resins by 

repeated addition of acetic acid alternating with freeze drying [163]. Preliminary studies, on the 

efficacy and toxicity of SET-M33 revealed that the acetate form of the peptide, SET-M33 acetate, 

was less toxic for human cells and animals than SET-M33 TFA [151]. Thus, at the end of the 

synthesis the peptide is normally converted into the acetate form using a quaternary ammonium 

salt resin. However, this counter-ion exchange required a rather lengthy procedure, involving some 

risk of lowering peptide yield or pKa of the peptide permitting, and high cost for industrial scaling 

[162]  

Here it is described a simple procedure to prepare the chloride salt of a basic peptide in quantitative 

yield to remove the toxic TFA using a simple and economic procedure [158]. The complete exchange 

of TFA with chloride was confirmed by 19F-NMR revealing an intensity of the fluorine signal, after 

the exchange, decreased by a factor of about 200 respect to that recorded before the exchange. The 

solubility of SET-M33 chloride improved seven-fold with respect to the acetate form [158]. 

The antimicrobial activity of SET-M33 chloride was assayed against two Gram-negative pathogens 

as Escherichia coli TG-1 and Pseudomonas aeruginosa PAO-1 and compared with that of the acetate 

form. The antimicrobial activity of SET-M33 chloride proved to be the same as that of the acetate, 

actually slightly better against P. aeruginosa, as shown by MIC results [158]. 

The toxicity of the peptide in chloride form was less than that of the TFA for mammalian cells and 

live mice. In mice, toxicity was similar to that of the acetate form, i.e., lower than the TFA [158]. 
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In conclusion, the opportunity of using a chloride counter-ion is very convenient from a process 

development point of view since it allows to obtain a new salt form of the peptide using a simple 

and very cheap procedure. SET-M33 chloride retained and slightly improved the antimicrobial 

activity against Gram-negative bacteria and did not increase the toxicity in mammalian cells and in 

live mice. Besides, the unexpected large gain in solubility, almost seven times better than the 

acetate, could give the drug better pharmacokinetic features, making the new form of SET-M33 very 

promising. 

To identify back-up molecules, new versions derived by modifications of SET-M33 sequence were 

assayed in order to obtain new molecules, with better performance in terms of pharmaceutical 

profile and manufacturing costs, without altering the positive residues of the peptide necessary for 

its antimicrobial activity. Thus, SET-M33 analogues like SET-M33D-L-Ile, SET-M33D-Leu/Ile, and 

SET-M33-Gly/Ala were synthetized and tested for their antimicrobial activity against many bacterial 

isolates. In addition, SET-M33-PEG4 and SET-M33-DIM for their very promising profile [145,157], 

were synthetized again and included in these analyses. 

SET-M33D-L-Ile and SET-M33D-Leu/Ile peptides were synthesized in tetrameric form using amino-

acids in D configuration and characterized by the replacement of D-Ile, the most expensive amino-

acid in the sequence of SET-M33, with L-Ile and with D-Leu, respectively. 

SET-M33-Gly/Ala peptide was synthetized in tetrameric form, using amino-acids in L configuration 

and characterized by the replacement of L-Ala with L-Gly; this replacement was attempted to 

eliminate the degradation site for bacterial proteases [152]. 

All SET-M33 analogues were successfully obtained by solid phase synthesis showing a high HPLC 

purity. The tetra-branched analogues retained the antimicrobial activity of the peptide SET-M33, 

traditionally synthetized in L configuration, and of SET-M33D, in D configuration. Moreover,  

SET-M33D-Leu/Ile resulted more efficient against Klebsiella pneumoniae strains than  

SET-M33 and SET-M33D peptides, as revealed by MIC results. The analogues showed a lower 

antimicrobial activity against Gram-positive bacteria than that observed for Gram-negatives with 

the exception of low MIC values showed for S. saprophyticus strains, compared to the traditional 

SET-M33 and SETM33D. Conversely SET-M33-DIM was characterized by the highest MIC values, 

against both Gram-negative and Gram-positive bacteria, probably due to less number of cationic 

amino-acids in the dimeric structure. 

Among the tested peptides, SET-M33D-Leu/Ile was apparently the most active against both  

Gram-negative and Gram-positive bacteria. 

In the early stages of the development of a pharmaceutical product a stability study, expressed as 

the time during which these products retain their physical, chemical, microbiological, 

pharmacokinetic properties and characteristics from the time of manufacture, is required for their 

approval and to determine their particular storage [166].  

Therefore, an early stability study of all versions of SET-M33 was performed in order to evaluate 

their efficacy during the time and to determine their better storage conditions. This study was 

carried out, in particular, observing the respective antimicrobial activity against Gram-negative  
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E. coli TG-1 strain, in terms of MICs, the HPLC and the MS profiles, over a storage period of 6 months 

keeping the peptides stored at two temperatures, -20 and 25 °C, exclusively in lyophilizated form. 

The results demonstrated that peptides were more stable and slight more efficient when stored at -

20 °C respect to 25 °C, as revealed by the HPLC profiles that showed a single pure peak with a 

higher area (%) up to 6 months, and slightly lower obtained MIC values. The storage of the peptides 

at 25 °C showed small HPLC peaks, suggesting a possible degradation during the time. SET-M33D-

Leu/Ile, SET-M33-PEG4 and SET-M33-DIM peptides had the propensity to decrease their activity 

in MICs assays toward six months. This did not occur for SET-M33-Gly/Ala peptide that revealed 

small peaks in its HPLC profile already at two weeks without any activity modification. A special 

case occurred for SET-M33D-L-Ile stored at -20 °C that showed in its chromatogram a single pure 

peak with an area (%) higher than 98% up to six months showing, in both storage temperatures, a 

strong efficacy for all tested times, as revealed by the unchanged MIC of 0.7 µM.  

In conclusion, all these results obtained on SET-M33 analogues are encouraging and deserve future 

elucidations. The opportunity of using SET-M33D-L-Ile and SET-M33D-Leu/Ile, in addition to their 

better resistance to bacterial proteases thanks to D-amino acids, will allow to decrease the costs in 

the synthesis process and SET-M33-Gly/Ala in L configuration, to eliminate the degradation site 

for bacterial proteases, without altering the strong original peptide antimicrobial activity. 

Future in vivo experiments will be carried out to evaluate the toxicity of the three novel SET-M33 

analogues. Moreover, it could be interesting to characterize the analogues synthetized in chloride 

form to enable, with a simpler procedure, a further reduction of costs in the synthesis process. 
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During the last year of my PhD course I worked 8 months in the laboratories of Mechanistic 

Immunology of Professor Hao Wu at Boston Children’s Hospital (BCH), affiliated with Harvard 

Medical School. The Wu Laboratory focuses on elucidating the molecular and cellular mechanisms 

that govern the assembly, regulation and therapeutic intervention of supramolecular complexes in 

innate immunity like inflammasomes. At BCH I learned and carried out different cloning strategies, 

expression systems, purifications and structural characterizations of various proteins of 

mammalian inflammasomes. 

 

Inflammasomes 

The innate immune system is the first line of host defense and the engagement of germline-encoded 

pattern-recognition receptors (PRRs) activates it in response to harmful stimuli, such as invading 

pathogens, dead cells, or environmental irritants [172]. PRRs recognize the presence of unique 

microbial components, called pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular patterns (DAMPs), which are generated by endogenous stress, and trigger 

downstream inflammatory pathways to eliminate microbial infection and repair damaged tissues. 

The major inflammatory pathway is the activation of several intracellular multimeric protein 

complexes, termed inflammasomes, that activate inflammatory caspase-1 [173]. In particular, an 

inflammasome is defined by its sensor protein (a PRR), which oligomerizes to form a pro-caspase-1 

activating platform in response to DAMPs or PAMPs. Caspase-1 is activated via proximity-induced 

autocatalytic activation upon recruitment to an inflammasome. Active caspase-1 leads to the 

cleavage of cytokines pro-interleukin-1β (pro-IL-1β) and pro-IL-18 into their mature and biologically 

active forms [174-176]. IL-1β induces the expression of genes that control fever, pain threshold, 

vasodilatation, and hypotension, and its reception leads to an endothelial cell response that 

facilitates the infiltration of immune cells to infected or damaged tissues [177]. IL-18 is necessary 

for interferon-gamma (IFN-γ) production and it is a co-stimulatory cytokine that mediates adaptive 

immunity [177]. In addition, active caspase-1 also cleaves gasdermin D (GSDMD), which allows the 

N-terminal domain of GSDMD to form pores in the plasma membrane triggering a lytic, pro-

inflammatory form of cell death, termed pyroptosis [178-181]. There are five members of PRRs that 

have been confirmed to form inflammasomes: the nucleotide-binding oligomerization domain (NBD), 

leucine-rich repeat (LRR)-containing proteins (NLR) family members NLRP1, NLRP3, and NLRC4, as 

well as absent-in-melanoma 2 (AIM2) and pyrin [182,183]. All members of the NLR family of proteins 

contain a central nucleotide-binding domain (NBD), and most also have a variable N-terminal 

domain and a C-terminal LRR domain [184]. Based on the presence of an N-terminal pyrin domain 

(PYD) or Caspase Activation Recruitment Domain (CARD), this family is further divided into NLRP 

or NLRC receptors. Upon pathogen detection, NLRs assemble and recruit caspase-1 via N-terminally 

located death domains: either directly through a CARD or indirectly through a PYD via the adaptor 

Apoptosis-associated Speck-like protein containing a CARD, termed ASC [185].  
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Human NLRP1 and CARD8 proteins 

NLRP1 and CARD8 are related cytosolic sensors that upon activation form inflammasomes, 

resulting in caspase-1 activation, cytokine maturation and/or pyroptotic cell death [186]. Human 

NLRP1 contains both PYD and CARD domains, NBD domain also known as NACHT and LRR domain 

unlike human CARD8, considered a “minimized” NLRP1 ortholog, that has only the CARD domain 

[187] In contrast to most NLRs, one unusual feature of the NLRP1 and CARD8 CARD domains is 

their location at the C-terminus (Figure 45). 

 

 

Figure 45. Domain architecture of human NLRP1 and CARD8 [186].  

 

Distinct from all other NLRs, NLRP1 has a C-terminal CARD and an N-terminal PYD, which has 

been lost in some species, including mouse [187]. The other unusual feature of NLRP1 and CARD8 

is FIIND (Function-to-find domain), which undergoes constitutive self-cleavage (henceforth referred 

to as auto-processing) resulting in two distinct polypeptides (ZU5 and UPA) that remain non-

covalently associated with each other after auto-processing [187]. For reasons that have been 

unclear until recently, FIIND auto-processing is required for NLRP1 or CARD8 function [185]. 

NLRP1 and CARD8 use their C-terminal (CT) fragments containing a caspase recruitment domain 

(CARD) and the UPA subdomain of the FIIND for self-oligomerization and recruitment of the 

inflammasome adaptor ASC and/or caspase-1 [186]. CARD8 and NLRP1 undergo autoproteolytic 

cleavage at a conserved SF/S motif within the FIIND [187]. It was demonstrated that the 

substitution of Ser-1213 of NLRP1 or Ser-297 of CARD8 with alanine completely abrogated NLRP1 

and CARD8 cleavage [187]. 

 

NLRP3 

NLRP3 (NBD-, LRR- and pyrin domain-containing protein 3) is an intracellular sensor that detects 

a broad range of microbial motifs, endogenous danger signals and environmental irritants, resulting 

in the formation and activation of the NLRP3 inflammasome. It has an N-terminal pyrin domain, a 
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NACHT domain, which comprises an NBD, helical domain 1 (HD1), winged helix domain (WHD) and 

helical domain 2 (HD2), and a C-terminal LRR domain [188, 189]. The pyrin domain of NLRP3 

interacts with the pyrin domain of ASC to initiate inflammasome assembly leading to caspase-1-

dependent release of the pro-inflammatory cytokines IL-1β and IL-18, as well as to gasdermin D-

mediated pyroptotic cell death (Figure 46) [190]. 

 

 

 

 

Figure 46. Mechanism of NLRP3 inflammasome complex formation [191]. 
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NLRC3 

NLRC3, a less studied member of the NLR family, is a negative regulator that reduces NF- kb 

activation [192], diminishes stimulator of interferon genes (STING) and TANK-binding kinase 1 

(TBK1) activation of type I interferon (IFN-I) during infection [193]. NLRC3 has a C-terminal LRR 

domain, a central NACHT domain and a N-terminal CARD domain. It was demonstrated that NLRC3 

binds viral DNA and other nucleic acids through its LRR domain [194]. DNA binding to NLRC3 

increases its ATPase activity, and ATP-binding by NLRC3 diminishes its interaction with STING, 

thus licensing an IFN-I response (Figure 47) [194]. 

 

 

Figure 47. Binding of NLRC3 with viral DNA [194] 

 

AIM2 

AIM2 is a cytoplasmic sensor that recognizes dsDNA of microbial or host origin [195]. AIM2 is 

composed by C‐terminal HIN‐200 domain and N‐terminal pyrin domain. AIM2 forms an 

inflammasome when the C-terminal HIN-200 domain binds double stranded DNA (either viral, 

bacterial, or even host) and acts as a cytosolic dsDNA sensor [196]. The N-terminal pyrin domain of 

AIM2 interacts with the pyrin domain of ASC; ASC also contains CARD domain that recruits 

procaspase-1 to the complex leading to the auto-activation of caspase-1 and the oligomerization of 

the AIM2 inflammasome complex (Figure 48) [197]. Previous structural studies revealed that 

mutants F27, L10 and L11 in the PYD domain were the major contributors of the interactions of 

AIM2 [198]. 
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Figure 48. Mechanism for the assembly of the AIM2 inflammasome on foreign dsDNA [196]. 

 

 

 

 

 

 

 

 

 

 

  



Appendix 

83 

Bac-to-Bac Baculovirus expression system  

The Bac-to-Bac™ Baculovirus Expression System provides a rapid and highly effective method to 

generate recombinant baculoviruses based on site-specific transposition of an expression cassette 

into a baculovirus shuttle vector (bacmid) propagated in E. coli [199, 200]. The first major 

component of this System is a pFastBac™ vector into which the gene(s) of interest can be cloned. 

Depending on the selected pFastBac™ vector, expression of the gene(s) of interest is controlled by 

the Autographa californica multiple nuclear polyhedrosis virus (AcMNPV) polyhedrin (PH) or p10 

promoter for high-level expression in insect cells. This vector contains also left and right arms of 

Tn7, a gentamicin resistance gene and an SV40 polyadenylation signal to form a mini Tn7. The 

second major component of the System is the DH10Bac™ E. coli strain that is used as the host for 

the pFastBac™ vector. DH10Bac™ cells have a baculovirus shuttle vector (bacmid) containing a 

low-copy number mini-F replicon, the baculovirus genome, a kanamycin resistance marker and a 

segment of DNA encoding the LacZα peptide from a pUC-based cloning vector into which the 

attachment site for the bacterial transposon, Tn7 (mini-attTn7) has been inserted. The transposition 

is allowed by the helper plasmid that expresses the Tn7 transposase gene and confers resistance to 

tetracycline [201].  

This technique is constituted by different steps, depicted in Figure 49. First, DH10Bac™ cells are 

transformed with the recombinant pFastBac™ vector and plated on LB agar with antibiotics, IPTG 

and Bluo-Gal. To identify the colony containing the recombinant plasmid is used the blue/white 

selection based on fact that the bacmid propagates in E. coli DH10Bac™ as a large plasmid that 

can complement a lacZα deletion present on the chromosome to form colonies that are blue (Lac+) 

in the presence of a chromogenic substrate and the inducer, IPTG. Insertions of the mini-Tn7 into 

the mini-attTn7 attachment site on the bacmid disrupt the expression of the LacZα peptide, so 

colonies containing the recombinant bacmid are white in a background of blue colonies carrying 

bacmid. Therefore, white colonies are picked and growth overnight in LB with antibiotics. Then the 

recombinant plasmid DNA is isolated and sequenced. Once DH10Bac™ cells are transformed with 

pFastBac™ expression plasmid transposition occurs between the mini-Tn7 element on the 

pFastBac™ vector and the mini-attTn7 target site on the bacmid to generate a recombinant bacmid. 

Then, the recombinant bacmid DNA is used for the transfection of insect cells, like Sf9 or Sf21. A 

cationic lipid formulation, Cellfectin® II Reagent is used for obtaining the highest transfection 

efficiencies and protein expression levels. P0, P1, P2 repeated phases of infection on insect cells are 

required in order to amplify the virus and to express the protein. 
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Figure 49. Generation of recombinant baculovirus and the expression of heterologous gene using the Bac-
to-Bac™ Baculovirus Expression System. 

 

I carried out cloning, transformation, baculovirus expression, purification and crystallization trials 

of the wild type full lenght NLRP3, wild type NLRP1 and CARD8 FIIND domains and, also, the 

mutated NLRP1 and CARD8 FIIND domains with the mutation S969A and S297A, respectively. I 

carried out transformation, bacterial expression and purification of three different constructs of 

AIM2 protein (full length, PYD domain and mutated L10A L11A PYD domain). I learned how to 

performing complexes between NLRC3 or AIM2 proteins and partners. 
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Cloning, expression and purification 

The genes of all inflammasome proteins were synthesized by GENEWIZ.  

All FIIND domains, wild type and mutants, and NLRP3 were generated by standard PCR-based 

cloning strategy or Gibson Assembly and cloned into a pFastBac-HTA vector with an N-terminal  

His-tag (FIIND domains) and MBP-tag (NLRP3). The mutations S969A and S297A were performed 

using Q5 polymerase (NEB) and Kinase Ligase DpnI (KLD) reaction. The identities of all plasmids 

were confirmed by Sanger sequencing. DH10Bac competent cells were transformed with the 

respective pFastBac-HTA plasmids to generate recombinant bacmid. Recombinant baculovirus 

expressing FIIND domains and NLRP3 was generated using the Bac-to-Bac system (Invitrogen). Sf9 

insect cell culture and baculovirus infection were performed according to the manufacturer's 

protocols. In the last phase of baculovirus infection one liter of cells (2×106 cells mL−1 in HeyClone 

medium) was infected with 10 mL baculovirus at 28 ℃. After growth at 28 °C for 48 h, the cells were 

harvested by centrifugation (1200 rcf). All FIIND domains and NLRP3 full length were purified by 

affinity chromatography using Ni-NTA resin and amylose resin, respectively, as describe in the next 

parts. 

 

Purification of NLRP1 and CARD8 wild type and mutated FIIND 

domain 

The pellet was suspended in lysis buffer (50 mM Tris-HCl at pH 8, 150 mM NaCl, 1 mM TCEP, 20 

mM Imidazole and SIGMAFAST protease inhibitor) and lysed by sonication (2 s on 6 s off, 4 min 

total on, 43% power, Branson). Then, the respective lysates were centrifuged at 40000 rpm at 4°C 

for 1 h. The clarified supernatant containing the respective protein was incubated with pre-

equilibrated Ni-NTA resin (Qiagen) for 30 min at 4 °C. After incubation, the resin–supernatant 

mixture was poured into a gravity column and the resin was washed with lysis buffer. Proteins were 

eluted using lysis buffer supplemented with 500 mM imidazole and confirmed by SDS-PAGE 

analysis. The respective Ni-NTA eluate containing the proteins was concentrated until 600 μL 

(Amicon Ultra) and purified by size exclusion chromatography on a Superdex S200 Increase (10/300 

GL) gel-filtration column (Cytiva) in 20 mM Tris-HCl at pH 8, 150 mM NaCl, 1 mM TCEP, to show 

their profile in terms of filament or monomer formation. The fractions of the gel filtration containing 

the protein were collected and incubated with TEV protease at 4 °C overnight in order to remove 

the His-Tag. Then proteins were concentrated until 600 μL (Amicon Ultra) and purified again by 

size exclusion chromatography, on a Superdex S200 Increase (10/300 GL) gel-filtration column 

(Cytiva) in the same buffer of the first size exclusion, to check the purest and monomeric fractions 

suitable for the crystallization. Therefore, fractions were concentrated around 10 mg/mL and used 

for making 500 different crystallization screens in order to obtain crystals.   
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Purification of NLRP3 full length 

The pellet was suspended in lysis buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM TCEP, 50 

μM ADP and SIGMAFAST protease inhibitor) and lysed by sonication (2 s on 6 s off, 4 min total on, 

43% power, Branson). Cell lysate was then centrifuged at 40000 RPM at 4 °C for 1 h and the 

supernatant was incubated with pre-equilibrated amylose resin for 2 h at 4 °C. Bound resin was 

then washed by gravity flow with 50 column volume (CV) lysis buffer and eluted with 3 CV elution 

buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM TCEP, 50 mM maltose). Eluate from amylose 

resin was concentrated and purified on a Superdex S200 Increase (10/300 GL) gel-filtration column 

(Cytiva) in 20 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1 mM TCEP and cleaved overnight with MBP-

3C protease on ice. Then protein was concentrated until 600 μL (Amicon Ultra) and purified again 

by size exclusion chromatography, using the same column equilibrated with the same buffer of the 

first size exclusion, to check the purest and monomeric fractions suitable for the crystallization. 

Therefore, fractions were concentrated around 10 mg/mL and used for making 500 different 

crystallization screens in order to obtain crystals. 

 

Expression and purification of AIM2 proteins 

To generate AIM2 proteins, competent BL21(DE3) E. coli cells were transformed with expression 

plasmid pFS encoding the different constructs of AIM2 (full length, PYD and mutated L10A L11A 

PYD domain). Freshly transformed BL21(DE3) colonies were used to inoculate Terrific Broth media 

(TB) containing 100 mg/ml ampicillin (Amp). The cultures in TB were incubated at 37 °C with 

vigorous shaking and induced at OD600 nm of ~ 0.8 by adding isopropyl 1-thio-β-D-galactopyranoside 

(IPTG) to a final concentration of 1 mM. The cultures were incubated at 18 °C o/n; the cells were 

harvested and the pellets were suspended in the buffer containing 50 mM Tris-HCl pH 8, 150 mM 

NaCl, 1mM TCEP, 20 mM Imidazole and SIGMAFAST protease inhibitor and lysed by sonication. 

Then, the respective lysates were centrifuged at 25000 rpm and the soluble fractions were incubated 

with nickel beads for 30 minutes at 4 °C; after the proteins were purified using affinity 

chromatography eluting with the lysis buffer supplemented with 250 mM of imidazole. The identity 

of proteins was confirmed by SDS-PAGE analysis. Therefore, proteins were checked and purified by 

gel filtration using Superdex S200 increase 10/300 GL. Finally, AIM2 proteins were used for 

interaction studies. 
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